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1. Introduction

Our knowledge about the solar influence on climate
bears large uncertainties (Stocker et al., 2013). Studying
past changes in solar activity can assist us understanding
what role the sun plays in Earth’s climate. However, di-
rect solar observations via telescope only go back to 1610
C.E. (Eddy, 1976) and, therefore, other approaches are
required to reconstruct solar activity before direct obser-
vations.

Cosmogenic radionuclides, such as '°Be, have been com-
monly used to reconstruct solar activity for the past cen-
turies and millennia (e.g. Beer et al., 1990; Steinhilber
et al., 2012). ""Be is produced by galactic cosmic rays in
the upper atmosphere and their flux is modulated by the
solar magnetic and geomagnetic field before reaching the
atmosphere (Beer et al., 2012). Hence, the production
rate of '"Be provides useful information on changes of
the solar and geomagnetic activity. After production, ’Be
subsequently attaches to aerosols and eventually deposits
in natural archives such as ice cores (Beer et al., 2012).
Therefore, '"Be in ice cores are a function of the interplay
between production, transport and deposition processes.
One challenge for applying '’Be in past solar and geomag-
netic reconstructions is to separate the production signal
from the non-production signal, i.e., transport and dep-
osition processes (hereinafter named as “system effects”).
Such system effects, if not corrected, would directly result
in errors in solar reconstructions. For example, Usoskin et
al. (2003) suggest that the solar activity reaches a distinct
maximum during the last 60 years, which is significantly
higher than that during the preceding 1000 years. Bard et
al. (2000), on the other hand, conclude that solar activity
at around 1200 A.D. reaches similar values as present so-
lar activity. Recently, Muscheler et al. (2016) updated the
"Be based solar reconstruction over the last 2000 years
and highlight that the difference in Greenland and Ant-
arctic '"Be data can lead to disagreeing conclusions about
past solar activity levels (Fig. 1). They suggest that this
difference most likely reflects different climate/weather
influences on these records for the past 100 years. As the
most recent decades are important for normalizing the
radionuclide records to modern observations, such dif-
ferences affect the estimates of solar activity levels further
back in time. Additional '’Be records covering this period
can help identify the underlying reasons for the difference
and contribute to improve reconstructions of past solar
activity.

Studying high-resolution (sub-annual) '’Be data from ice
cores can provide insights into climate factors govern-
ing the '"Be signal that cannot be deciphered by inves-
tigating the annual '’Be data only. For example, through
comparison of monthly resolution '°Be records to results

MINJIE ZHENG

from a general circulation model (GCM) by Heikkili et
al. (2008a), Pedro et al. (2011a) propose that the strato-
spheric intrusion of '"Be-enriched air can cause elevated
"Be deposition during late austral summer and early au-
tumn at Law Dome, Antarctica. Sub-annual resolution
!"Be data in Greenland are available only for the Dye 3 ice
core from 1978 to 1983 (Beer et al., 1991) and the GRIP
ice core from 1986 to 1990 (Heikkili et al., 2008b).
These high-resolution "Be records from Greenland do
not span a full solar cycle, making a distinction between
climate and production influences on '“Be deposition in
Greenland challenging. At the same time, longer '“Be re-
cords are the basis for long-term solar activity reconstruc-
tions (e.g. Vonmoos et al., 2000).

This thesis aims to address the following aspects:

* To better understand ""Be transport and deposition
processes by comparing sub-annual resolution of '’Be
and "Be records with climate data and modelled pro-
duction rates based on neutron monitor data

*  To assess procedures to reduce the climate influence
on '“Be records using multi-linear regression models

* To reconstruct the past changes in the geomagnetic
field based on cosmogenic radionuclides from Green-
land ice cores, after correcting the climate signal in
data

e To investigate why two '"Be records (NGRIP and
Dye3) from Greenland ice cores showing different
decreasing trends over the last 100 years and possible
implications for past solar reconstructions

2. Beryllium-10 and beryllium-7

2.1 Atmospheric production

The main cause for '"Be and "Be production in the
Earth’s atmosphere are galactic cosmic rays (GCRs, Fig.
2). These highly energetic cosmic particles are composed
of protons (~87%), alpha particles (-12%) and heav-
ier nuclei (-1%) (Beer et al., 2012). The particles are
charged and are, therefore, influenced by magnetic fields
as they travel through the interstellar space. The GCRs are
assumed to mainly originate from supernova explosions
(Ackermann et al., 2013). By studying radionuclides in
meteorites, Vogt et al. (1990) suggest that galactic cosmic
ray intensity has been constant within 10% during the last
few million years. When the flux of GCRs encounters the
heliospheric magnetic field (HMF), the low-energy parti-
cles are deflected, leading to a modulation of the low-en-
ergy spectrum which depends on the solar magnetic field.
Such modulation processes are complicated and usually
approximated with a simple modulation function ® (e.g.
Caballero-Lopez, 2004), given by ®=(Ze/A)d, where Z

and A are the charge and mass number of the cosmic-ray

11



DISENTANGLING PRODUCTION AND CLIMATE SIGNALS FROM HIGH-RESOLUTION BERYLLIUM RECORDS:
IMPLICATIONS FOR SOLAR AND GEOMAGNETIC RECONSTRUCTIONS

1000

0]

o

o
T

600 |

400 ’

200

Solar modulation function (MeV)

o
i
1
1
|

-200 :

0 200 400 600 800

1000

1200 1400 1600 1800 2000

Year A.D.

Figure 1. Comparison of solar activity reconstructions based on Greenland and Antarctic '°Be records (modified after Muscheler et al.,

2016).

nuclei and ¢ is the solar-modulation parameter, which is
directly linked to solar activity. Accordingly, high (low)
values of @ signify strong (weak) magnetic fields enclosed
in the solar wind, causing stronger (weaker) deflection of
GCRs thus reducing (increasing) the flux of GCRs near
the Earth (e.g. Lal and Peters, 1967a).

Before the particles reach the Earth’s atmosphere, they
also encounter the geomagnetic field which shields the
Earth from cosmic rays. Depending on the geomagnet-
ic latitude, the field strength, and the angle of the inci-
dent cosmic ray particle the geomagnetic field exerts a
rigidity that prevents particles below a cut-oft energy
from intruding into the atmosphere (e.g. Masarik and
Beer, 1999). Once the primary cosmic rays arrive in the
Earth’s atmosphere, they collide with atmospheric atoms
triggering a cascade of nuclear reactions, resulting in the
formation of secondary particles (e.g. protons and neu-
trons). Those secondary particles will further collide with
atmospheric atoms leading to the production of cosmo-
genic radionuclides (Beer et al., 2012; Masarik and Beer,
1999). '“Be and "Be are produced by spallation reactions
during which neutrons and protons collide with the tar-
get atoms, nitrogen and oxygen. It should be mentioned
that the target atoms do not limit these reactions due to
their abundances in the atmosphere. The production re-
actions of '’Be and "Be are similar therefore only the main
reaction pathways of '’Be are shown:
“N+n(p)—''Be+3p+2n(+4p+n)
O+n(p)—'"Be+4p+3n(+5p+2n)

Consequently, for a given atmospheric depth, the produc-
tion rate of atmospheric '’Be and Be relies on the evolu-

12

tion of cosmic showers in the Earth’s atmosphere and the
number of atmospheric nitrogen and oxygen atoms. The
production rate is the lowest at the sea level and increas-
es with the decreasing atmospheric depth (g/cm?) due to
the higher energies of secondary particles therefore more
nuclear reactions occur (Fig. 3a). However, from a certain
atmospheric depth, the decreasing availability of target at-
oms compensates the increasing cosmic ray flux, leading
to a production peak in the upper troposphere and lower
stratosphere. Furthermore, the atmospheric production
rate of radionuclides is latitudinal dependent because of
the different cut-off rigidities resulting from the geometry
of the geomagnetic field (Beer et al., 2012). Therefore,
the production rate is higher around the geomagnetic
poles and lower in the equatorial region (Fig. 3b). Such
latitudinal effects vary in different phases of solar activity.
For example, for the strong solar activity ($=1000 MeV),
the difference of '"Be production rate between polar and
equatorial latitude is a factor of 3, while for the case of no
solar modulation (®=0 MeV), such a latitudinal effect is
enhanced to a factor of 7 (Fig. 3b)

Several attempts have been made to model the produc-
tion rates of cosmogenic radionuclides in the Earth’s at-
mosphere. The first models were empirical and semi-em-
pirical, based on some fragmentary measurements of
secondary neutron fluxes in the atmosphere (Lal and
Peters, 1967b; O’Brien, 1979). In the 1990s, Masarik
and Beer (1999) simulated the cosmic ray propagation in
the atmosphere based on a purely physical model includ-
ing the modulation function @ and the local interstellar
spectrum (LIS), i.e. the particle spectrum outside the he-
liosphere. Such modern models include all known pro-
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Figure 2. Schematic diagram of "Be and °Be atmospheric pro-
duction and environmental influences (Modified after Muscheler,
2000).

duction processes in the atmosphere and are supposed to
estimate the production rates of '’Be and "Be reasonably
well (Kovaltsov and Usoskin, 2010). Nevertheless, there
are also noticeable and unresolved differences between
the production rate models (e.g. Cauquoin et al., 2014).
It should be mentioned that, until the end of 2012, it was
impossible to measure the LIS in situ, therefore multiple
LIS models exist to describe GCR intensities outside the
heliosphere (e.g. Burger et al., 2000; Webber and Higbie,
2010). With Voyager 1 crossing the outer boundary of
the solar system at the end of 2012, for the first time an
unmodulated LIS below ~500 MeV has been measured
(Stone et al., 2013). Based on these measurements, sever-
al new LIS models have been published and are included
in the calculation of '’Be and "Be production rates. Some
studies (e.g. Poluianov et al., 2016) offer recipes how one
can calculate the cosmogenic radionuclides production
rates for a given altitude, location and time based on the
chosen local interstellar spectrum. This provides a useful
tool for integrating the cosmogenic isotope production
rates directly into other models, e.g. general circulation
models.
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Besides the GCRs-induced production, there is also a
small amount of '’Be and "Be formed by solar cosmic rays
(SCRs) that originate directly from the Sun. However,
SCRes are less energetic than GCRs (e.g. typical energies
for GCRs are in the range of ~0.1-10 GeV/nucleon, while
for SCRs are in the range of ~1-100 MeV/nucleon, Vogt
et al., 1990), and produce less radionuclides per proton.
Furthermore, only a small fraction of SCRs exceeds the
geomagnetic cut-off rigidity and penetrates the atmos-
phere. Therefore, the overall contribution of SCRs to
the cosmogenic isotope production is negligible (< 1%)
(Usoskin et al., 2009; Vogt et al., 1990). However, big
solar eruption events can also produce relatively energetic
and large particle fluxes resulting in peaks in 'Be records
(e.g. Mekhaldi et al., 2015; O’Hare et al., 2019)

2.2 Transport and scavenging processes

After production, ""Be and "Be attach to aerosols
(mainly to sulfate) and are transported in the atmosphere
(Igarashi et al., 1998). They behave differently depending
on the atmospheric layer they are produced in. Globally,
60-70% of the columnar '“Be and "Be production oc-
curs in the stratosphere, and the rest in the troposphere
(Fig. 4). The stratosphere has a rather stable stratification
with less vertical transport than in the troposphere. It
also contains lower water vapor concentration than the
troposphere and, therefore, little precipitation occurs in
stratosphere. These differences are reflected in the resi-
dence time of '"Be and "Be in these two layers. Obser-
vational and modelling studies report atmospheric '"Be
residence times of about 1 year in the stratosphere and
several weeks in the troposphere before deposition (e.g.
Heikkild et al., 2009; Raisbeck et al., 1981). The long
residence time in the stratosphere allows for latitudinal
mixing of '’Be and smoothing out the effect of latitudinal
production differences. Therefore, the '"Be deposited at
any given latitude is usually considered as proportional to

(b)
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Figure 3. (a) Dependence of '°Be production rates given as ratio to airmass on atmospheric depths and geomagnetic latitudes for the pres-
ent-day geomagnetic field. (b) Dependence of '°Be production rates upon geomagnetic latitudes and solar modulations for the present-day

geomagnetic field. (Modified after Beer et al., 2012)
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Production of °Be [atoms/kg/s]
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Figure 4. Distribution of the ’Be production rate in the atmos-

phere at ® =700 MeV and present-day geomagnetic dipole mo-
ment. The black line shows roughly the location of the tropopause
and the percentages indicate the amount of '’Be produced in that
atmospheric compartment. The latitude is divided into three re-
gions: 0-30°, 30°-60° and 60°-90° roughly following the atmos-
pheric circulation structure (Heikkili et al., 2008a).

the relative changes in global mean production rate, not
the local production rate. The “Be deposition in polar
regions, for instance, is usually assumed as proportional
to the relative changes in global averaged production rate,
because the major part of the '°Be deposition (-65%) has
been suggested to arise from the stratosphere where the
10Be is well mixed (Heikkili et al., 2009). Due to its short
half-life time (53.3 days), "Be in the stratosphere is not
as well mixed as '"Be. Furthermore, "Be produced at alti-
tudes higher than 20 km is largely decayed before getting
transported to the troposphere (Delaygue et al., 2015).

The tropopause (defined as the atmosphere layer between
the troposphere and stratosphere where the temperature
decreasing rate lower than 2 K km™; World Meteorolog-
ical Organization, 1992) is the boundary between trop-

Be-10 total deposition flux [atoms/m?/s]

-135

90 -45 0 45 90 135

osphere and stratosphere, which acts as a barrier limiting
"Be and "Be transport between these two atmospheric
layers. The height of the tropopause is latitudinally and
seasonally variable which influences '“Be and "Be depo-
sition on a regional scale. For example, at the equator,
~40% of the ""Be production happens in the stratosphere
while at the poles ~90% production happens in the strato-
sphere (Fig. 4) due to the low geomagnetic cut-off rigidity
(i.e. more lower energy particles contributing to the high
altitude production) and the lower tropopause height in
the polar region compare to the tropics (Heikkild et al.,
2008a). Besides the latitudinal dependence, seasonal var-
iations of the tropopause height can also affect the '“Be
and "Be deposition processes via, for example, direct in-
put of 'Be from stratosphere to the troposphere in the
austral summer-autumn in Antarctica (e.g. Pedro et al.,
2011b). Usually, for an aerosol particle to get through
the tropopause it has to grow sufficiently large (e.g. r >
0.05 pm; Heikkild, 2007) for gravitational settling to
begin. Another way of exchange between these layers is
the transport along isentropic or constant potential tem-
perature surfaces (Beer et al.,, 2012). An air parcel can
move along these surfaces neither gaining nor losing en-
ergy. The isentropic lines cross the tropopause at mid-lat-
itudes, the so-called “tropopause breaks”, providing a gate
across the tropopause barrier. This “gate” and relatively
high local precipitation cause the high deposition of '’Be
at mid-latitudes (Fig. 5).

Once ""Be and "Be are produced or transported to the
troposphere, they will be removed within days or weeks
by scavenging processes which include dry and wet dep-
ositions. Wet deposition describes the deposition of aero-
sols through scavenging by precipitation. Wet deposition
is regarded as the most efficient removal process of ’Be
and "Be (Beer et al., 2012). As one can see from the Fig-
ure 5, high '"Be deposition rates occur where the precip-
itation is high and low '"Be deposition rates occur where

Total precipitation [mm/day]

-135 -90 290 135

Figure 5. Deposition flux of '’Be, modelled with the ECHAMS5-HAM general circulation model, averaged over 1986-1990 (a) and the

precipitation rate for the same period (b) (Heikkili et al., 2008a).
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Figure 6. Locations of drilling sites in Greenland with '’Be records available for the neutron monitor period (red) and for the last glacial

period (black dot).

the precipitation is low. In contrast to wet deposition, dry
deposition means that aerosol particles deposit without
scavenging through precipitation. Dry deposition usually
dominates in areas that have dry climate such as central
Antarctica and other deserts.

Changes between dry and wet deposition of '"Be have
to be accounted for in the interpretation of ’Be records.
In practice, the ice concentration of '"Be is the meas-
urement of '"Be in a sample which reflects the number
of atoms per gram of the sample material. For ice cores
this is determined by the number of atoms deposited at
the sampling site in relation to the snow accumulation
rate. Consequently, if deposition occurred entirely in a
dry mode, precipitation would dilute the deposited 'Be
concentration. For example, Wagner et al. (2001b) ob-
serve a roughly halved '"Be concentration for periods of
doubled accumulation rates during the Marine Isotope
Stage 3 (MIS-3) in GRIP and GISP2 ice cores. In such a
case, it is more appropriate to use the '’Be flux (the con-
centration multiplied with accumulation and ice density)
than the concentration because flux indicates the depo-
sition rate of '°Be atoms per unit area and time. On the
other hand, if '"Be was entirely deposited in a wet mode,
the '“Be flux would increase with precipitation rates and
hence, the '"Be concentration is independent from snow
accumulation rate and proportional to the local atmos-
pheric concentration (Alley et al., 1995). In reality both
dry and wet deposition processes usually occur together
over Greenland (Alley et al., 1995). Whether to use 'Be
concentration or flux as an approximation of production
signal depends on the specific situation. In general, if the
precipitation changes occur on local and regional scales,
then the concentration is the better choice for the meas-
ures of the production signal. However, when climate

changes occurred on large scales (e.g. hemisphere or glob-
al) then fluxes are usually preferable (e.g. MIS-3 period).
In the first case, concentrations are often similar to fluxes
and both concentrations and fluxes will lead to similar
results (Beer et al., 2012).

There are different approaches to deal with climate effects
on '"Be deposited in polar regions. One way is to average
1"Be records from different ice cores or use principal com-
ponent analysis (e.g. Abreu et al., 2012; Steinhilber et al.,
2012) to extract the common production signal of '“Be.
Other studies compare '“Be to another cosmogenic radi-
onuclide "C that is produced in a similar way as '°Be in
the atmosphere. 'C oxidizes to “CO, after production,
joins in the carbon cycle and hence behaves completely
differently compared to '"Be. Comparing these two ra-
dionuclides can help to extract the common production
signal (e.g. Adolphi et al., 2014; Steinhilber et al., 2012).
Another way is to use general circulation models (GCMs)
to study the climate effects in a theoretical approach. Two
GCMs have been used to simulate the '“Be transport
processes: ModelE (Field and Schmidt, 2009; Field et
al., 2006) and ECHAMS-HAM (Heikkili et al., 2008a;
Heikkild et al., 2008b). However, some disagreements
still exist between these model results. For example, the
result of ModelE has detected a latitudinal bias on the
"Be depositions response to production changes (Field
et al., 2006) while the ECHAMS5-HAM results show no
such a bias (Heikkila et al., 2009).

3. Materials and methods
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Figure 7. NEEM '°Be concentrations for 1887-2002 presented in Paper II and III together with their measurement uncertainties. Summer
values are indicated in red, while winter concentrations are shown in blue.

NEEM depth (m)

1500 1600 1700 1800 1900 2000 2200
B0 TUT O ; T T ; N ,
S (@) MIS20 0 MIS3 MIS 4 : |
401 Wi Al . ' | : . B
DS [ 1 | | 1 1 B
45 ! : - . : -
(b) ; [ ' i S
h | T | | 5 ®
1 1 1 1 | 1 1 <
o : . : : °
> : . : i 5
o~ o
e | : : g
! 1 | 1 | 1 1 9
2 (o) - IEEEEEE | 0
So2! . : : ;&
SOUEE : b, : : LT
201y, . N : : |
é 0 ' = i f !
o) 10 20 30 40 50 60 70 10 110
em Age (ka BP GICC05modelext)

Figure 8. 080 and *Be concentrations/fluxes from the NEEM ice core for 11.7-108 ka BP. (a) NEEM 00 data (NEEM community
members, 2013; Schupbach et al., 2018). (b) NEEM '"Be concentrations. (c) NEEM '°Be fluxes calculated by multiplying the concentra-
tion of each sample with the corresponding accumulation rate and ice density. MIS indicates the marine isotope stage.

3.1 NEEM '°Be records

Two new '“Be records related to the NEEM project
(The North Greenland Eemian Ice Drilling) are of funda-
mental importance for this thesis (Paper II, III and IV).
The chemical preparation of these samples is described in
the following section 3.2. The main NEEM project aim
was to retrieve a deep ice core record spanning back to the
last interglacial period from Northwest Greenland during
2007-2012 (Fig. 6, 77.45° N, 51.06° W, 2450 m.a.s.l.,
NEEM community members, 2013). To assist interpret-
ing the climate proxy records along the deep ice core,
several shallow firn/ice cores were also drilled around the
camp as part of the program.

The first NEEM '°Be record is obtained from such a short
firn core (NEEMO7S1) covering the period 1887-2002
with well-defined winter and summer "Be (Fig. 7). To
identify the seasonal signal in this core, four sub-annual
NEEM 06"0 data sets over the last 150 years from Mas-
son-Delmotte et al. (2015) are used (Paper I). Unfortu-
nately, ice samples of the years 1931-1933 and 1938-1942
were missing and could not be found at the ice storage
facility at Copenhagen University. This new seasonally
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resolved '“Be record is a key to assess the weather/climate
influence on '“Be during winter and summer seasons (Pa-
per II), and to investigate the possible reason(s) for the
inconsistencies of the two previous published '’Be records
(Dye3 and NGRIP) showing different trends over the last
100 years (Paper III).

The second NEEM '"Be record is obtained from the
NEEM deep core covering the period 11.7 ka -108 ka
BP (Fig. 8) The temporal resolution ranges from 54 years
per sample to 1329 years with an average resolution of
237 years/sample for the 11.7-108 ka BP period. The ice
samples came from bandsaw dust (homogenously mixed)
gathered from when the NEEM deep ice core was cut
along the length. The '"Be measurement of the sawdust
samples is a new approach to obtain a continuous '“Be
record without requiring sampling the ice core itself
(Sturevik-Storm et al., 2014). Together with the pub-
lished ""Be (Adolphi et al., 2014; Muscheler et al., 2004;
Wagner et al., 2001a; Yiou et al., 1997) and **Cl records
(Baumgartner et al., 1998; Wagner et al., 2000) from the
GRIP ice core we extend the radionuclides-based geo-
magnetic dipole moment reconstruction to 108 ka BR,
after applying a climate correction on the radionuclide
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Add 0.15 mg °Be carrier
to each ice sample

Melt the ice gradually in a
microwave oven

+

Go through cation exchange
columns*

Elute the 1°Be by adding
25 ml of 4 M HCI

Precipitate Be(OH), by adding
12ml NH; (leave overnight)

+

Centrifuge samples (15min),
discard water, and wash the gel
with MilliQ water (repeat twice)

Dry samples (60°), then
calcine to BeO (850°, 2 hrs)

Press BeO into Al cathodes
with 1mg Nb powder

Figure 9. Flowchart showing the procedure for extracting the '’Be from ice samples for AMS measurements. *denotes as Bio-Rad Po-
ly-Prep® prefilled chromatography cation columns AG 50W-X8 resin 100-200 mesh hydrogen form 0.8x4 cm.

data (Paper IV).

3.2 Preparing ice core '’Be samples

The chemical preparation to extract NEEM '"Be
from ice samples is shown in Fig. 9, following the pro-
cedure by Sturevik-Storm et al. (2014). Ice samples were
prepared at the Radionuclide laboratory at Lund Uni-
versity (Paper II-I1I) and the '"Be laboratory at Uppsala
University (Paper IV). All '’Be samples were measured at
the Accelerator Mass Spectrometry (AMS) facility of the
Tandem laboratory at Uppsala University. Several blanks
consisting of 200 g of MilliQ water were processed in the
same procedure to estimate the background value for '’Be
measurements.

First 0.15 mg ’Be carrier was added to the ice sample.
The measurement of the °Be/’Be ratio avoids effects due
to losing samples during preparation. Subsequently, sam-
ples were gradually melted in a microwave oven and filled
into clean and dry plastic bags. These bags are connected
to ion exchange columns via silicone tubes and the ice
water is passed through ion exchange columns. 25ml of
4M HCL was added through open quartz tubes to extract
Be from the resin. 12ml ammonia was then added to
form the beryllium hydroxide, Be(OH),. Tubes were left
overnight to ensure a complete formation of Be(OH),.
The precipitate Be(OH), was centrifuged to separate the
gel-like hydroxide at the bottom of tubes. The Be(OH),
gel was thereafter transferred to the small centrifuge tubes
with Milli-Q water added. After completely mixing the
gel with Milli-Q water, the small tubes were centrifuged
again. These steps were done twice to make sure only
Be(OH), gel was left. Samples thereafter were heated in
the oven to oxidize beryllium to BeO. The oven tem-
perature was slowly increased to 850°C and kept at this
temperature for 2 hours. Finally, about 1 mg of niobium
(Nb) was added to each BeO sample and the mixture was
pressed into target holders (Al cathodes) to facilitate AMS
measurements. The '’Be concentration (atoms/g) of each
sample is calculated as the following equation (Berggren,

2009):

""Be conc = R/R  x standard xW /W xN, /A
Where R/R  is the measured ratio of '’Be counts over
“Be counts. Standard is the standard ratio of '°Be and *Be
(University of California Berkeley '°Be standard ID 14-
5-5, ""Be/’Be =2.502 x107"") (Nishiizumi et al., 2007).
W and W _are the weight of carrier ’Be and ice samples,
respectively. N, is the Avogadro constant (6.022x10* at-
oms mol”) and A_is the atomic weight of beryllium (9.01
g mol™).

4. Summary of papers

This thesis is based on the compilation of 5 papers
with the objective of assessing the climate influences on
beryllium and minimizing such climate influences from
19Be records in ice cores. Contributions of authors to each
of the following papers are shown in Table 1.

Paper I

Zheng, M., Sjolte, ]., Adolphi, E, Vinther, B.M., Steen-Lars-
en, H.C., Popp, T.]., Muscheler, R., 2018. Climate informa-
tion preserved in seasonal water isotope at NEEM.: relation-

ships with temperature, circulation and sea ice. Climate of
the Past 14, 1067-1078, doi: 10.5194/cp-14-1067-2018.

To obtain the seasonally resolved '"Be data, it is nec-
essary to identify the seasonal signal in the ice core. To
achieve this, we analyze the sub-annually resolved §'*0
records from four shallow NEEM firn cores covering the
last 150 years. We followed the method by Vinther et al.
(2010) through analyzing correlations between NEEM
0'0 and observed temperature data. Based on correla-
tion analysis, we attribute about 70% and 30 % of annu-
al accumulation of firn core to summer (May-October)
and winter (November-April) respectively. An example
of the definition of summer and winter seasons in the

NEEMO7S1 ice core is shown in Figure 10. We only
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Figure 10. An example of dating and definition of summer and winter seasons in the NEEM07S1 ice core based on a 70% summer and
30% winter deposit fraction center on the appropriate season. The dashed lines are the depth of the onset of annual layers defined by Mas-

son-Delmotte et al. (2015). The dotted lines are the depth where 080 reaches the maxima within the year.

distinguish the winter and summer seasons as it is very
hard to reliably pinpoint the spring and autumn in §"*O
records. We found that the NEEM summer 6'*O signal
correlates strongly with summer western Greenland coast-
al temperature while no significant correlations between
NEEM winter 8'80O data and western Greenland coastal
winter temperature are observed. The strong footprint of
temperature in NEEM summer 8"*O record suggests that
the summer 6'%0 record, rather than the winter %O re-
cord, is a better temperature proxy at the NEEM site.
The NEEM winter %0 is found to be highly correlated
with Baffin Bay sea ice concentration (SIC) for the peri-
od 1901-2004. The NEEM winter 8"*O may reflect sea
ice variations in Baffin Bay rather than temperature itself.
In addition, despite a dominant signal of North Atlantic
Oscillation (NAQ) in the central-southern Greenland ice
core 'O data, the NAO pattern exerts a weak influence
on NEEM seasonal 6O variations. This has to be kept in
mind when combining NEEM §"®0O records with other
proxy data in circulation reconstructions.

Paper I1

Zheng, M., Adolphi, E, Sjolte, J., Aldahan, A., Possnert,
G., Wu, M., Chen, B, Muscheler, R., 2020. Solar and cli-
mate signals revealed by seasonal "’Be data from the NEEM
ice core project for the neutron monitor period. Earth and
Planetary Science Letters 541. 116273, doi: 10.1016/.
epsl.2020.116273.

The high-resolution '’Be data longer than one full
solar cycle (11-year) enable a quantification of the influ-

18

ences of atmospheric circulation and deposition processes
on the '“Be signal in ice. Based on results of the paper
I, we obtain a seasonally resolved '“Be record from the
NEEM firn core NEEMO07S1) located in the northwest-
ern Greenland over the neutron monitor period (1951-
2002). The results suggest that both summer and winter
1"Be reflect the production signal induced by solar modu-
lation of galactic cosmic rays. However, superimposed on
this solar signal we find that the tropopause pressure over
30°N represents an important factor influencing NEEM
"Be concentrations on seasonal and annual scales. Sum-
mer '“Be also correlates significantly with the tropopause
pressure over Greenland suggesting a direct contribution
of stratospheric '"Be during summer to the '°Be deposi-
tion in Greenland. To correct for these transport/depo-
sition influences, we apply a first-order correction to the
1"Be data using a multi-linear regression model. The “cli-
mate-corrected” '"Be record shows a comparable skill for
reconstructing production rate changes as the stacking
method that averaging '’Be records from five different ice
cores in Greenland. The results suggest that the correc-
tion approach can be a complementary method to the
stacking to better isolate the production rate signal from
the ""Be data when only limited data are available.

Paper I11

Zheng, M., Adolphi, E, Sjolte, J., Aldahan, A., Possnert, G.,
Wu, M., Chen, B, Muscheler, R., 2020. Solar activity of the
past 100 years inferred from '’Be in ice cores — implications
for long-term solar activity reconstructions. (Manuscript)
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Table 1. Author contributions
Paper 1 Paper IT Paper IIT Paper IV Paper V
J. Sjolte R. Muscheler R. Muscheler M. Zheng
M. Zheng
Study design M. Zheng M. Zheng M. Zheng A. Aldahan
i R. Muscheler
R. Muscheler F. Adolphi A. Aldahan R. Muscheler
M. Zheng .
Be preparation and M. Zheng A. Sturevik-Storm
- G. Possnert -
measurements G. Possnert G. Possnert
P. Chen
M. Zh M. Zh
Data analysis ) e eng. M. Zheng M. Zheng M. Zheng
J. Sjolte F. Adolphi
M. Zh M. Zh
M. Zheng M. Zheng g M. Zheng g
] R. Muscheler R. Muscheler
J. Sjolte R. Muscheler . R. Muscheler .
) ) ) F. Adolphi ) J. Sjolte
Data interpretation R. Muscheler F. Adolphi J. Sjolt A. Nilsson F. Adolohi
. Sjolte . Adolphi
and discussion F. Adolphi J. Sjolte ) F. Adolphi i
] A. Aldahan ) A. Aldahan
B. Vinther A. Aldahan A. Sturevik-Storm
M. Wu M. Wu
H. Steen-Larsen M. Wu A. Aldahan
P. Chen G. Possnert
Writing M. Zheng M. Zheng M. Zheng M. Zheng M. Zheng

Comments on
All co-authors All co-authors

manuscript

All co-authors All co-authors All co-authors

Two ""Be records (Dye3 and NGRIP ice cores) from
Greenland ice cores show different decreasing trends
(-5.8%/decade for Dye3 and -3.5%/decade for NGRIP)
over the last 100 years. This difference can lead to dif-
ferent conclusions about past changes in solar activity.
However, the reasons behind this disagreement remains
unresolved. In paper III we analyze the NEEM season-
ally resolved '“Be record for the period 1887-2002 with
new measurements (1887-1950) completing the NEEM
record (1951-2002) from paper II. We observe the sum-
mer ""Be concentration in the NEEM record to be higher
than the winter concentration, which can be attributed
to the stratospheric '"Be intrusions in summer. Sum-
mer '"Be shows the similar significant decreasing trend
(-2.9%/decade) as winter (-2.85%/decade) for the period
1887-2002. By comparing the NEEM data to '"Be data
from the NGRIP and Dye3 ice cores from Greenland we
identify that the Dye3 '“Be data for 1958-1985 is sig-
nificantly lower. By excluding the Dye3 "Be data after
1958, differences between solar reconstructions based on
Greenland and Antarctic '’Be data over last 2000 years
are strongly reduced. This suggests that future solar re-
constructions should carefully assess such systematic dif-
ferences between different '"Be records, especially when

connecting the radionuclide variations to the absolute so-
lar modulation estimates reconstructed from the neutron
monitor data.

Paper IV

Zheng, M., Sturevik-Storm, A., Nilsson, A., Adolphi, E, Al-
dahan, A., Possnert, G., Muscheler, R., 2020. Reconstruction
of the geomagnetic dipole moment variation for the last gla-
cial period based on cosmogenic radionuclides from Green-
land. ice cores. In revision, Quaternary Science Reviews.

Cosmogenic radionuclide records from ice cores can
be used to reconstruct past changes in the geomagnetic
dipole moment (GDM) because changes in cosmogenic
radionuclide production rates are linked to GDM varia-
tions (e.g. Muscheler et al., 2005; Wagner et al., 2000).
However, the climate impacts on cosmogenic radionu-
clides challenge the interpretation of cosmogenic radi-
onuclides in terms of production rate variations. Con-
sequently, to extract the production signal and derived
GDM estimates, it is necessary to properly identify and
remove the climate effects in cosmogenic radionuclide
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Figure 11. Correlation coefficients between averaged summer 0180 data (depending on variously defined choices of summer 010 data)
and measured temperature records of SW Greenland (a, period 1855-2004) and Pituffik (b, period 1949-2004) depending on variously
defined choices of months for summer temperature averages (different lines). The solid black line is the best summer signal identified in

paper L.

data. In paper IV we present a GDM reconstruction over
the period from 11.7 ka to 108 ka BP (before present AD
1950) based on a new NEEM 'Be record and published
GRIP '“Be and *Cl records. We find that the cosmogenic
radionuclides records reflect a mixture of climate and pro-
duction effects that require separation to evaluate changes
in the GDM. To minimize climate-related variations on
the radionuclide data, we applied a multi-linear correc-
tion method by removing common variability between
1"Be and *°Cl and climate parameters (accumulation rates,
0'%0 and chemical data) from the radionuclide records.
The comparison of the resulting “climate corrected” radi-
onuclide based GDM reconstruction with independent
GDM records shows a good agreement. Furthermore, the
“climate correction” leads to an improved agreement with
independent GDM reconstructions compared to sim-
ply using radionuclide fluxes, validating our correction
method to isolate production rate changes from ice core
radionuclide records. Overall, with this linear correction
method, it is possible to extend the GDM reconstruc-
tions based on cosmogenic radionuclides data from the
ice cores back in time when there is a strong connection
between climate and radionuclide data from the ice cores.

Paper V

Zheng, M., Sjolte, ]., Adolphi, E, Aldahan, A., Possnert,
G., Wu, M., Muscheler, R., 2020. Solar and Meteorological
influences on seasonal atmospheric ’Be in Europe for 1975 to
2018. In revision, Chemosphere.

Studying high-resolution air "Be concentrations can
improve our understanding of the meteorological influ-

20

ences on beryllium transport processes. The advantage of
"Be is that atmospheric "Be can be relatively easily meas-
ured by gamma spectrometry, and has been widely meas-
ured around the world in radiation monitoring programs
with weekly resolutions (e.g. Kulan et al., 2006; Longo et
al., 2019; Sangiorgi et al., 2019). Here, we investigate the
seasonal atmospheric distribution of the naturally pro-
duced "Be in surface air over Europe between 40° N and
68° N during the period 1975-2018. The results suggest
that inter-annual variability of "Be reflects production
rates of the radionuclide induced by solar modulation of
cosmic rays. To discuss the meteorological influences in-
dependent from the production influence, we calculate
a production corrected record by subtracting the mod-
elled "Be production rates from measured "Be. We found
that each of investigated sites has its own combination of
local meteorological factors that affect the inter-annual
variability of seasonal "Be activity. The combination of
the tropospheric production rates and meteorological pa-
rameters explain 24% to 79% of the seasonal "Be activity
variance. We further apply a three-box model to study the
influence of stratosphere-troposphere exchanges on "Be
concentrations. The simulation supports that the seasonal
cycle of "Be in Europe is controlled by two main factors:
the changing height of the troposphere (seasonality of
the tropopause height) and seasonal variations of strato-
sphere-troposphere exchanges.

5. Discussion

5.1 Seasonal signals in the NEEM ice core
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Seasonal signals in the NEEM ice core are identified
based on the strongest correlations between accumula-
tion-weighted 8'®0O and temperature data. The method
assumes that 6'%0 is reaching its maxima/minima values
at the same time as temperature (Vinther et al., 2010).
However, the timing of 'O extrema might shift by up to
2 months in some years (e.g. Bolzan and Strobel, 1994).
To test how sensitive the result is to this assumption, we
revisit this assumption by shifting the corresponding
summer month one month forward when 6'*O maxima
are hypothesized to occur. The §'*O maxima are assumed
to correspond to June/July month instead of July/August
in paper L. It should be noted that this will result in a
different selection of the corresponding months for the
summer season. We focus on the summer season here be-
cause of the strong footprint of temperature in the sum-
mer 680 (paper I). The maximum correlation is again
obtained when selecting 70% accumulation rate for sum-
mer season defined from April to September (Fig. 11).
However, this correlation is lower than when the summer
season is defined as May-Oct, which is the strongest sum-
mer signal identified in paper I (black line in Fig. 11).
Therefore, it seems reasonable to assume that the 3'*O
maxima co-occur when temperature reaches the maxima
(July/August) as assumed in paper I, even though §'°O
extrema might shift by up to 2 months in some years.

5.2 Meteorological influences on Greenland '"Be
data

5.2.1 Greenland '°Be over the neutron monitor period

To improve our understanding of the meteorolog-
ical influences on the '"Be deposition on Greenland, in
this section we further assess the possible meteorologi-
cal influences on all annually resolved '"Be records from
Greenland available for the neutron monitor period
following the same method as in paper II: NGRIP '“Be
record (Berggren et al., 2009), Renland '"Be record (Al-
dahan et al., 1998) and Das2 '"Be record (Pedro et al.,
2012) and compare them to the results obtained from the
new NEEM data. The Dye3 record (Beer et al., 1990) is
excluded since the data them after year 1958 have been
identified as problematic (see paper III). The following
discussion will focus on '"Be concentrations for the rea-
sons outlined in paper II. Noted that for all '’Be records
except for the NEEM record, the year is defined from
January to December which is slightly different from the
definition of the annual NEEM data in paper II and III
(from November to October of the subsequent year).
Here, we also define the year from January to December,
however, this will have little influence since the following
analysis of the NEEM data shows similar results as shown
in paper II. Figure 12 shows the comparison between
normalized '“Be records and normalized global average
production rates inferred from neutron monitor-based

MINJIE ZHENG
EQ’R: 0.43 —=&—Das2 = = = Global production rate |
g
) ]
m
e
1950 1960 1970 1980 1990 2000 2010
EZ’R: 0.19 —&—Renland - - - Global production rate |
£
PN ~ -~ g- -
4l SadN, -7 ]
TV P
1950 1960 1970 1980 1990 2000 2010
EZ’R: 0.38 —&—NGRIP - = = Global production rate
£
8114 RO
o
1950 1960 1970 1980 1990 2000 2010
E2(R: 029 —&—NEEM - - - Global production rate 1|
g
o) ]
m d
o
1950 1960 1970 1980 1990 2000 2010
Year A.D.

Figure 12. Comparison between '°Be concentrations and modeled
global average '’Be production rates inferred from neutron mon-
itor-based solar reconstructions (Herbst et al., 2017). All records
are normalized by division through their mean for the common
period 1951-1985. R-values in bold are significant at p<0.05 which
are tested by a t-test adjusted for autocorrelation of the data (Hu et
al., 2017). Data are linearly detrended before correlation analysis.

Table 2. Correlation coefficients between "Be . and accu-
mulation rates from the corresponding ice cores, NAO and PNA
index. Bold (underline) indicates significant correlations at p<0.05

(p<0.1). All data are linearly detrended before correlation analysis.

Accumulation rates NAO PNA

Das2 ""Beconc_dimate -0.54 -0.32 0.10
Renland "Beconc_climate -0.41 0.04 -0.18
NGRIP Beconc_dimare -0.44 -0.02 -0.20
NEEM "Beconc_dimate -0.32 -0.06 0.24

solar reconstructions (Herbst et al., 2017). We use the
production model by Poluianov et al. (2016) with the lo-
cal interstellar spectrum by Herbst et al. (2017). Except
for the shorter Renland Be record, all '°Be records are
significantly correlated with the global average produc-
tion rates (p<0.05).

To better discuss the meteorological signal in the °Be re-

cords, we calculate the 'Be_ records, by subtract-

ing modelled '"Be productiofln Cr_:;htngefrom ""Be records and
consider the residuals as the climate signal in '’Be records
(following the method in Paper II and V). First we com-
pare “Be_ . records with the tropopause pressure
extracted from the NCAR reanalysis data (Kalnay et al.,
1996). All 'Be

records are significantly correlated

conc_climate
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records and the NCAR tropopause pressure data (Kalnay et al., 1996).

Data are linearly detrended before correlation analysis. Red and black solid lines indicate significant correlations at the 90 and 95% confi-

dence level (t-test).

with the tropopause pressure around mid-latitudes which
are consistent with the conclusion in paper II, suggesting
that tropopause pressure over 30°N represents an impor-
tant factor influencing '"Be concentrations in Greenland
(Fig. 13).
“Be_ . . fecords are also negatively correlated with the
local tropopause pressure, suggesting the direct intrusion
of the stratospheric '°Be due to the tropopause folding.
This negative correlation is not observed in the annually
resolved NEEM record but in the summer NEEM data
(shown in paper II). This stratospheric intrusion influ-
ence is further supported by the study of atmospheric
"Be data from high Northern latitudes (e.g. Aldahan et
al., 2008; Herndndez-Ceballos et al., 2016). It should
be mentioned that seasonal variations of the local trop-
opause height could also lead to changes of tropospher-
ic beryllium, i.e. the higher local tropopause height the
more formation of tropospheric beryllium (loannidou et
al., 2014). However, this influence is reported less signif-
icant at high latitudes (e.g. polar regions) compared to
mid latitudes (Herndndez-Ceballos et al., 2016).

We further correlate '°Be records with the corre-

conc_climate

sponding accumulation rates, North Atlantic Oscillation
(NAO) and Pacific/North American (PNA) indexes (Ta-
ble 2). The NAO and PNA indexes are calculated from
the NCAR reanalysis data (Kalnay et al., 1996). The
Das2 "“Be . record is significantly correlated with
the NAO index, which has already been reported in Pe-
dro etal. (2012). The GCM study by Heikkild and Smith
(2013) suggests that the NAO is the main driver of the
precipitation and '’Be deposition in Greenland. Pedro et
al. (2012) suggest that the Das2 '"Be-NAO relationship
can be explained by NAO influences on atmospheric pro-
cesses (e.g. stratosphere - troposphere exchange) and the
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precipitation rate at the Das2 site. We do not find signif-
icant correlations between NAO and other “Be_ .
records located in the central and northern Greenland.
This may be due to the fact that central and northern
Greenland are further away from the center of action of
the North Atlantic Oscillation, hence, are less influenced
by the NAO compared to the southern Greenland sites
(Chylek etal., 2012). The study of 6"*0 at the NEEM site
also suggests less influence of the NAO pattern compared
to southern Greenland (Steen-Larsen et al., 2011; Zheng
etal,, 2018). Only the NEEM ""Be . issignificantly
correlated with PNA index (p<0.1). This suggests that the
PNA circulation pattern may only influence northwest
Greenland '“Be through the modulation of aerosol trans-
port to northern Greenland (Kang et al., 2015)

Interestingly, all ""Be . = records are significantly
correlated with their corresponding accumulation rates.
This correlation is not removed by calculating the "Be
flux which shows significant positive correlation with the
corresponding accumulation rate (for all '"Be records).
GCM studies suggest that the wet deposition is the
dominant process for '“Be deposition in Greenland for
present-day climate (e.g. Heikkild and Smith, 2013). In
theory, for a site dominated by wet deposition one should
expect that the concentration is independent of the local
accumulation rate and the flux is expected to be accu-
mulation rate dependent (Alley et al., 1995). In contrast,
for a dominantly dry deposition site, significant negative
correlations between '’Be concentrations and accumula-
tion rates should be expected. Pedro et al. (2012) sug-
gest that for sites with very high accumulation rates (e.g.
Das2 site), the large precipitation events can clean '“Be
from the atmosphere at the initial stage of precipitation
while the later stage can dilute the '’Be concentration in
the snowpack. This can lead to a pattern resembling the
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above-outlined dry deposition pattern even though "Be
in this case is dominated by wet deposition. This dilution
effect may be stronger at the Das2 site with high accumu-
lation rates (0.90m/year) than at the NEEM site with rel-
atively low accumulation rates (0.2m/year). We hypothe-
size that this can explain that the Das2 '“Be record shows
stronger negative correlation with the accumulation rate

compared to the NEEM record (Table 2).

Since accumulation rates are negatively correlated with
those '"Be concentrations, a signal that cannot be re-
moved by calculation of '"Be fluxes, we subtract the line-
ar relationship between accumulation rates and ’Be con-
centrations from the '"Be concentrations to see whether
this can improve the relationship with modelled radionu-
clide production rates. The residual record is denoted as
"Be . We only focus on accumulation rates in this

conc_prod

model because other direct climate data usually are not
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production rates. The bold R-value indicates the significant result at p<0.05 tested by a t-test adjusted for autocorrelation of data (Hu et al.,

2017). All data are linearly detrended before analysis.

available for the longer period (e.g. Holocene or glacial
period). The results suggest that, by simply removing the
linear accumulation rate dependency, we can partly re-
duce the differences between '“Be data and theoretically
expected production rates in terms of amplitudes (smaller
RMSE, Fig. 14), although it may not always improve the
correlation coefhicients. The same conclusion also applies
to the '"Be flux by doing the corresponding analysis (Fig.
15). We further average those ""Be_ , records (referred
as stack Be | record) to see whether the averaged
record can enhance the production signal. The stack “Be-
conc proa T€c0rd shows higher correlation coefficient and
lower RMSE value with the production rates than sim-
ply averaging the uncorrected '°Be concentration records
(Fig. 16). This result suggests that averaging climate-cor-
rected '"Be records are a better approach to enhance the
production signal than simply averaging uncorrected '’Be
records. This is also suggested in paper IV when the av-
eraged climate correction record shows smaller RMSE
value with independent geomagnetic dipole moment
reconstructions than simply averaging uncorrected '“Be
fluxes. Furthermore, this approach could be helpful when
the calculation of the "Be flux does not completely re-
move the accumulation signal in 'Be data. For example,
in paper IV both GRIP ""Be concentration and flux show
significant correlations with accumulation rates for the
Marine Isotope Stage 2-4 (11.7 ka — 71 ka BP).

Besides the above-discussed accumulation rate correc-
tion, previous studies have suggested the possibility of
using chemical data such as sulfate and sodium measure-
ments from the same core to evaluate the climate biases in
1"Be records (e.g. Adolphi and Muscheler, 2016; Miyake
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et al., 2019). Paper IV also indicates the potential of a
better isolation of the production signal in '“Be records
by reducing the common signal with the accumulate rate
and chemical ion data from the same ice core. To fur-
ther validate this method, here we analyze two available
published sub-annually resolved '"Be and sulfate records
from the Vostok and Dome C ice cores in Antarctica over
the neutron monitor period (Baroni et al., 2011). The
"Be and sulfate data are resampled to annual resolution
using linear interpolation. The SO, record is log trans-
formed for the subsequent analysis due to its logarithmi-
cal distribution. '"Be concentrations from Dome C and
Vostok show significant correlations with the correspond-
ing sulfate concentrations (Fig. 17). Baroni et al. (2011)
suggest that volcanic eruptions can enhance the aerosol
sedimentation in the following years, thereby enhancing
the stratospheric input of '°Be-attached aerosol into trop-
osphere, leading to increase of 'Be depositions. To cor-
rect for this effect, Baroni et al. (2011) construct a linear
model between Vostok '"Be data and sulfate concentra-
tion for the volcanic eruption periods of Agung (about
1963-1968) and Pinatubo (about 1991-1998) and sub-
tract this linear dependency from the ’Be data only for
that specific eruption period. However, this correction
necessarily creates discontinuities and spurious jumps/
artifacts at each volcano eruption-transition. Here we ap-
ply the linear correction for the whole period by linearly
detrending the dependency between '"Be and sulfate data
(referred "“Be ). The "Be_ ., records for Vostok
and Dome C show higher correlations and lower RMSE
values with the global averaged production rates than the
original data (Fig. 18). Especially for the 1965-1970 pe-

riod the high '"Be concentration is largely removed. Via
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a t-test adjusted for autocorrelation of data (Hu et al., 2017). All data are linearly detrended before analysis.

correlating with the NCAR tropopause pressure, we find
that both '’Be and SO, concentrations significantly cor-
relate with the tropopause pressure over the mid-latitudes
in the Southern Hemisphere (Fig. 19). This may indicate
that the '’Be-SO, relationship could possibly also reflect
the common tropopause modulation influences on the
""Be and SO, deposition in Antarctica.

Overall, we propose that by linearly detrending the com-
mon variances between climate or climate proxy data
(e.g. accumulation rates, sulfate) and '’Be, we can reduce

the climate noise and enhance the '°Be production signal.
This method could be useful even when only the accu-
mulation rate or ion data are available. It should be noted
that such a correction could possibly remove the produc-
tion (solar) variations that might be linked to the Green-
land climate (e.g. Adolphi et al., 2014; Sturevik-Storm et
al., 2014). However, this correction is expected to have
little influence when focusing on the geomagnetic signal
in '“Be records because there is no convincing evidence
suggesting a direct relationship between geomagnetic di-
pole moment and Greenland climate (e.g. Wagner et al.
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Figure 19. Correlation of °Be concentrations and SO, concentrations from Dome C (a-b, 1985-2011) and Vostok (c-d,1951-2007) ice
cores with the NCAR tropopause pressure. All data are detrended and SO, data are log transformed before correlation analysis.

2001).

5.2.2 Comparing Greenland '’Be to group sunspot numbers

In paper III, we find that even after correction of the
Dye3 data problem, there are still some disagreements be-
tween solar reconstructions based on polar "Be records,
which could be possibly attributed to the regional climate
influences. Here we compare these solar reconstructions
with the one based on group sunspot numbers (Sval-
gaard and Schatten, 2016) for the period 1611-1994.
The group sunspot number data are transferred to a solar
modulation record based on the model by Solanki et al.
(2000) and Usoskin et al. (2002). The solar modulation
function reconstruction based on Greenland '“Be records
shows a larger disagreement (RMSE=207) with the group
sunspot numbers-based record compared to the Antarctic
1"Be record (RMSE=134) (Fig. 20). The Greenland-based
reconstruction shows relative low values compared to the
others (e.g. from 1700 to 1800 A.D.). In this section we
study the possible climate causes for this disagreement in
more detail. The group sunspot number based solar mod-
ulation function further are transferred to 'Be produc-
tion rates using the production model by Poluianov et al.
(2016) with the local interstellar spectrum by Herbst et al.
(2017). The geomagnetic data for the period 1611-1994
are from Muscheler et al. (2016) which combines the ge-
omagnetic record from the geomagnetic model (Nilsson
et al., 2014) and the modern values (Jackson et al., 2000;
Thébault et al., 2015). Figure 21 shows the comparison
between modelled global averaged production rates based
on group sunspot numbers and the NGRIP and Dye3
"Be records covering this period. As discussed in paper
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III, the Dye3 data after 1958 are excluded from the analy-
sis. Both Dye3 and NGRIP '“Be records show significant
correlations with modelled global averaged '’Be produc-
tion rates calculated from the group sunspot numbers
(Fig. 21 a-b). The averaged record of Dye3 and NGRIP
"Be data (referred as stack '“Be), shows a higher corre-
lation coeflicient and a lower RMSE value compared to
the individual '“Be records (Fig. 21c¢). It should be noted
that for some periods (e.g. around 1650) the '“Be records
show larger disagreements to the group sunspot number
based- production rates. These differences cannot be re-
moved by simply using a low pass-filter to filter out the
“weather” noise. Furthermore, calculation of '°Be fluxes
did not lead to a better correlation or lower RMSE com-
pared to using '°Be concentrations.

We investigate a possible atmospheric circulation influ-
ence on Greenland '"Be records by comparing these re-
cords with the winter NAO reconstruction by Sjolte et
al. (2018). This NAO reconstruction, based on seasonally
resolved d'*O data from Greenland ice cores and climate
model simulations, preserves the amplitude of the ob-
served year to year atmospheric variability prior to the in-
strumental period (Sjolte et al., 2018). The climate signal
in ""Be data (referred as ""Be . ) is obtained by sub-
tracting the normalized production rate based on group
sunspot number from the normalized '°Be concentration.

The NAO is significantly correlated with the Dye3
“Be_ . i Tecord (R: 0.14, p<0.05) but not with the
NGRIP "“Be_ . (Figure 22 a-b). This analysis indi-
cates that records from the Central and Northern Green-
land (e.g. NGRIP record) are not significantly influenced
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Figure 20. Solar modulation function reconstructions based on polar ’Be data (paper III) and group sunspot numbers (Svalgaard and
Schatten, 2016) for the period 1611-1994. °Be based reconstructions are calculated with the production-rate calculation from Poluianov
et al. (2016) and geomagnetic-field data from Muscheler et al. (2016) which combines a geomagnetic model result (Nilsson et al., 2014)
with modern values (Jackson et al., 2000; Thébault et al., 2015). Group sunspot numbers-based reconstruction is calculated following
Solanki et al. (2000) and Usoskin et al. (2002). The RMSE is the root mean square error between polar '’Be-based reconstructions and

group sunspot numbers-based reconstruction.

by the NAO pattern compared to 'Be from Southern
Greenland (e.g. Dye3 record), supporting the discussion
earlier that the NAO influences on '"Be depositions in
Greenland is site dependent (section 5.2.1). The stack re-
cord still shows significant correlation with the NAO (R:
0.13, p<0.05). However, it should be noted that even if
there are correlations between Dye3 '"Be and NAO, the
circulation pattern can only explain less than 2% of the
variance of the '"Be record. Therefore, the results suggest
that differences between Greenland "Be and modelled
expected production rate may not be attributed to the
influence of the NAO circulation pattern alone.

6. Summary and conclusions

The main focus of this thesis is to improve our un-
derstanding of the weather/climate influences on '"Be
data from ice cores and minimize such climate influences
to improve '"Be-based solar and geomagnetic field recon-
structions. This is done by measuring and investigating
the new '“Be records from NEEM ice core and atmos-
pheric "Be data in comparison to weather/climate data.
The main conclusions and findings are summarized as
follows:

*  8"0 at the NEEM site is found to be weakly influ-
enced by the winter NAO. This has to be kept in
mind when combining NEEM 60 records with

other proxy data in circulation reconstructions.

*  On multi-annual and longer timescales, the investi-
gated seasonally resolved '“Be and "Be records reflect
the solar signal introduced by the solar modulation
of the galactic cosmic rays.

* A method to better discuss the meteorological in-
fluence on '"Be and "Be data is proposed by remov-
ing the expected modelled production rate from the
measured data. This allows us to discuss the meteoro-
logical influences on '°Be and "Be records independ-
ent from production influences.

* 'The tropopause over the mid-latitudes in the north
hemisphere plays an important role for the '°Be dep-
osition at the investigated sites in Greenland.

* Linearly detrending the common variances (through
linear or multi-linear models) between "Be records
and identified weather/climate data or ice core proxy
data helps to minimize the climate influences on
"Be. The best results are obtained when individual
"Be records where first climate-corrected and then
stacked.

e With the linear correction method, geomagnetic
field reconstruction based on cosmogenic radionu-
clide data from ice cores can be extended further
back in time when there is a strong climate signal in
the radionuclide data.

* The Dye3 ""Be data are identified with unusual low
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Figure 21. Comparison of global averaged '°Be production rates inferred from the group sunspot number record and Dye3 '°Be (a), NGRIP
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values after 1958 compared to the NGRIP and
NEEM data, which is likely connected to a data
problem instead of local weather influences. If un-
corrected, this leads to a problem for solar activity
reconstructions when connecting past '’Be variations
to absolute solar modulation function levels obtained
from the neutron monitor data.

The differences between solar reconstructions based
on Greenland and Antarctic °Be records over last
2000 years are strongly reduced, after excluding the
Dye3 '“Be data after 1958. Consequently, the solar

reconstruction from Greenland '"Be no longer sup-
ports earlier claims of unusually high recent solar ac-
tivity over the last 100 years.

'Be data from polar regions and group sunspot num-
bers do not suggest a strong increase in solar activity
for the 1937-1950 period questioning previous ex-
tensions of the neutron monitor data.

The seasonal cycle of atmospheric “Be in Europe is
controlled by two main factors: seasonal variations of
the troposphere height and seasonal variations of the
stratosphere-troposphere exchange.
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Svensk sammanfattning

Solen ir den viktigaste energikillan f6r jordens kli-
matsystem, men hur variationer i solens aktivitet paver-
kar klimatet dr fortfarande oklart. Genom att studera
forindringar i solens aktivitet bakat i tiden kan vi bit-
tre forstd vilken roll solen spelar for jordens klimat. Ko-
smogena radionuklider, sisom "Be i iskidrnor, fungerar
som utmirkta proxydata for att rekonstruera variationer
i solaktivitet lingre bakat i tiden 4n vad som ir mojligt
med direkta observationer. Kosmogena nukleider skapas
nir kosmisk strilning interagerar med molekyler i jordens
atmosfir. Produktionshastigheten (av t.ex. '°Be) beror pa
variationer i styrkan av solens och jordens magnetfilt som
fungerar som ett skydd mot den kosmiska strilningen.
Ett starkt magnetfilt leder till mindre kosmiska stralning
och en ldgre produktion. Studier av kosmogena nukleider
kan darfor ge anvindbar information om forandringar av
solaktivitet och jordens magnetfilt bakat i tiden. Tolk-
ningen av '"Be-data forsviras pga. bristande kunskap om
hur olika processer i atmosfiren paverkar mingden '"Be
som nir den slutliga depositionsplatsen. Om '"Be-data
inte korrigeras for sidana klimatrelaterade faktorer kan
det leda till fel i rekonstruktionerna av solens aktivitet
och jordens magnetfilt.

Milet med detta projeke 4r att 6ka var forstaelse av hur
klimatrelaterade processer paverkar depositionen av
10-beryllium i Gronland med hjilp av analyser av hogup-
plosta °Be- och "Be-data for att i sin tur forbittra rekon-
struktioner av solaktivitet och jordens magnetfilt. Hir
presenterar vi ett vildefinierat sisongsupplost '“Be-arkiv
for perioden 1887-2002 frin en borrkirna (NEEM07S1)
genom de &vre delarna av isticket i nordvéstra Gronland.
Genom att analysera sisongsvariationer av syreisotoper
(6"%0) i NEEM-borrkirnan beriknar vi att 30% av snon
ackumulerats under vinterhalviret (november-april) och
att 70% ackumulerats under sommarhalvéret (maj-ok-
tober). Bide sommar och vinter '"Be-data aterspeglar
delvis den atmosfiriska produktionssignalen som i sin
tur beror pa solens modulering av galaktiska kosmiska
stralar. Utdver denna solaktivitetsrelaterade signalen fin-
ner vi att tropopaustrycket dver 30°N ocksd representerar
en viktig faktor som paverkar koncentrationen av 'Be i
NEEM-borrkirnan. '“Be-koncentrationen pa sommaren
dr i genomsnitt hogre dn pa vintern, vilket kan forklaras
av ett okat stratosfirisk intring av '’Be under sommaren.
Ett okat stratosfiriskt intring av beryllium-10 stods av
hégupplosta studier av "Be i luftprover éver Europa.

Genom jimférelser med '"Be-data fran andra gronlinds-
ka iskdrnor over de senaste 100 aren kan vi dven kon-
statera att '“Be-virdena fran Dye3-iskdrnan efter 1958 ir
ovanligt laga, vilket vi tolkar som ett dataproblem snarare
dn inverkan av meteorologiska variationer. Perioden med
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ovanligt laga '""Be-virden i Dye3 kan skapa problem nir
radionuklidvariationerna normaliseras for att kopplas
samman med direkta observationer av kosmisk stralning
over de senaste 70 dren frin markbaserade neutrondetek-
torer. Vi fann att skillnader mellan olika solaktivitetsre-
konstruktioner baserade pa iskirnor frin Gronland och
Antarktis delvis kan forklaras av detta dataproblem.

Slutligen presenterar vi en rekonstruktion av variation-
er i styrkan av jordens magnetfilt fran 108 000 dill 11
700 ar f6r nutid (AD 1950) baserat pa nya '’Be-data fran
NEEM-borrkirnan samt redan publicerade GRIP '*Be-
och *Cl-data. Vi undersoker mojligheten att korrigera
kosmogena radionukliddata med hjilp av klimatproxyda-
ta och demonstrerar att dven en enkel “klimatkorrigering”
forbattrar korrelationen med oberoende magnetfiltsre-
konstruktioner jaimf6rt med att anvinda okorrigerad ra-
dionukliddata. Detta resultat validerar anvindningen av
kosmogena radionuklider i iskdrnor f6r att rekonstruera
variationer i jordens magnetfilt bakat i tiden, férutsatt att
klimatpaverkan korrigerats for.
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