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Stable (2H/H, 13C/12C, 15N/14N, 18O(16O,…)

Radioactive
Natural

Cosmogenic (3H, 10Be, 14C, 36Cl,…) 
Primordial (40K, 232Th, 238U, …)
Radiogenic (222Rn, 226Ra, 210Pb,…)

Anthropogenic (3H, 14C, 90Sr, 129I,  137Cs, Pu,…)
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Isotope Tracers
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• 2H – transport of air & water masses, exchange processes
atmosphere-biosphere, atmosphere-hydrosphere,...

• 13C – exchange processes, tracing fossil carbon,...
• 18O – atmosphere-hydrosphere exchange, groundwater, 

seawater, past temperature records in ice,... 
• 3H - (T1/2 = 12.32 y), water molecule (HTO) – transport of water

masses, water daNng...
• 10Be - (T1/2 = 1.39×106 y), aerosols, stratosphere-troposphere-

ocean transport, ice cores, sediments...
• 14C – (T1/2 = 5730 y), stratosphere-troposphere exchange, fossil

carbon record in the atmosphere – biosphere - ocean, 
atmosphere-ocean exchange,...

• 137Cs – (T1/2 = 30.17 y), mostly dissolved in seawater – processes
in the water column, transport of water masses...

• ... and many other stable and radioacNve isotopes...
3
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Isotope Tracing of the Environment 
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Timing
__________________________________________________________________

Pavel Povinec FNCA 2021, 3-4/3/2021, Tokyo (online)

• ANTHROPOCENE epoch (>1945 present) - a new epoch
a>er the HOLOCENE epoch (10 ky)

• INDUSTRIAL era (150 years) – carbon, nitrogen, sulfur
oxides, metals, organics,... 

• NUCLEAR era (70 years) – anthropogenic radionuclides, 
nuclear bomb tests, global fallout, nuclear industry, 
nuclear accidents,...

• COSMIC era (50 years) – satellites, moon, garbage in the
space ,...

5
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Energy vs. Environment 
__________________________________________________________________

Pavel Povinec FNCA 2021, 3-4/3/2021, Tokyo (online)

• New Philosophy : EGOCENTRIC  vs. ECOCENTRIC approach:  protection of the
total environment – man, fauna, flora

• CLIMATE CHANGE – anthropogenic vs. natural processes, global impacts, 
politically driven science ?

• NUCLEAR acceptance by public ? – Chernobyl & Fukushima impacts, radioactive
wastes

• RENEWABLE ENERGY SOURCES – sustainable for global development? BRICS 
countries, new world - thirsty for the energy, a new industrialization revolution
– the east and south neads own revolution...

6

Large energy 
consumption 
growth rates 
after the 1945s
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World Energy Mix 
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US Energy Mix 
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Japan Energy Mix 
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Coal Consumption 
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Annual CO2 Emissions 
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DIFF12 changes 11 months earlier. However, this is opposite to what
would be expected if changes in anthropogene CO2 had significant
impact on changes in the amount of atmospheric CO2.

However, on shorter time scales the relation is highly variable as
the two panels b and c in Fig. 13 show. Dividing the entire observation
period into the two sub-periods 1980–1998 and 1998–2011 yields a
different result as to the correlation between DIFF12 changes in
anthropogene CO2 and DIFF12 changes in global atmospheric CO2

(panel a). For the period 1980–1998 the correlation is found to be
positive for the period at and following release, while it becomes neg-
ative for the time window 1998–2011. A positive correlation would
indeed be expected, if changes in the release of anthropogene CO2

were controlling changes in atmospheric CO2. It is however contrary
to expectation that the maximum positive correlation is found
1 month before the time of release (Fig. 15, panel b).

This demonstrates that the relation between changes in the re-
lease of CO2 from anthropogene sources and changes in atmospheric
CO2 is not stable, but undergoes significant changes on a decadal
time scale. Had changes in the release of anthropogene CO2 repre-
sented the main control on changes in atmospheric CO2, the relation
would be stable. A possible explanation for the unstable correlation
might be due to the combined El Niño–La Nino event 1997–2001,

affecting the two investigated sub periods (Fig. 15) differently. An-
other possible explanation was provided by Njau (2007), suggesting
that anthropogene CO2 has so far been added to the atmosphere in an
amount which would have otherwise been added naturally, espe-
cially by the warming oceans, had the emission of anthropogene
CO2 been absent. However, a detailed analysis of such and other pos-
sibilities falls beyond the present investigation, and here it suffices to
conclude that the absence of a stable, positive correlation suggests
other processes than the emission of anthropogene CO2 to control
the main features of the observed changes in atmospheric CO2.

Summing up, our analysis suggests that changes in atmospheric CO2

appear to occur largely independently of changes in anthropogene
emissions. A similar conclusion was reached by Bacastow (1976),
suggesting a coupling between atmospheric CO2 and the Southern
Oscillation. However, by this we have not demonstrated that CO2 re-
leased by burning fossil fuels is without influence on the amount of
atmospheric CO2, but merely that the effect is small compared to
the effect of other processes. Our previous analyses suggest that
such other more important effects are related to temperature, and
with ocean surface temperature near or south of the Equator
pointing itself out as being of special importance for changes in the
global amount of atmospheric CO2.

Fig. 11. 12-month change of global atmospheric CO2 concentration (NOAA, green), and the change in release of CO2 from burning of fossil fuels (CDIAC, red). Both graphs are show-
ing monthly values of DIFF12, the difference between the average of the last 12 month and the average for the previous 12 months for each data series.

Fig. 12. Latitudinal 1990 summary of CO2 emissions from anthropogene sources. Data source: Carbon Dioxide Information Analysis Center (CDIAC).

61O. Humlum et al. / Global and Planetary Change 100 (2013) 51–69

New industrial 
revolution

BRICS countries

Brasil, Russia, 
India, China,
South Africa 
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CO2 & CH4 Growth in the Air
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414 ppm

12

CO2 Keeling curve
(>1958)

CH4
(>1983)   



Temperature Records 
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 CO2 @ 280 ppm

Temperature growth >1981

1940-1980 temperature 
decrease

 
 
 

 
 
 

 

 
Estimates of temperature variations for the Northern Hemisphere and central 
England from 1000 to 2000 CE. 
Encyclopædia Britannica, Inc. 
SHARE 
We	and	our	partners	store	and/or	acce	
 

Medieval Warm Period
1200-1350yr

Little Ice Age (1350-1900 yr)
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Mann et al., GRL 26(1999)759-762
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Ice Core Temperature Records (<800 kyr) 
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Vostok Antarctica Ice Core, < 420 kyr
HOLOCENE temp. anomaly !!!
CO2 follows temperature changes !!!
125 kyr Milankovitch cycle
(Petit et al., Nature, 399 (1999) 429-436)

EPICA Antarctica Ice Cores, < 800 kyr
HOLOCENE temp. anomaly confirmed
Very good agreement during 400 kyr
(Milankovitch cycles)

14

Holocene
anomaly

125 kyr
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Milankovitch Cycles in Sun-Earth Relations
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Obliquity (41 kyr)
Eccentricity (95, 125, 400 kyr)

Longitude of perihelion
Precession (19, 22, 24 kyr)

Solar forcing (variable) 

Mostly affecting the Pleistocene 
epoch (< 1 M yr)
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Recent Arctic Sea Ice Cover Changes 
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Please compare the right hand portion of the above chart with the

lower half of the heat wave chart to see the actual correlation.

US Sea Level Since 1920

16
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Sea Lever Rise 
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Holocene 
(<8000 yr):

almost stable

Modern era: 

< 3 mm/year

 
Satellite observations of sea level rise since 1993 (NASA) 

 
Historical sea level reconstruction and projections up to 2100 published in January 2017 by the U.S. Global 

Change Research Program for the Fourth National Climate Assessment.[1] RCP 2.6 is the scenario where 

emissions peak before 2020, RCP 4.5 the one where they peak around 2040, and RCP 8.5 the one where 

they keep increasing as usual. 

 

17



1818
18

Summary on Climate Changes 
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PAST CLIMATE CHANGES ON THE EARTH WERE 
CONTROLLED BY THE SUN

HOLOCENE : too high temperature during 10 kyr - Sun 

Recent climate change : anthropogenic – green-house 
gases

Next 100 years: - anthropogenic – green house gases ?

- natural – solar activity, a new Little Ice
Age ?

- a combination of both ?

18
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IPCC Summary on Climate Change
(Radiative Forcing)
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> 1750 AD

Anthropogenic
CO2: 1.7    W/m2

CH4+others: 1
Ozone: 0.3
Aerosols: 0.6
Total: 1.6 W/m2

Natural
Solar irradiance: 
0.1 – 0.3 W/m2 

(may be higher with 
secondary effects)

Water vapours?
The main 
greenhouse gas !!! 

19
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Little Ice Age (Maunder Solar Minimum)
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of 44°C, extending to the area off Newfound-
land (23), which is consistent with a reduced
NAO but not with uniform basin-wide cool-
ing. Other evidence suggests colder North
Atlantic temperatures during those centuries,
however, including evidence for increased
sea ice around Iceland (24), a region of min-
imal change in the GCM.

Our previous studies have demonstrated
how external forcings can excite the AO/
NAO in the GISS GCM (22, 25). Briefly, the
mechanism works as follows, using a shift
toward the high-index AO/NAO as an exam-
ple: (i) tropical and subtropical SSTs warm,
leading to (ii) a warmer tropical and subtrop-
ical upper troposphere via moist convective
processes. This results in (iii) an increased
latitudinal temperature gradient at around 100
to 200 mbar, because these pressures are in
the stratosphere at higher latitudes, and so do
not feel the surface warming (26). The tem-
perature gradient leads to (iv) enhanced lower
stratospheric westerly winds, which (v) re-
fract upward-propagating tropospheric plan-
etary waves equatorward. This causes (vi)
increased angular momentum transport to
high latitudes and enhanced tropospheric
westerlies, and the associated temperature
and pressure changes corresponding to a high
AO/NAO index. Observations support a
planetary wave modulation of the AO/NAO
(27, 28), and zonal wind and planetary wave
propagation changes over recent decades are
well reproduced in the model (22).

Reduced irradiance during the Maunder
Minimum causes a shift toward the low-
index AO/NAO state via this same mecha-
nism. During December to February, the
surface in the tropics and subtropics cools
by 0.4° to 0.5°C because of reduced incom-
ing radiation and the upper stratospheric
ozone increase. Cooling in the tropical and
subtropical upper troposphere is even more

pronounced (!0.8°C) because of cloud
feedbacks, including an !0.5% decrease in
high cloud cover induced by ozone through
surface effects. A similar response was
seen in simulations with a finer resolution
version of the GISS GCM (14 ). This cool-
ing substantially reduces the latitudinal
temperature gradient in the tropopause re-
gion, decreasing the zonal wind there at
!40°N. Planetary waves coming up from
the surface at mid-latitudes, which are es-
pecially abundant during winter, are then
deflected toward the equator less than be-
fore (equatorward Eliassen-Palm flux is re-
duced by 0.41 m2/s2, 12° to 35°N, 300 to
100 mbar average), instead propagating up

into the stratosphere (increased vertical flux
of 6.3 " 10#4 m2/s2, 35° to 60°N, 100 to 5
mbar average) (29). This increases the wave-
driven stratospheric residual circulation,
which warms the polar lower stratosphere (up
to 1°C), providing a positive feedback by
further weakening the latitudinal temperature
gradient. The wave propagation changes im-
ply a reduction in northward angular momen-
tum transport, hence a slowing down of the
middle- and high-latitude westerlies and a
shift toward the low AO/NAO index. Be-
cause the oceans are relatively warm during
the winter owing to their large heat capacity,
the diminished flow creates a cold-land/
warm-ocean surface pattern (Fig. 1).

Fig. 1. Surface temperature change (in °C) from 1780 to 1680 in the GCM. NH annual average
(left) and November to April NH extratropics (right) are shown. Nearly all points are
statistically significant (not shown) because of the large number of model years. Data for all
figures are available as Online supplemental material (40).

Fig. 2. The leading EOF of NH extratropical November-to-April SLP over the last 40 years of the
1680 and 1780 simulations (left), and the SLP change from 1780 to 1680 (right), both in mbar
(mb). The SLP difference is filtered in EOF space by showing the projection onto the first 20 EOFs,
which contain 70% of the total difference. This removes some of the high-frequency noise in the
model induced by overly large energies at high wavenumbers. Hatched areas indicate statistical
significance at the 90% level.

R E P O R T S

7 DECEMBER 2001 VOL 294 SCIENCE www.sciencemag.org2150

Shindell et al., Science, 294, 2001
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Solar Cycles (11, 22 & 90 yr)  
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Centennial
Gleissberg Cycle
90-100 yr
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10 Ilya G. Usoskin

where G is the number of sunspot groups, N is the number of individual sunspots in all groups
visible on the solar disc and k denotes the individual correction factor, which compensates for
di↵erences in observational techniques and instruments used by di↵erent observers, and is used to
normalize di↵erent observations to each other.
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Figure 1: Sunspot numbers since 1610. a) Monthly (since 1749) and yearly (1700 – 1749) Wolf sunspot
number series. b) Monthly group sunspot number series. The grey line presents the 11-year running mean
after the Maunder minimum. Standard (Zürich) cycle numbering as well as the Maunder minimum (MM)
and Dalton minimum (DM) are shown in the lower panel.

The value of Rz (see Figure 1a) is calculated for each day using only one observation made
by the “primary” observer (judged as the most reliable observer during a given time) for the day.
The primary observers were Staudacher (1749 – 1787), Flaugergues (1788 – 1825), Schwabe (1826 –
1847), Wolf (1848 – 1893), Wolfer (1893 – 1928), Brunner (1929 – 1944), Waldmeier (1945 – 1980)
and Koeckelenbergh (since 1980). If observations by the primary observer are not available for
a certain day, the secondary, tertiary, etc. observers are used (see the hierarchy of observers in
Waldmeier, 1961). The use of only one observer for each day aims to make Rz a homogeneous time
series. As a drawback, such an approach ignores all other observations available for the day, which
constitute a large fraction of the existing information. Moreover, possible errors of the primary
observer cannot be caught or estimated. The observational uncertainties in the monthly Rz can be
up to 25% (e.g., Vitinsky et al., 1986). The WSN series is based on observations performed at the
Zürich Observatory during 1849 – 1981 using almost the same technique. This part of the series
is fairly stable and homogeneous although an o↵set due to the change of the weighting procedure
might have been introduced in 1945 – 1946 (Svalgaard, 2012). However, prior to that there have
been many gaps in the data that were interpolated. If no sunspot observations are available for
some period, the data gap is filled, without note in the final WSN series, using an interpolation
between the available data and by employing some proxy data. In addition, earlier parts of the
sunspot series were “corrected” by Wolf using geomagnetic observation (see details in Svalgaard,
2012), which makes the series less homogeneous. Therefore, the WSN series is a combination of

Living Reviews in Solar Physics

http://www.livingreviews.org/lrsp-2013-1

 
 

 

Sunspot numbers with time – Schwabe 11 yr solar cycle
(Wolf > 1610)
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Cosmic Rays vs Solar Activity 
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GLOBAL HELIOSPHERIC PARAMETERS AND COSMIC-RAY MODULATION 401

Figure 5. (a) Monthly values of the tilt angle (α): solid line depicts the actual data, while the small
circles corresponds to the model α cycle (see Equation (9)). (b) Modulation potential (φ): actual values
are depicted by the solid line, while the small circles and grey lines correspond to the reconstruc-
tions, based on the model α cycle, by means of the power-law and quasi-linear regression models,
respectively. (c) Count rate of the Climax NM: actual is shown by the solid line, while the count rate
computed from the power-law model (see panel b ) is shown by the small circles.

First we note (cf. Cliver and Ling, 2001) that the solar-cycle variation of α can
be roughly represented by a simple cyclic shape (see Figure 5a), which is defined
solely by the cycle phase (x) and is approximated as follows:

α =

⎧
⎪⎨

⎪⎩

5◦ + 1100 x2, x ≤ 0.24,

70◦, 0.24 < x ≤ 0.32,

5◦ + 140 (1 − x)2, x > 0.32

(9)

Sunspot numbers

Data from several neutron 
monitors -
anticorrelated with solar 
activity 

Modulation potential of Sun on 
Galactic Cosmic Rays (GCR)

Neutron monitor data -
GCR flux In the atmosphere

Ross & Chaplin, Solar Phys. 294, 2019; Alanko-Huotari et al., Solar Phys., 238, 2006

8 Page 2 of 17 E. Ross, W.J. Chaplin

Figure 1 SSN (top), with vertical lines showing the beginning of each solar cycle. CR intensity recorded by
NMs (bottom), with vertical lines showing the approximate epochs of solar magnetic-field polarity reversals.
(MCMD = McMurdo, NEWK = Newark, SOPO = South Pole, THUL = Thule).

all directions (Giacalone, 2010). They mainly originate outside the solar system, within the
Milky Way; however, they are also expected to originate from other galaxies (Aab et al.,
2017). GCRs at the top of the atmosphere are mostly composed of protons (≈ 87%) and
α-particles (≈ 12%), with a smaller contribution (≈ 1%) from heavier nuclei (Dunai, 2010).

When cosmic rays (CRs) enter the atmosphere, they interact with atmospheric atoms and
produce cascades of secondary particles, which at ground level are primarily neutrons and
muons. Neutron monitors (NMs) and muon detectors (MDs) located at different locations
on Earth have been used since the 1950s to observe GCRs. Information on GCRs prior to
the modern epoch of NMs and MDs, and the space age, rely on the studies of cosmogenic
isotope records from ice cores and tree rings (Owens and Forsyth, 2013).

It has long been established that there exists an anti-correlation between GCR intensity
and the level of solar activity over a cyclic 11-year period, with perhaps some time lag
(Forbush, 1958; Parker, 1965; Usoskin et al., 1998; Van Allen, 2000). Figure 1 clearly shows
the anti-correlation between GCRs and sunspot number (SSN).

22
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Sun-Earth Impacts 
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Solar modulation of the
galactic cosmic ray
flux in the heliosphere
and on the Earth

Solar wind

11-yr, 22-yr, 90-yr…
solar cycles

Already detail 
Information on
Sun – Earth
impacts is avaiable
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Cosmogenic Radionuclides
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Produced by interactions
of CRs with atmosphere
(3H, 14C, 7Be, 10Be, 
26Al, 36Cl, 53Mn, 129I,…)

As GCR are modulated by 
Sun, they can be used for
solar activity studies

If stored in archives (tree-
rings, ice, sediments,corals, 
stalactites/stalagmites), 
they can be used for past
solar activity studies 
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14C in Wine Samples (1909-1952)
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Burchuladze, Povinec et al., Nature 287, 1980

14C(t) and W(t) rows for four 11-yr solar cycles (1909-1952)
14C amplitude variations: 3.3-5.6 %o for different solar cycles (average 4.3 ± 1.1 %o )
Time shift between W maxima and 14C minima: 3.5-5 yr (depending on the solar cycle)

Suess effect
(14C decrease due to 
fossil fuel combustion)

25

Solar
flare
event
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14C in Tree-rings (1900-1954) 
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840 M R Attolini et al 

tenuously tested along the time series by moving a window of length, T ?i. 
When the periodicity is present, the cyclogram will tend toward a level for 
the existence of non-random oscillations. When no periodicities are present, 
the cyclogram moves in a random walk. The search for characteristic 
periodicities was carried out by constructing cyclograms for a certain 
number of temporal intervals, i. 14C series used in the analysis were obtained from tree rings of a lime 
tree (Tilia cordata) that grew in a non-industrialized area (48° 51' N, 21° 10' 
E), as described by Povinec (1977). The accuracy of a single measurement 
is equal to 3%o. 

RESULTS AND DISCUSSION 

Figure 1 shows input 14C values in tree rings from 1901-1950, together 
with a data series after correction for the Suess effect. The sunspot record 
is also shown. 

014C, %o Q 

W 

200 

100 

.10 
1910 1920 1930 1940 1950 

YEAR 
Fig 1. L14C record in tree-ring samples for the last century (upper curve); after corrections for the Suess 
effect (lower curve); sunspot record is shown for comparison (dotted curve) 

Figure 2 shows calculated power spectra of L14C and sunspot series. 
There are peculiar periodicities as indicated by the peak appearing in the 
spectra. The sunspot record shows a dominant peak at 10.5 yr. In the power 
spectrum of the L14C series, we can identify essentially 3 important fre- 
quency bands, 1 around the main peak at 8.8 yr that might be associated 
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The Bratislava zX14C Tree-Ring Record 841 
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Fig 2. Power spectra from the z"C record (solid line) and sunspot record (dotted line). In order to avoid 
side lobes due to the length of the record, the spectra have been obtained by computing the amplitude of 
the sine wave best fitted to the data reduced to the first interval. 

with the peak of 10.5 yr of the sunspot series, and 2 more bands, ca 5.2 and 
2.6 yr, that might be considered the 1st and 3rd harmonic of 10.5 yr. The 3 
bands can be considered as pertaining to the solar signal in 014C. The discre- 
pancy between 8.8 and 10.5 yr might be caused by a variable production rate 
at the minimum or decreasing phase of each sunspot cycle, or by some 
geophysical effect. In any case, if we consider the noise level, the frequency 
discrepancy might also be explained by the superposition of a noise peak 
with a smaller 10.5-yr peak. 

The data reduction to the first interval of T=8.8 yr gives the mean wave 
of Figure 3A with a significance level of 6o with respect to a random 
Gaussian sequence of data. The same reduction for Q14C and the time 
interval T=10.5 yr gives a significance level of 3o (Fig 3B). For comparison, 
the same reduction for the sunspot series and T = 10.5 yr gives a signifi- 
cance level of 350o (Fig 3C). Spectral analysis of peaks in the power 
spectrum can be used to find interesting frequency bands. However, any 
information concerning stability of the phase and constancy of the 
amplitude of a wave is lost. Part of this information can be recovered by the 
cyclogram analysis. 

The phase and amplitude cyclograms calculated for a window, T=12 yr 
and for different values, t=9 - t=11.5 yr, are shown in Figure 4. The most 
stretched cyclograms are for the period, 10.5 yr for sunspot, and 9 yr for 
z 4C, respectively. 

To observe the phase correlation between sunspot and 14C series, we 
have plotted the Fourier components of sunspot series multiplied by the 
complex conjugate of the corresponding term of z 4C, and set to 1 the 
amplitude of each complex vector. If there is a correlation between the two 
series, the geometric sum of the vectors will tend to a straight line oriented 
according to the phase shift of the corresponding variations. We call this a 
cross-cyclogram. We have, thus, pin-pointed the periodicities for T=t=5 - 
T=t=14 yr. Figure 5 shows that the cross-cyclograms are most stretched 
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gument values Uwinee" ll+l yr, 
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11-year period at the 95% confidence interval. The spectrum 
estimation of e14C (t) and W (t) rows is shown in figure 2. The 
basic power of the spectra is concentrated at the period, 11 
years. The existence of anticorrelation between the sunspot 
function and 14C function has been confirmed by correlation 
analysis. Correlation coefficients have been obtained of more 
than - 0.6. 

The results of the harmonic analysis are given in table 1. 

Harmonic analysis enables the determination of the amplitude 
and the phase of A 14C variations for different solar cycles, 
as well as the time shift between W and e14C. The amplitude 
of a14C variations in wines ranged from (4.0 ± 0.8)0/00 to 
(4.5 ± 0.9)° /oo and from (1.5 ± 0.5)° /oo to (2.1 ± 0.5)° /o0 
for tree-ring samples for different solar cycles. The amplitu- 
de varies from cycle to cycle, but its dependence on sunspot 
numbers for the investigated solar cycles is within the error 
of analysis. The average amplitude for wines is (4.3 ± 1.6) 
° /oo and (1.9 ± 0.8)° /oo for tree-ring samples. 

Table 2 lists the results of the spectral analysis, the 

 �9CC#%���5": "$8��� �����1������������				
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Cyclogram analysis:

14C amplitude: 2.5±0.5%o

Phase shift: 3-5 yr

Comparison of 14C ( wines 
and tree-rings) and W 
(sunspot numbers, 
anticorrelated) time series

Attolini, Povinec et al.,Radiocarbon 31, 1989 Povinec et al., Radiocarbon 25, 1983 

Suess effect
(14C decrease due to
fossil fuel combustion)
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Povinec et al., JER 100, 2009
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higher moments of the geomagnetic field do not signifi-
cantly contribute to the shielding, the cosmogenic radio-
nuclide production rate in the atmosphere is predominantly
influenced by the geomagnetic dipole moment.

The black line in Fig. 2 shows the compilation of
archaeomagnetic data (Yang et al., 2000). The underlying
data are numerous and widely distributed over the north-
ern hemisphere so their average is considered to be a
relative precise estimate of the dipole field intensity.
However, due to the necessary averaging process potential
short-term changes are removed and only 500 yr averages
of the field intensity were obtained by this method (Yang
et al., 2000). Since the step function provided by Yang et al.
(2000) is not a realistic representation of the real time
evolution of the geomagnetic field we used the mid points
of the averaged intensity including the present field value of
8! 1022Am2 to fit a third-order polynomial to the intensity
values. The mean reconstructed geomagnetic field de-
creases by approximately 5% during the last century,
which is in accordance with instrumental measurements
(Valet, 2003). Potential short-term changes in the global
geomagnetic dipole field that are removed by this
reconstruction of the geomagnetic field intensity could
influence the cosmogenic radionuclide production rate. We
account for this uncertainty by including the relatively
large error band (see Fig. 2) in the following calculations.
The white line in Fig. 2 shows the results of a new method
to combine the available geomagnetic field data and to
construct the global geomagnetic dipole field and its
changes (Korte and Constable, 2005). It suggests smaller
changes in geomagnetic dipole field intensity during the last
1000 yr than those indicated by Yang et al. (2000).

4. The interpretation of D14C records in terms of production
and solar modulation

4.1. The D14C data

The following calculations of the 14C production rate are
based on the tree-ring D14C records shown in Fig. 3a and
three different carbon cycle models. D14C is defined as the
per mil deviation from the National Institute of Standards
and Technology 14C/12C standard after correction for
decay and fractionation (Stuiver and Polach, 1977). Two
records in Fig. 3a are derived from tree-ring measurements
from the northern hemisphere, which reflect past changes
in the atmospheric 14C concentration. The lower-resolution
part before 1500 AD is from the IntCal04 calibration curve
(Reimer et al., 2004). From 1511 to 1950 AD there are
annual D14C data published by Stuiver et al. (Stuiver and
Braziunas, 1993; Stuiver et al., 1998). A third curve shows
the D14C development in the southern hemisphere
(SHCal04) (McCormac et al., 2004). The 14C record from
the mid-1950s to today cannot be used for this analysis
since nuclear bomb tests released large amounts of artificial
14C into the atmosphere (counteracting the Suess effect)
and the budget of this bomb-produced radiocarbon is
uncertain (Joos, 1994).

4.2. Modelling the 14C production rate

With carbon cycle models it is possible to reconstruct the
14C production rate from tropospheric D14C data (Stuiver
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approach would yield negative values of F for several
periods of low solar activity during the last 1000 yr which
points to a residual climatic signal in the averaged 10Be
record for the second part of the 20th century (remark:
second part of the 20th century refers to the period
1950–1985 AD since none of the 10Be records extends to
today). Thus we normalised the 10Be record according to
the 14C-based F reconstruction to obtain agreement
between the average 10Be- and 14C-based values for F for
the period from 1000 to 1850 AD. This was done for
calculations normalised on the balloon-borne measure-
ments (Fig. 6b). The changes in the solar modulation
function are based on the average 10Be records shown in
Fig. 8. The black curve in Fig. 9a shows the solar
modulation including the full 10Be record and the
geomagnetic field record by Yang et al. (2000). The grey
band includes the geomagnetic field errors and the errors of
the average 10Be record. The red curve shows a slightly
higher solar modulation caused by the lower geomagnetic
field intensity suggested by Korte and Constable (2005).
The blue curve shows the solar modulation of the reduced
10Be record shown in Fig. 8.

Field et al. (2006) suggested that 10Be from polar regions
should show an approximately 20% enhancement of the
solar induced production variations compared to the
global average. Similarly according to their model results
the geomagnetic field intensity signal should be slightly
dampened by 20% in 10Be records from polar regions.
Considering the absent geomagnetic modulation in the
10Be production rate over the geomagnetic poles this still

means that the atmospheric circulation mixes 10Be rela-
tively well in the atmosphere. Consequently, the solar
modulation function inferred from 10Be based on such a
mixing scheme is not very different from the results based
on the initial assumption of a globally well-mixed 10Be
signal. Fig. 9b shows the consequences for the modulation
function. If we assume that 10Be shows such a polar-biased
signal the amplitude of the solar modulation becomes
smaller. However, the differences are still within the error
band indicated in Fig. 9a.
Our combined 10Be record shows the highest values

during the second half of the 20th century (around 1960
AD). These high values are caused by the strong decrease
of the Dye3 10Be data which led Usoskin et al. (2003) to
their conclusions about the record high solar activity. This
feature is dampened by the procedure used to remove
‘‘outliers’’, which results in the reconstruction that shows
that the last 50 yr of solar modulation are high but not
exceptionally high with respect to the last 1000 yr.

6. Comparison of 10Be- and 14C-based solar modulation
records

In general, the comparison of 10Be- and 14C-based solar
modulation function indicates a good agreement (Fig. 10).
For this comparison both records were low-pass filtered at
a cut-off frequency of 1/20 yr!1. The curves show the data
according to the normalisation based on the balloon-borne
data. The agreement between the two records confirms that
carbon cycle changes do not significantly influence the
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atmospheric 14C concentration and that the averaging of
the various 10Be records provides a good estimate of the
global changes in the 10Be production rates. There are,
however, differences. For example, the 10Be-based solar
modulation exhibits stronger short-term variations than
the solar modulation record inferred from 14C. The larger
short-term variations are already visible in some of the
individual 10Be records shown in Fig. 7. They could be due
to local changes in 10Be transport and deposition. For
example, the record from Camp Century shows some
disagreement with other 10Be records. In addition, the
incomplete time coverage or dating uncertainties of some
of the records can add short-term variability to the
averaged record. Since we removed only one ‘‘outlier’’ at
each point in time we did not remove all of the differences
between the records for our average curve. By using the
reduced 10Be record and the ‘‘transport’’ corrections
suggested by Field et al. (2006) we improve the agreement
between our 14C and 10Be records. If we include the full
10Be record we obtain a relatively strong increase in solar
activity (due to the Dye3 record) that is not present in the
combined 14C and neutron monitor data set. The
comparison with the 14C-based record suggests that we
can improve the 10Be-based record by removing outliers
and by assuming that the 10Be record shows a slight
enhancement of the solar induced 10Be changes.
In the perspective of the observed global climate

warming of the 20th century it is important to study the
changes in solar activity during the last 150 yr. In the
following we investigate in more detail the different 10Be
records during this period. The 10Be concentrations
measured in the Greenland Dye3 ice core indicate high
values of solar activity during the second part of the 20th
century (Beer et al., 1990). By contrast, the 10Be
concentrations measured in the ice core from the South
Pole do not show this trend (Raisbeck and Yiou, 2004).
The question is, therefore, how reliable is the averaged 10Be
record for this period when it is based on 10Be records that
disagree? Additional 10Be records for the last century
confirm the discrepancy between the Greenland and
Antarctic 10Be data. Unpublished data from the Greenland
GISP2 ice core seem to agree with the Greenland Dye3
10Be record (K. Nishizumii, personal information).
Furthermore, unpublished 10Be data from a shallow core
obtained at Summit, Greenland also point to a stronger
decrease in 10Be deposition than indicated by the record
from the South Pole. The record from Dome C rather
agrees with the data from the South Pole. Raisbeck and
Yiou (2004) mention that this is supported by new data
from Dome C. To summarize, there are three records from
Greenland that show a relatively strong decrease in 10Be
deposition during the second part of the 20th century.
Three records from Antarctica do not show this decrease.
This difference suggests that the 10Be concentration in at
least one of these regions is influenced by changes in 10Be
transport and deposition. It could well be that the climate
change during the second part of the 20th century
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influenced the 10Be deposition in Greenland and/or in
Antarctica. The observed climate changes in the northern
hemisphere have been considerably larger than in the
southern hemisphere during the last century. The general
warming with increased hydrologic activity is consistent
with more snow, less aerosols and consequently reduced
10Be concentrations. Therefore, it seems likely that 10Be
measurements in Greenland contain climate artefacts. This
is partly confirmed by our method to remove ‘‘outliers’’ in
the averaged curve. Part of the 10Be data from Dye3 is
removed by this procedure during the second part of the
20th century and we obtain a better agreement with the
combined neutron and 14C record (see Fig. 10). Never-
theless, the reconstruction of past changes in solar activity
using 10Be records for the last century will remain
problematic as long as the causes of these differences are
not understood.

In the following section we compare our radionuclide-
based estimate of solar modulation with alternative
estimates of solar activity. Unless stated otherwise, we will
use our most likely estimates of solar modulation. These
are based on the globally averaged D14C data normalized
to the balloon-borne estimate of solar modulation from
1937 to 1950 AD. We include the Yang et al. geomagnetic
field record since it encompasses the Korte and Constable
geomagnetic field estimate for most of the investigated
periods. This could mean that our average value for solar
modulation is generally slightly too low further back in

time. In addition, we include the 10Be data where we
removed one ‘‘outlier’’ at each point in time and that we
normalised to the 14C record shown in Fig. 10. Again, we
use the Yang et al. geomagnetic field record for this
calculation.

7. Comparison with the sunspot records

More than 150 yr ago Rudolf Wolf started to system-
atically reconstruct the past changes in sunspot number.
Hoyt and Schatten (1998) proposed an improved record to
estimate the past changes in sunspot number, the so-called
group sunspot number. The Wolf sunspot number and the
group sunspot number agree well for the last 100 yr but the
group sunspot number indicates lower solar activity before
that period (Fig. 11a) (Hoyt and Schatten, 1998). The
sunspot numbers are connected to the magnetic activity on
the Sun’s surface, which is assumed to correlate with the
open magnetic flux (Solanki et al., 2000). Therefore,
according to this model a close relationship between
sunspot numbers and 10Be and 14C records is expected.
Fig. 11b shows the comparison of our 14C-based

reconstruction of the solar modulation function and the
group sunspot number. As already pointed out by Stuiver
and Braziunas (1993) there is a high agreement of the
changes in the 14C production rate and changes in sunspots
number associated with the solar 11-yr cycle. This
comparison also shows that the 11-yr cycle continued
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Reconstruction of SSNs

Figure 1 From top to bottom, the NGRIP 10Be flux and group SSNs. In the top panel, the black line shows
the NGRIP 10Be flux data corrected for the Earth’s geomagnetic field following Knudsen et al. (2009), and
the red line corresponds to the 11-year moving average of the NGRIP 10Be flux (see text). In the bottom
panel, the black line shows the group SSNs, the red line corresponds to the low-pass-filtered groups SSNs
with a cut-off frequency of (1/9) year−1 for the observed group SSNs.

of the open magnetic flux of the Sun and the source function. Following Usoskin et al.
(2004), we then calculated 11-year-averaged group SSNs using Equations (4) and (5),

S(N) = α ×
(
24.35 + 22 × N − 0.061 × N2) and (4)

〈
N2〉 = 1.32⟨N⟩2, (5)

where N is the calculated long-term group sunspot number (SNLT), and the amplitude factor
α is taken as 1.95 × 1011 Wb year−1 (Usoskin et al., 2004).

3.2. Reconstructing Short-Term Changes in SSNs

The observed group SSNs were low-pass-filtered using the Fourier-transform method with
a cut-off frequency of (1/9) year−1 to be able to reconstruct subdecadal changes in group
SSNs. By using (1/9) year−1 as a cut-off frequency for the low-pass filter, we ensured that
the 11-year periodicity is maintained in the data, but removed high-frequency fluctuations.
We also tried using another low-pass filter with a cut-off frequency of (1/3) year−1 to inves-
tigate how the low-pass filter influences the resulting group SSN reconstructions. Following
this step, the low-pass-filtered observed group SSN data were used for all further analyses.
The bottom panel of Figure 1 shows the low-pass-filtered data with a cut-off frequency of
(1/9) year−1 (red line).

Prior to applying the three approaches to " and to the SSN observed (SSNObs) data to
reconstruct subdecadal changes superimposed on the long-term trend, we separated the data
into three time periods. The first period, which is called the model period, overlaps the ob-
served SSNs, spanning the time interval from 1755 to 1985 and covering the first 21 solar

Inceoglu et al., Solar Phys., 2014

F. Inceoglu et al.

Figure 5 The top panel shows the resulting ellipse-modeling reconstruction of group SSN, using data that
were low-pass-filtered with a cut-off frequency of (1/9) year−1 (see text), and the observed group SSNs for
the time period between 1755 – 1985. The bottom panel shows reconstructed and observed SSNs for the time
period between 1392 – 1985. The black line corresponds to the observed group SSNs, the red line shows the
reconstructed group SSNs based on the NGRIP ice core.

is fundamentally different from the training period in the sense that it contains a grand
minimum without SSNs. The test period may therefore not be ideal compared with the
training period, but reducing the model period to less than ∼230 years (1755 – 1985) would
shorten the model period too much.

As for the ellipse–linear and linear approaches, the calculated cross-correlation coeffi-
cients using a cut-off frequency of (1/3) year−1 are 0.65 compared with 0.67 for a time-lag
of two years (between 1610 – 1985) and 0.52 for a time lag of three years compared with
0.56 for a time lag of four years (between 1610 – 1985).

5. Discussion

We reconstructed group SSNs for the period from 1392 to 1985 based on the 10Be flux
recorded in the NGRIP ice core. Three different approaches were used to reconstruct short-
term changes. These changes were subsequently superimposed on a physics-based model
for reconstructing the long-term trend. The three approaches we used to reconstruct changes
in the 11-year cycle are based on linear, ellipse–linear, and ellipse approaches, of which
the latter two are based on the hysteresis effect observed between ! and SSNs (Inceoglu
et al., 2014). However, given the average residence time of 10Be in the atmosphere of one
to two years, uncertainties related to the age–depth model of the NGRIP ice core (Vinther
et al., 2006), and climate-related noise, it is challenging to reconstruct well-defined hys-
teresis curves. In spite of the success of the ellipse–linear approach when applied to obser-
vational data (Inceoglu et al., 2014), the ellipse approach clearly provides the most robust

Reconstructed sunspot numbers

NGRIP 10Be data

30



313131
31

14C and 10Be in ice cores (<9400 yr)
__________________________________________________________________

Pavel Povinec FNCA 2021, 3-4/3/2021, Tokyo (online)

rate of an ice core is not trivial and is associated with additional
uncertainties. In the polar regions of Greenland and Antarctica,
snow accumulation rates have been rather stable during the
Holocene so that 10Be concentrations and fluxes yield similar
results (SI Appendix, Section S7). For the sake of simplicity we
use the concentrations below.

From this discussion it is obvious that individual radionuclide
records may contain a significant system component which, if
not eliminated, would be incorrectly attributed to variations of
the cosmic radiation. In fact, system effects are probably the main
reason for the observed differences between the existing recon-
structions of cosmic radiation based on single radionuclide
records only (7–10).
Results
Here we present a cosmic ray record for the past 9,400 y for which
the system effects were minimized. This high-resolution and low-
noise paleocosmic ray record is used to derive solar activity that in
turn provides a powerful tool to search for the solar fingerprint in
climate records.

Our approach first combines several hemispheric 10Be records
with the global 14C record with high temporal resolution
(Fig. 2 A, C, and D and Table 1) and then follows the study of
Abreu, et al. (11) by using principal component analysis (PCA)
to extract the common production signal. With PCA it is possible
to disentangle the cosmic ray-induced production signal from the
system effects. The successful separation is based on the assump-
tion that the production signal is common to all records (corre-
lated), whereas the system effects are different (uncorrelated) in
each record. If system effects affected the radionuclide records
spatially and temporarily in a similar way, PCA would “misinter-
pret” these effects as common variation which in turn would be
wrongly attributed to cosmic radiation changes. However, it is
known that climate effects differ spatially; hence it seems justified

to assume that they affect the different radionuclide records from
different hemispheres and archives differently.

The three main records of our reconstruction [10Be from
European Project for Ice Coring in Antarctica-Dronning Maid
Land (EPICA-DML), Antarctica; 10Be from European Green-
land Ice Core Project (GRIP) (12, 13), Greenland; and global
p14C from tree rings (14)] represent both hemispheres and are
measured in different archives. These three records cover a time
range from 1,194 to 9,400 y before present (BP) (SI Appendix,
Section S1) and have a temporal resolution of a few years.
The new 10Be dataset from the EPICA-DML ice core consists
of 1,846 data points with an average temporal resolution of about
4.5 y and therefore provides an essential part for the reconstruc-
tion. To homogenize the different records, 22-year averages are
calculated for each individual record. Then PCA is applied to the
22-year averages. The first principal component explains 69% of
the total variance (SI Appendix, Section S6). This is a striking re-
sult because it implies that the 14C production changes through-
out the Holocene are very similar to the 10Be changes found
in polar ice cores from the two different hemispheres. Again,
because 10Be and 14C are produced in a very similar way and
because system effects are not expected to correlate with the pro-
duction signal, we conclude that the first principal component is
the best representation of the global production rate and here-
with of the cosmic ray intensity at Earth. The production signal
obtained from 10Be from GRIP and EPICA Dronning Maud

Fig. 1. Cartoon illustrating some basics of the radionuclides 14C and 10Be in
the Earth’s system. Both radionuclides are produced in a very similar way by
nuclear reactions of cosmic ray particles with the atmospheric gases (3). After
production, their fate is very different (system effects). 10Be attaches to
aerosols and is transported within a few years to ground (34). 14C oxidizes
to CO2 and enters the global carbon cycle, exchanging between atmosphere,
biosphere, and the oceans (4).
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Fig. 2. Radionuclide records used for this study. 10Be concentration records
are green (Greenland) and red (Antarctica) and 14C is black. Time is given as
year before present (BP where present refers to 1950 AD). All records are
mean normalized (divided by the mean) 22-year averages. (A) New 10Be re-
cord from the EDML ice core (red) and of the existing 10Be record from
the GRIP (GR) ice core (green). The data are plotted on the time scales EDML1
(35) for EDML and GICC05 (36, 37) for GRIP. (B) Δ14C, the deviation of the
atmospheric 14C∕12C ratio from a standard value, measured in tree rings
(14) and (C) 14C production rate p14C (PC), calculated with a box-diffusion
carbon cycle model (4) from Δ14C (14) over the last 9,400 y. (D) 14C production
rate p14C (PC) and 10Be concentrations for several available ice cores
(GR: GRIP; D3: Dye-3; NG: NorthGRIP; MI: Milcent; SP: South Pole; DF: Dome
Fuji) over the last 1,200 y. Grand solar minima are marked by yellow bands
and capital letters: O: Oort, W: Wolf, S: Spörer, M: Maunder, D: Dalton,
G: Gleissberg.
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14C IntCal2020 (tree rings, corals,…)
and 10Be (ice cores)
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CONCLUSIONS

In summary, the main advances in the IntCal20 calibration curve are:

1. The inclusion of single-year tree-ring data for the late Holocene and the Younger Dryas/
GS-1, as well as floating tree chronologies for the Bølling/GI-1e and the last glacial
period, means IntCal20 has considerably more detailed structure than previously
provided in IntCal13;

2. The use of the Bayesian spline methodology in curve construction has allowed for predictive
intervals for the curve that are able to account for over-dispersion seen within 14C tree-ring
determinations from the same calendar year; enabled the better representation of rapid
events; as well as isolated real signals from noise, in many cases made possible through
synchronizing fluctuations within their calendar age uncertainty;

H3H5 H4 H2 H1 YD

0

200

400

600

800

 0 10000 20000 30000 40000 50000

∆
1

4
C

cal BP

0.2

0.4

0.6

1
0
B

e
 f

lu
x

–45

–40

–35

 0 10000 20000 30000 40000 50000

N
G

R
IP

 δ
1

8
O

H
u

lu
 δ

1
8
O

0

5

10

15

P
a

la
e

o
m

a
g

 in
te

n
si

ty

a

d

b

c

–5

–10

Figure 5 a) Hulu Cave δ18O (in gray, Cheng et al. 2016); NGRIP δ18O (in black, North
Greenland Ice Core Project members 2004) with GICC05 timescale multiplied by 1.0063 as a
first order correction to the offset between GICC05 and the West Antarctic Ice sheet (WAIS)
Divide WD2014 chronology making it compatible with the Hulu Cave δ18O records (Buizert
et al. 2015), b) GlOPIS-75 paleomagnetic stack (Laj et al. 2014; Laj and Kissel 2015), c) 10Be
flux (Muscheler et al. 2005). a–c on GICC05 timescale (Svensson et al. 2008) adjusted to 0 BP
= 1950 AD, and d) IntCal20 (red) with IntCal13 (purple) as one sigma envelopes and the
average for the Campagnian Ignimbrite (blue point, Giaccio et al. 2017). The duration of the
Laschamps event is shown as an open box with the main phase shown as solid red (Lascu
et al. 2016). Heinrich Stadials are shown in vertical bands with the timing and duration for
H1, H3 and H4 taken from Waelbroeck et al. (2019) and references therein and that of H2
(H2a ! H2b) from the total organic carbon in Pakistan margin linked to the Hulu Cave
timescale (Bard et al. 2013).
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Beagle 2003/04) – Round the Globe expedition
(JAMSTEC) 
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14C and 137Cs BEAGLE/SHOTS data

Special Issue Progress in Oceanography, 2012: 
Aoyama et al., Kumamoto et al., Hirose et al., Povinec et al.

Increased salinity levels in bottom 
waters between WOCE´95 and BEAGLE 
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3H, 14C, 129I in the South Indian Ocean
(ANTARES IV

Pavel Povinec FNCA 2021, 3-4/3/2021, Tokyo (online)
Povinec et al., Earth Planet. Sci. Lett., 2014 

 

 
 

 

Broecker, Climate Change, 1995

CO2 sequestration - Bottom water formation - OCEANS CONTROL THE CLIMATE  !!
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Expected Climate Changes 
in this Century
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Anthropogenic vs. Solar effects
(cosmic rays, aerosols, ozone, CLOUD experiment in CERN)

Further grows of green house gases (CO2, CH4, N2O, fluorinated gases) 
and aerosols – also health effects – millions of people are dying per year due to 
atmospheric pollution

Further problems: 
Anthropogenic: Deforestation, Land use 
Natural: Volcanic eruptions, Astronomical effects, El Niño/ENSO, AMO
Permafrost ???

Green house gases vs. past climate changes
Growing (or stable temperature) vs.  e.g. Little Ice Age

The end of the Holocene warm epoch ???
Will the Anthropocene continue as a warm epoch ???
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IPCC Predictions 
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Future Solar Activity Cycles
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Pavel Povinec FNCA 2021, 3-4/3/2021, Tokyo (online)

Grand Solar Activity Minima

Wolf minimum 1282-1342

Spörer minimum 1416-1534

Maunder minimum 1645-1715

WE NEED MORE INFORMATION 
ON PAST SOLAR ACTIVITY 
CYCLES – THE ROLE FOR
14C and 10Be RADIOISOTOPES

New 11-yr solar cycle started !!!
What about the next one ?

Will be soon there Super Grand Solar 
Activity Minimum, similar to Maunder 
minimum ???
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