N
N

N

HAL

open science

The 2400-year cycle in atmospheric radiocarbon
concentration: bispectrum of 14C data over the last
8000 years
S. S. Vasiliev, V. A. Dergachev

» To cite this version:

S. S. Vasiliev, V. A. Dergachev. The 2400-year cycle in atmospheric radiocarbon concentration:
bispectrum of 14C data over the last 8000 years. Annales Geophysicae, 2002, 20 (1), pp.115-120.

hal-00316927

HAL Id: hal-00316927
https://hal.science/hal-00316927
Submitted on 18 Jun 2008

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-00316927
https://hal.archives-ouvertes.fr

Annales Geophysicae (2002) 20: 115-1@PEuropean Geophysical Society 2002

Annales
\ G Geophysicae

The ~ 2400-year cycle in atmospheric radiocarbon concentration:
bispectrum of 14C data over the last 8000 years

S. S. Vasiliev and V. A. Dergachev
loffe Physico-Technical Institute, Politekhnicheskaya, 26, St. Petersburg, 194021, Russia

Received: 5 September 2000 — Revised: 6 August 2001 — Accepted: 21 August 2001

Abstract. We have carried out power spectrum, time-spect-concentration is proved by experimental research, see (e.g.
rum and bispectrum analyses of the long-term series of théamon et al., 1998; Kromer et al., 1998).

radiocarbon concentrations deduced from measurements of The longest cycle of*C concentration changes is at-
the radiocarbon content in tree rings for the last 8000 yearstributed to the~ 2400 year period (Houtermans, 1971). After
Classical harmonic analysis of this time series shows a numthe discovery of~ 2400-year amplitude modulation for the
ber of periods: 2400, 940, 710, 570, 500, 420, 360, 230~ 210-year cycle (Sonett, 1984) the properties of+#400-

210 and 190 years. A principle feature of the time series isyear cycle were discussed by Damon and Linick (1986), Da-
the long period of- 2400 years, which is well known. The mon (1988), Damon et al. (1990).

lines with periods of 710, 420 and 210 years are found to |n the publications of Damon and Sonett (1992) and Da-
be the primary secular components of power spectrum. Thenon and Jirikowg (1992) the~ 2400-year and- 210-year
complicated structure of the observed power spectrum is theycles are considered to be the fundamental ones, most of
result of ~2400-year modulation of primary secular com- the other secular cycles discovered in radiocarbon data be-
ponents. The modulation induces the appearance of two sidgg harmonic components of the longest cycle. Sonett and
lines for every primary one, namely lines with periods of 940 Finney (1990) argue that, in the presence of nine prominent
and 570 years, of 500 and 360 years, and 230 and 190 yeargadiocarbon features, most are mutually dependent with per-
The bispectral analysis shows that the parameters of carbopaps only three independent lines. For more complete study
exchange system varied with the2400-year period during  of interdependence of the 2400-year variations with other
the last 8000 years. Variations of these parameters appear tecular components we used bispectral analysis.

be a climate effect on the rate of transfetd€ between the

atmosphere and the the ocean.

Key words. Meteorology and atmospheric dynamics (cli- 2 The primary properties of radiocarbon series

matology; ocean-atmosphere interaction; paleoclimatology) _ . )
For the last 8000 years relative radiocarbon concentration

(A4C) continually underwent small scale fluctuations with
time, see (e.g. Vasiliev and Dergachev, 1998). This long-
term change ofA*C of ~10% is explained by variability
in the geomagnetic field (McElhinny and Senanyake, 1982;
Bard, 1998). The fluctuations around the long-term trend of
radiocarbon concentration show an amplitude of about 1.0%.
years. Variations in the atmospheric concentratiort“af The cyclic fluctuation§ with d“fa“‘)” of tens .OT hundrgds of
are the result of changes in the Earth’s dipole moment (EI-years may be caused in the main by ;olar activity (Stuwer_and
Quay, 1980). To study the properties of these fluctuations

sasser et al., 1956; O'Brien, 1979; Lal, 1988), strengthenin ) .
) 9 qn the radiocarbon series one needs to remove the long-term

or weakening of solar activity (Stuiver and Quay, 1980; Bard ™~ " ; . ;
etal., 1997) and parameters of radiocarbon exchange systex’?”at'on' In these studies we investigated the decadal data
’ n radiocarbon concentration for the last 8000 years (Stu-

Oeschger et al., 1975; Siegenthaler et al., 1980; Stocker and ; .
\(Nr(iagsr?t gfs;;6'aGoslar ot galgell’lggz)er (\a/aerliability of tl;)ézcer anlver and Becker, 1993; Stuiver et al., 1998). Figure 1 shows

the A1Cp series which is the result of detrending of ini-
Correspondence tov. A. Dergachev tial radiocarbon series. The strongest fluctuations occurred
(v.dergachev@pop.ioffe.rssi.ru) at 500, 2700, 5400 and 7200 years BP (before present). It

1 Introduction

Radiocarbon!*C, is formed in the Earth’s atmosphere as a
result of cosmic ray neutron interactions with nitrogen nu-
clei: N, p)**C. C decays with a half life of 5730
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Fig. 1. Radiocarbon seriealC, in time after long-term detrend-  Fig. 2. The domains of high amplitude (dark areas) on the frequen-

ing. The strongest fluctuations occurred at 500, 2700, 5400 anay-time plane found in the radiocarbon data by the multiple filtra-

7200 years BP (before present). tion method. The epochs of fluctuations with high amplitude are re-
peated each 2300—2500 years. The cyclic curve is the result of low
frequency filtration with maximum frequency 0.00066 cycle/year.

is remarkable that the first three periods correspond to the

cold epochs revealed in dendroclimatic data (see Damon and

Sonett, 1992, p. 378). Obviously these fluctuations of radio-function. The definition (1) of the bispectrum is equivalent

carbon data need adequate analysis. Here we consider our re

sults obtained by the method of multiple filtration (Dziewon-

ski et al., 1969). This method is appropriate to get amplitudeB(wx., @) = (A(wy) A(wy) A* (0r + wy)),, (2)

values as a function of two variables: a frequency and a time.

This analysis allows us to conclude, that (i) the amplitudesWhereA(«) are complex Fourier amplitudes and asterigk (

of fluctuations vary in time (Fig. 2), (ii) the changes of am- mdicqtes complex conjugatiqn. Equation (2) indi.cates that
plitude are synchronous in the wide frequency band, (iii) theth® Pispectrum value is zero if the phases of Fourier compo-
epochs of high amplitudes occur at 400, 2500, 5200 and 720fents are independent. In othgr cases, b'ISpeCtI’UFT.I values may
years BP. These properties of radiocarbon series are consi@® different from zero. The bispectrum is a function of two
tent with the existence of long-period amplitude modulation, requencieso, andw,. Because of symmetry the bispec-
first discovered for the- 210-year variations (Sonett, 1984). rum is determined uniquely on the pla@e;, »,) in the tri-

Spectral analysis of thal4C}, series is appropriate to es- 2ngle with vertexes (@), (©max, @max) aNd COmax, Omax)-
timate the mean period of modulation. In the power Spec_Other bispectrum features are discussed by Kim and Pow-

trum (see Fig. 3) the highest line is at2400-year period. €S (1979). A modulation with frequendyis shown in the

The maximum values of long-period variations and epochs ofPOWer Spectrum by the presence of two side lines with fre-
high amplitude fluctuations coincide (Fig. 2), confirming the duéncies» — o andw + @, in addition to the primary line

existence of~ 2400-year amplitude modulation for a wide Whose frequency i. If the modulation takes place, we ob-
frequency band. serve peaks oB(w,, wy) at some characteristic points of the

plane (wy, wy), for example, at£a, w) and o, v + @).
A more complete list of these points may be inferred using

3 Bispectral analysis symmetry relations
The bispectrum is applied for analysis of non-linear pro- B(wy, wy) = B(—w; — 0y, ®y), 3)
cesses and complex interaction in geophysical data (K'”QB(wx, ®y) = B(wy, ), (4)

1996). The bispectrunB(w,, w,) is the two-dimensional
Fourier transformation of the auto-covariance function

Cu, v): Figure 4 shows our results for the bispectral analysis of ra-
diocarbon seriea\14Cp, and displays the upper side of the
(wx, wy)-plane. The lower side is omitted because that is a
//C(u, v) exp( — 2mi wxu — 27i wyv) du dv, (1)  symmetric continuation of the upper side according to the
relations (4) and (5). The peaks are marked by dark spots.
whereC (u, v) = (f () f (t+u) f (t+v));, wr andw, are fre-  The left side(w, < 0) and right side(w, > 0) of bispec-
quenciesy); is averaging operator anfl(¢) is an examined trum have axes of symmetry S1 and S2, respectively. There

B(wy, wy) = B*(—wy, —oy). (5)

B(wy, wy) =
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2460y ' _ Table 1. The results of the bispectral analysis of radiocarbon series.
35| @ i Harmonic periods are shown in years
|
30+ . Period 2400 940 710 570 500
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a0l | Wam@ | Period 420 360 230 210 190
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Mr
s \/U LI Vi M N ‘ \%Jra’ ] should keep in mind three causes of this modulation: solar
0 b v \f\ b VAW activity, climate alteration and change of the Earth’s mag-
i L | . | L | ' | L 1 L L T . . .. . .
0 0001 0002 0003  0.004 0005  0.006 netic field. Hood and Jirikov@i (1990) considered solar ac-
FREQUENCY (cyclelyear) tivity as the cause of the-2400-year cycle. The periodi-

cal Heliocentric motion induced by a perturbation action of
Fig. 3. The power spectrum of radiocarbon serie¥*Cp. The the giant planets was demonstrated by Chtova (2000).
horizontal axis is the frequency, the vertical axis is the normalized; \yas shown that the- 2400-year periodicity in the Helio-
power spectral density. A number denotes the period (years) of pri-centriC motion is real as was earlier recognized80-year
mary spectral components. A Greek symbol shows the frequenc;motion Charatova (2000) suggests to a possible relation of
of primary and side lines (see Table 1). ) . o . - .

the ~ 2400-year period be a similar one discovered in radio-

carbon series.

are no peaks on axis S1 because the initial radiocarbon se- ©'Brien (1979) and Elsasser et al. (1956) discussed the

ries is detrended. The presence of peaks on the axis S2 dyginciples of action of the geomagnetic field on the produc-
to first harmonics of some lines. Most of the peaks lie ontion rate of radiocarbon. As the number'6€ nuclei formed

: , : : —052
vertical lines 1A and 2A, horizontal lines 3A and 4A and in- In the Earth’s atmosphere is proportionalt) » where

clined lines 1B and 4B. The abscissae of vertical lines 1A% () is the Earth’s magnetic dipole moment, it is possibile
and 2A correspond to the 2400-year period. The peaks on 0 €xplain the change of amplitude of the210-year cycle

other lines correspond to symmetry relations (3), (4) and (5)PY geofield forcing, see Damon and Linick (1986). Anal-
The peaks on all these lines indicate slow alteration of amYSiS of available palaeomagnetic and archaeomagnetic data

plitudes of primary harmonic components defining the timefor the last 10000 years (Creer, 1988) shows that changes

shape ofA14C, variations. The period of this slow alteration ©f the Earth's dipole field may not be causing te&400-
is ~ 2400 years. year variations in the radiocarbon concentrations of the atmo-

We focus our attention on peaks located on the lines 1ASPhere (Damon and Sonett, 1992) because the amplitude of
and 2A. The primary spectral lines would give peaks both onth®~ 2400-years geofield harmonics should be considerably
the 1A and 2A. Itis just the case for thg anday frequen-  Nigher (Sonett, 1984). The existence of 2400-year cycle
cies. For thav, frequency we have the peaksd, wy) and is proved in a number of stu@es of cl|mat|c_ data, (see e.g.
(=&, wy + @) on the line 1A, §, wy) and @, w, — @) on Dansgaard et §1I., 1984; Pgstlaux et al., 198@11%berg§r,
the line 2A. The configuration of peaks for the primary fre- 1986; Arabadzi, 1986; Levina and Orlova, 1993; O'Brien et

quencieso andew, is similar. The presence of a few spots al., 1995). This evidence of Iong_—term glg\ange of climgte al-

was not marked due to the weakness of line with frequency©WsS US 0 assume that the variation of th€' concentration

w, + @ (see Fig. 3). with ~ 2400-year period has a climatic origin (Damon and
This classification of spectral lines, realized on the base ofoonett, 1992). Time comparison of the epochs of high and

the bispectral analysis, reduces the number of independeﬁ?w solar activity with climate alteration led to the r‘:]glndu'
lines to four only: namely, the modulation line and three pri- SION that the cause of the 2400-year cycle, both in theC

mary lines: thex, the 8, they. The remaining lines are due concentration and in climate of the Earth, appears to be of a

to the amplitude modulation. The results of the analysis are>0lar nature (Dergachev and Chistyakov, 1995).
shown in Table 1. The existence and the location of these 1N€ cause of the long-term variation of radiocarbon con-

peaks suggests that the2400-year amplitude modulation centration may be due to a climatic influence on carbon
of 14 fluctuations is real. transfer. The reasons for possible climatic forcing will be

considered briefly. The mean temperature and wind veloc-
ity determines the exchange intensity @D, between the
4 The nature of ~ 2400-year modulation atmosphere and the ocean. The amount of carbon stored
in the ocean exceeds that available in the atmosphere by
The amplitude modulation of the-210-year radiocarbon ~ 100 times (Damon et al., 1978). Therefore, the residence
fluctuations was discussed previously (Sonett, 1984). Wedime in the ocean considerably exceeds that in the atmo-
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3 ) . Holocene was punctuated by a series~d¥500-year events
$ 3 s LLh T (O’Brien et al., 1995). The Middle Europe oak dendrocli-
o s 333 3 matology demonstrates that the Little Ice Age (1500-1800
0.006 - \ '3 1A 2k s2_/+ yr. AD), the Hallstattzeit cold epoch (750-400 yr. BC) and
{ the earlier cold epoch (3200-2800 yr. BC) are separated by
o 0008 [4BA NN o, 2200-2500 years (see Damon and Sonett, 1992, p. 378).
f; N Jwy—@ The time positions of these epochs are correlated with the
3 *o 1 periods of largeA'4C) fluctuations (Fig. 2). Detailed pa-
>3_ lynological and radiocarbon investigations of southern West
g 0003 AN lwpt@ Siberia, Levina and Orlova (1993), show that over Holocene
(‘5;0002_ Zg_& the warmest periods occurred during 6300-5200 BP and
W Wat@ 2300-1300 BP. The periods of 5200-4300 BP, 3200-2300
" oot L \ I BP and 1300-200 BP were cool. A study of temperature
4A . R 3. of the Atlantic ocean for past epochs (Arabadzi, 1986) re-
ol, . ‘ v ‘ . h RS _“’ sulted in the conclusion that temperature minima occurred
-0.006  -0.004  -0.002 0 0.002 0004  0.006 about 400, 2800 and 5100 BP. Therefore, we suggest that the

FREQUENCY (cyclelyear)

climatic long-period modulation of radiocarbon fluctuations
in the Earth’s atmosphere is quite probable.

Fig. 4. The modulus of bispectrum for the radiocarbon series

AYcp. Dark spots denote spectrum peaks. The lines S1 and S2

are the symmetry axes of the left sidex(< 0) and the right side g Fine details of the bispectrum
(wx > 0), respectively. The abscissae of vertical lines 1A and 2A
correspond to the- 2400-year period. Some details of bispectrum were shown not to be a result of
climatic effects. The bispectrum shows the first harmonics

. . . : f primary linea with fr n . Its presen r
sphere and the relative concentration of radioactive carbory, Primary fine« th frequency 2, Its presence appears

in the ocean is lower. As a consequence, an increase of caf peaksdy, wy) and (we, 2wy). The splitting of these

bon exchange rate would result in a decreas¥'6fcontent Eiggotiss );th&éabrzs;cs rtr;](;du:aa;:gr(lzf;ecfg)rw ).f_?]eengg]e_r
in the atmosphere. This inference is supported qualitatively y pp P ”‘ '

: o . i remarkable feature is the peak aig(— @, wg + @) result-
by a simple dissipative model of concentration change: ing in splitting of the primary ling8. This splitting occurs
dN/dt = —AN + Q(t), (6)  because of the coherence of harmonic components with fre-
) 14 ) ) guencieswg and 2vg. The analysis of the left-hand part of

where N is the **C co4ncentrat|onA is exchange parame-  phishactrum (Fig. 4) shows that oscillations with frequencies
ter, 0(r) is amount oft4c generated in the atmosphere. For —wp—& andw, (—ws-+d anda,,) are coherent. This means
Q(1) = QosinQ the solution of Eq. (6) is the multiplicity of frequencies», andws and the equality

. : /o2 a2 w,=2wg. The ratio ofg andy amplitudes (Fig. 3) demon-
N = Qosin(Qr — @) /v Q2 + 22, (7) st};ates /tghat frequeney, cannot be considered as a harmonic
whereg is a phase shift of time dependence of radiocarbonof frequencywg. Most probably it is a weak modulation of
concentration relative to the production rate. According to~ 210-year variations that becomes apparent as the alterna-
Eq. (7), in the cas&2 « A that is most appropriate for tion of cycles of low and high amplitude. It should be noted
this analysis, the amplitude of the concentration change ighat the multiplicity of 8 andy frequencies were discussed
inverse to the exchange parameter. Therefore, the periodiearlier by Stuiver and Braziunas (1989).
alteration of parameters determining the rate of carbon ex-
change between the atmosphere and the ocean would cause .
corresponding changes of tH& concentration in the atmo- Conclusions
sphere.

Power spectrum, time-spectrum and bispectrum analyses
were carried out on radiocarbon concentration data from the
Earth’s atmosphere over the last 8000 years, as observed
in tree-rings. It was shown that the amplitude of radiocar-
There are many data confirming the cyclical nature of thebon fluctuations varied periodically. The quasiperiod of this
Earth’s climate. The study of th#80 concentration inice  change is about 2400 years. A bispectrum analysis of data
core (Dansgaard et al., 1984) showed 2500-year climatic demonstrates the existence of amplitude modulation. The
cycle to exist. A~ 2400-year quasiperiod was observed period of main modulation is- 2400 years. Our bispectrum

in the 8180 concentration of deep see core with high sedi- study results in the classification of lines of the power spec-
mentation rates (Pestiaux et al., 1988). Similar periodic betrum. Except for the modulation component, three primary
haviour has been found in GRIP2 and GISP ice cores over théines were identifiedy, 8 andy with the periods 710, 420
last 12 000 years. Glaciological time series indicate that theand 210 years, respectively. Theeomponent was shown to

5 Palaeoclimatology data
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have first harmonics. The frequency of the primary compo- climate oscillations revealed by deep Greenland ice core, In: Cli-
nenty is twice that of the8 component. The multiplicity of mate Processes and Climate Sensivity, (Eds) Hansen, J. E. and
B andy frequencies results in alternation of cycles with high ~ Takahashi, T., AGU, Washington, D. C., p. 288-298, 1984.

and low amplitudes of- 210-year periodicity. This ampli- Dergachev, V. and Chistyakov, V.: Cosmogenic radiocarbon and
tude modulation is considered to be the result of a climatic_ cYclical natural processes, Radiocarbon, 37(2), 417-424, 1995.

effect on the rate of radiocarbon transfer between the atmo—DZi'ien";(lms_k" EEB'?Ch’ S, ?nd. Lar.'dis.manl' l\é.:”Atgecr}ntigu%fqr the
Sphere and the ocean. YSIS O e transient seismic signal, bulletin 0 e Seilsmo-

logical Society of America, 59, 427-444, 1969.
Elsasser, W., Ney, E. P., and Winckler, J. R.: Cosmic ray intensity
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