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Abstract. The longest six instrumental temperature records
of monthly means reach back maximally to 1757 AD and
were recorded in Europe. All six show a V-shape, with tem-
perature drop in the 19th and rise in the 20th century. Proxy
temperature time series of Antarctic ice cores show this same
characteristic shape, indicating this pattern as a global phe-
nomenon. We used the mean of the six instrumental records
for analysis by discrete Fourier transform (DFT), wavelets,
and the detrended fluctuation analysis (DFA). For compar-
ison, a stalagmite record was also analyzed by DFT. The
harmonic decomposition of the abovementioned mean shows
only six significant frequencies above periods over 30 yr. The
Pearson correlation between the mean, smoothed by a 15-yr
running average (boxcar) and the reconstruction using the six
significant frequencies, yieldsr = 0.961. This good agree-
ment has a> 99.9 % confidence level confirmed by Monte
Carlo simulations. It shows that the climate dynamics is gov-
erned at present by periodic oscillations. We find indications
that observed periodicities result from intrinsic dynamics.

1 Introduction

It is widely accepted that the mean surface temperature
of the globe has been rising in the 20th century. How-
ever, how strong and how unusual this rise in compari-
son with the temperature variations over the last 250 or
even 2000 yr was is one of the subjects in the current cli-
mate debate. Long-range instrumental records going back to
a maximum of about 250 yr BP exist only in Central Europe.

But even here they are not abundant. The places with reli-
able monthly time series number six in all: Prague, Hohen-
peißenberg, Kremsm̈unster, Vienna, Paris and Munich (CRU,
2012; DWD, 2012; Auer et al., 2007; Mét́eo France, 2012;
CHMI, 2012). They have some of the longest, most reliable
instrumental temperature records as monthly means to be
had anywhere. The time series of Paris begins in 1757 AD,
whereas those of Hohenpeißenberg and Munich begin only
in 1781 AD. Additionally, a high quality temperature proxy
record from a stalagmite retrieved in the Spannagel Cave near
Innsbruck (Austria) at 2347 m a.s.l. is available ranging from
90 BC until 1935 AD (Mangini et al., 2005). It has time steps
between 1 yr and 13 yr. Finally, a yearlyδ18O record of the
period 1801–1997 AD from the analysis of an Antarctic ice
core is available for further comparison (Graf et al., 2002).

We used the temperature anomalies divided by the stan-
dard deviations for each of the above-cited six instrumental
records from Central Europe. As these are rather close to one
another, we used the mean of these (hereafter M6) for the
numerical analysis. Equally the anomalies of the stalagmite
record and the ice core record, divided by the standard devia-
tions, were analyzed (hereafter SPA for the stalagmite record
and IC for the ice core record).

Figure 1 depicts the six normalized time series whose av-
erage is M6. They all show a typical V-pattern with a max-
imum around the year 1800 AD, a fall until a minimum at
about 1880 AD, and a rise until the recent maximum at about
2000 AD. Both maxima have similar magnitudes. Figure 2
gives M6 superimposed with IC showing the V-shape of the
temperature history equally in the Northern and Southern
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Fig. 1. Long-term temperature records from six central European
stations.

Hemisphere, and therefore as a global phenomenon. We note
that NH temperature reconstructions corroborate the temper-
ature decrease in the 19th century (Crowley, 2000).

The time series M6 and SPA are analyzed by the discrete
Fourier transform (DFT) with zero padding. Zero padding
in the time domain increases the frequency steps and cor-
responds to an ideal interpolation in the frequency domain.
To obtain information about the significance of the peaks,
we adjoin in the DFT spectra the 90 % and the 95 % con-
fidence limits of the background noise evaluated by Monte
Carlo simulations using, for M6 and SPA each, 10 000 sur-
rogate records as a random background. Next, an empirical
reconstruction of M6 based on the results of a DFT without
zero padding is executed, which is restricted to oscillations of
periods no shorter than 30 yr. The quality of the reconstruc-
tion suggests predicting near-future temperature changes as
indicated in Fig. 6.

2 The data basis

The instrumental records from Central Europe consist of
monthly means and are continuous except for Paris and Mu-
nich, which are made up each of two parts from differ-
ent nearby stations. However, both for Paris and Munich
the major part of the two single time series covers nearly
the whole record length. The monthly means are converted
to yearly means for the application of the DFT. In con-
trast to this, both the stalagmite record SPA and the ice
core record IC consist of yearly means. The details of the
records used in this paper are as follows: Kremsmünster,
monthly (1768–2010) (Auer et al., 2007); Hohenpeißenberg,
monthly (1781–2010) (CRU, 2012); Prague, monthly (1770–
2010) (CHMI, 2012); Paris-Le-Bourget, monthly (1757–
1993) (Mét́eo France, 2012); Paris-Montsouris, monthly
(1994–2011) (Mét́eo France, 2012); Munich-Riem, monthly
(1781–2007) (Auer et al., 2007); Munich-Airport, monthly
(2007–2011) (DWD, 2012); Vienna, monthly (1775–2010)
(CRU, 2012); stalagmite record SPA, unequally yearly
(−90–1935) (Mangini et al., 2005); and ice core record IC,
yearly (1801–1997) (Graf et al., 2002).
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Fig. 2. Northern Hemisphere (Central European) instrumental tem-
perature averaged record M6 (black) together with the Antarctic ice
core record IC (blue) as a SH counterpart, each as an anomaly di-
vided by the standard deviation.

3 Methods

In the literature, several methods for the spectral analysis of
time series are reported (Ghil et al., 2002). We used in this
study the simple method of the discrete Fourier transform
(DFT). The time series M6 has equal time steps of one year,
and, therefore, the DFT can be applied without any further
complications. However, for SPA (which has unequal time
steps) the DFT requires an interpolation procedure in the
time domain. With the datafk in the time domain andN
as the number offk (hereN = 254), the DFT is

Fj =
1

N

N−1∑
k=0

fkW
−kj
N (1)

with WN = e2πi/N and the reverse transformation

fk =

N−1∑
j=0

FjW
kj
N . (2)

In principle, for unequal time steps the DFT is not applicable.
Interpolation in the time domain, however, can result in en-
hancing the low frequencies and reducing the high-frequency
components (Schulz and Mudelsee, 2002). Therefore, we
compared in a first step the result of the interpolated SPA
record yielded by DFT with the result of the unmodified SPA
record yielded by the Lomb–Scargle periodogram method.
As an outcome, no significant differences in the peak fre-
quencies but differences in the peak strengths occur between
DFT with the interpolated SPA and the periodogram with the
unchanged SPA. Because the stalagmite record SPA is pre-
dominantly used in this paper for a comparison of frequen-
cies with M6 and because the widest time steps of SPA lie
in the period from 90 BC until 500 AD, we omitted the first
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years of 90 BC until 500 AD and carried out again the com-
parison of the DFT with the periodogram. As a result, we find
for the shortened interpolated SPA, both for the frequencies
and the power densities, good accordance of the DFT and
the periodogram. To obtain more frequency steps, we gener-
ally applied zero padding in the DFT except for the empirical
reconstruction of M6. Furthermore, the power valuesFj in
Eq. (1) were normalized by dividing by the area comprised
by the whole spectrum.

In order to obtain confidence levels of the background
noise, the autocorrelation (persistence) of the records M6
and SPA has to be considered. The appropriate method for
the evaluation of the persistence of a time series is the de-
trended fluctuation analysis (DFA) specified inKantelhardt
(2004), Lennartz and Bunde(2009, 2011) and references
cited therein. In general, one visualizes the significance of
peaks in DFT power spectra against the background noise
with lines of 90 %, 95 % or 99 % confidence levels and as-
sumes a background of red noise as an AR1 process (Schulz
and Mudelsee, 2002). We applied a more realistic procedure
that accounts for the autocorrelation of the record: The auto-
correlation (persistence) of a time series is characterized by
its Hurst exponentα, which can be evaluated with DFA. For
the stalagmite record SPA, anα of 0.9 was already reported
(Lüdecke, 2011), which indeed corresponds roughly to a red
noise background. However, our DFA of M6 yielded a value
of α = 0.58±0.2 (estimated). Because the DFA needs a min-
imum of 500 data points for the autocorrelation analysis of
M6, the monthly mode of M6 had to be applied. To elim-
inate seasonal influences, we subtracted the seasonal mean
value from the data and divided by the seasonal standard de-
viation. This yields a normalized record without seasonal ef-
fects that is appropriate for the DFA (Lennartz and Bunde,
2009). The result ofα = 0.58 corresponds to other values
for temperature series (Rybski and Bunde, 2009) and demon-
strates that red noise as a background for M6 is not adequate.
Therefore, one has to ascertain that the random records of
the Monte Carlo method simulating the background noise
have the appropriateα values. For this purpose we generated
surrogate records with the Hurst exponentsα = 0.9 for SPA
andα = 0.58 for M6 by using a standard method (Turcotte,
1997).

The DFT without zero padding was applied for the re-
construction of M6 (Eqs. 1 and 2). Here, we chose the ba-
sic method of selecting specific frequencies for the reverse
transformation (Eq. 2) resulting directly in the reconstruc-
tion without any further optimization procedures. Choosing
among the lowest eight frequencies the ones with periods no
shorter than 30 yr (definition of “climate” as 30-yr tempera-
ture average), the six with the highest power densities yield
an excellent reconstruction of M6. No other spectral contri-
butions were used.

4 DFT and wavelet analysis

The results of the DFT are shown in Fig. 3. The left panel
of Fig. 3 depicts the power densities of the DFT for M6 with
padded zeros together with the 90 % and 95 % curves of con-
fidence yielded by the Monte Carlo simulations. The right
panel shows the same for SPA. Figure 5 shows the wavelet
spectrum for the interpolated stalagmite record SPA. For M6
a wavelet analysis is meaningless because of the shortness of
the time series. Four of our six selected frequencies in M6
have a confidence level over 95 % and only one over 99 %.
We find for SPA roughly the periods corresponding to 250,
80, 65, and 35 yr from M6. A conspicuous disagreement is
found for the peak with the period of 100 yr, which is very
strong in SPA and nearly lacks in M6.

We note that the∼ 250-yr peak in Fig. 3 left results from
only about one 250-yr period, which covers the entire record
length. This is clearly insufficient to detect real oscillatory
dynamics. The question thus, if there is in fact a 250-yr pe-
riodicity, can only be decided by longer records. Fortunately
the SPA record covers about 2000 yr. Its spectrum shows a
strong peak at∼ 235 yr (Fig. 3 right). Additionally, Fig. 4
shows that the 235-yr component of SPA follows roughly
the overall shape of SM6. We have also ascertained that the
appearance of the∼ 250-yr period is not an artifact of the
254-yr record length of M6 by extending M6 by 100 yr with
white noise random numbers. Also this 354-yr-long extended
record yields the prominent∼ 250-yr period. This and Fig. 4
suggest that the∼ 250-yr peak in Fig. 3 left is not an artifact
and corresponds to a real oscillation. The wavelet diagram
shows that this cycle has been the dominant one since about
1100 AD (see Fig. 5) corresponding to the dominant strength
of this cycle in M6.

The wavelet analysis (Fig. 5) shows that historically a
∼ 125-yr cycle was dominating the Earth temperature. Dur-
ing the many decades this cycle has weakened and the
strength shifted to the subharmonic (see Sect. 7) of∼ 250 yr,
which is now the dominant periodicity. In addition, the four
lowest frequencies in Fig. 3 (right) show rather precisely the
spectral pattern of the generation of the subharmonics (1, 0.5,
0.75, 1.25, which correspond to the evaluated periods 234,
512, 341, 182 yr of Fig. 3 right). Such subharmonic genera-
tion is characteristic of the transition from periodic to chaotic
oscillations of dynamic systems (Feigenbaum, 1978, 1983).

5 Empirical reconstruction of the mean record M6

Our empirical reconstruction of M6 (hereafter RM6) with
N = 254 data points is based on the DFT without zero
padding (Eq. 1). For the inverse transformation (Eq. 2) we
selected six periods (frequencies> 0) obeying the condi-
tions that they are longer than 30 yr and yield the strongest
power densities among the first 8 DFT-frequenciesi/N , i =

{1, . . . ,8}. As a result, the reconstruction is

www.clim-past.net/9/447/2013/ Clim. Past, 9, 447–452, 2013
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Fig. 3. Left panel: DFT of M6 (average from six central European
instrumental time series). Right panel: same for SPA, interpolated
time series of a stalagmite from the Austrian Alps for the period
500–1935 AD. In both DFT analyses the records were padded with
zeros. The upper confidence curve (brown) is for 95 %, the lower
(cyan) for 90 % against background noise, each of those established
by 10 000 Monte Carlo runs. The most relevant peaks are indicated
by their period length.

fk =

∑
j

FjW
kj
N ; j = 0,1,3,4,5,6,7 (3)

RM6(t) =

∑
j

aj cos(2πjt/N) + bj sin(2πjt/N) ;

j = 0,1,3,4,5,6,7. (4)

The parameters of Eq. (4) are given in Table 1.
Figure 6 depicts the comparison of the reconstruction RM6

and the record M6 after being boxcar-smoothed over 15 yr
(hereafter SM6).

6 Confidence level of the reconstruction

The Pearson correlation of the smoothed record SM6 with
the reconstruction RM6 (black and red curves in Fig. 6) has
a value ofr = 0.961. In order to ascertain the statistical con-
fidence level of this accordance, we assumed a null hypoth-
esis and evaluated it by Monte Carlo simulations based on
random surrogate records of the same length and the same
Hurst exponent (α = 0.58) as M6 generated by a standard
method (Turcotte, 1997) (the surrogate records hereafter SU,
and the boxcar-smoothed SU over 15 yr hereafter SSU). As
the null hypothesis we assumed that the accordance of the
reconstruction RM6 with SM6 is caused by chance. We ap-
plied 10 000 surrogate records SU. Each of the record was
analyzed following the same procedure as for M6. Next, for
each surrogate SU the reconstruction was generated that used
– again following the procedure as for M6 – six frequencies
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Fig. 4. Temporal picture of the∼ 235 yr frequency component of
SPA (sinusoid, blue) together with SM6 (black), showing an ap-
proximate matching of the phases.

Fig. 5. Wavelet (Morlet) spectrum (Torrence and Compo, 1998) of
the interpolated SPA record for the period−90 until 1935 AD. The
solid black line from the left to the right top of the figure is the
cone of influence (below the cone of influence, the results are not
significant). The spectrum shows that the power density transfers
with time from the∼ 125-yr cycle to the∼ 250-yr cycle (period
doubling).

with the strongest power densities among the first eight fre-
quencies of the DFT without zero padding. Finally, the Pear-
son correlation of this reconstruction with SSU was evalu-
ated. As a result, among 10 000 SU we found one surrogate
record with the maximalr = 0.960, 9 records withr ≥ 0.95,
and 53 records withr ≥ 0.94 . Therefore, the null hypothesis
could be rejected with a confidence level of> 99.9 %.

7 Discussion

The temperature records from six Central European sta-
tions show remarkable agreement, justifying their averag-
ing to produce a “Central European temperature record” M6.
The characteristic of these records, namely the pronounced

Clim. Past, 9, 447–452, 2013 www.clim-past.net/9/447/2013/
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Table 1.Frequencies, periods, and the coefficientsaj andbj of the
reconstruction RM6 due to Eqs. (1), (3), and (4) (N = 254).

j j/N (yr−1) Period (yr) aj bj

0 0 – 0 0
1 0.00394 254 0.68598 −0.12989
2 0.00787 127 – –
3 0.01181 85 0.19492 −0.14677
4 0.01575 64 0.17465 −0.22377
5 0.01968 51 0.14730 −0.10810
6 0.02362 42 −0.02510 −0.12095
7 0.02756 36 0.12691 0.01276
8 0.03150 32 – –

minimum around 1880, is equally found in Antarctic ice core
temperature data, which are also overall in agreement with
M6, revealing this 1880 minimum as a global phenomenon.

The Fourier transform of M6 yields pronounced spectral
peaks, indicating dynamics by periodicity. Indeed, the recon-
struction, in which nothing but the six strongest frequency
components (with periods> 30 yr) are retained, yields ex-
cellent agreement with the measurement M6. A temperature
record obtained from a Central European stalagmite is also
Fourier-analyzed and shows, for comparison, similar period-
icities. It confirms the 250-yr period yielded by the DFT of
M6 as a real and dominant oscillation. The cause of the pe-
riodicities is not known to us. We would think that they con-
stitute intrinsic system dynamics as it is generally found for
dissipative systems with energy input (here the Earth dissi-
pating the radiative energy provided by the Sun). Such dy-
namics are the physics behind all terrestrial weather dynam-
ics (e.g., trade winds or El Niño). This interpretation as in-
trinsic system dynamics is supported by the wavelet analysis
of the stalagmite data. The latter shows a drift over 1600 yr
of peak intensity from the 128-yr period to the 256-yr period.
A further doubling to∼ 500 yr (peak visible in the spectrum,
right Fig. 3) causes the recent weakening of the 250-yr pe-
riod, visible in the wavelet diagram. Such a shifting of en-
ergy from a fundamental to a subharmonic frequency com-
ponent is characteristic of the Feigenbaum universal scenario
of transition to chaos by a cascade of subharmonics, for non-
linear, dissipative systems with energy input (Feigenbaum,
1978, 1983). Whereas harmonic generation is just an expres-
sion of nonlinearity, subharmonic generation is peculiar to
the Feigenbaum scenario, since it requires, different from
harmonic generation, a particular phase-matching mecha-
nism for sum- and difference-frequencies generated by the
system non-linearities. The four lowest frequency lines of
Fig. 3 (right) give additionally evidence of the climate os-
cillations as intrinsic dynamics. They show the pattern char-
acteristic of generation of two subharmonics, which corre-
sponds rather convincingly to the Feigenbaum transition to
chaos.
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Fig. 6. (color online) 15 yr running average record SM6 (black); re-
construction RM6 according to Eqs. (1), (3) and (4) (red); projection
of future NH temperatures mainly due to the∼ 65-yr periodicity
(dashed blue).

The agreement of the reconstruction of the temperature
history using only the six strongest components of the spec-
trum, with M6, shows that the present climate dynamics is
dominated by periodic processes. This does not rule out a
warming by anthropogenic influences such as an increase of
atmospheric CO2. Such secular effects could have been in-
corporated by the DFT, e.g., into the 250-yr cycle obtained
from M6, and would then not show up as a discrepancy be-
tween SM6 and RM6.

The prediction of a temperature drop in the near future re-
sults essentially from the∼ 64-yr cycle, which to our knowl-
edge is the Atlantic (Pacific) Multidecadal Oscillation (Man-
tua and Hare, 2002; Hurrel and van Loon, 1997). Four pe-
riods of the 64-yr cycle are clearly visible in Fig. 6, and
the Atlantic (Pacific) Multidecadal Oscillation can be traced
back for more than 1000 yr. This cycle was identified by
Schlesinger and Ramankutty(1994) as intrinsic dynamics.
Tsonis et al.(2007) found a mechanism in observed climate
indices of the period 1900–2005, which is consistent with
the theory of synchronized chaos. On the other hand external
causes for periodic dynamics exist also, such as planetary
motion, solar cycles and atmosphere–ocean–sea-ice interac-
tion (Scafetta, 2012a,b,c; Solheim et al., 2012; Dima and
Lohmann, 2007).

While thus many indications point to the oscillations as
intrinsic dynamics of the Earth, external causes for periodic
dynamics cannot be ruled out. Strictly speaking, even the ob-
served periodic-doubling could be that of an external forcing
with just this dynamics.

www.clim-past.net/9/447/2013/ Clim. Past, 9, 447–452, 2013
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Appendix A

Abbreviations of the time series in this paper

– IC: ice core record as yearlyδ18O values.

– M6: mean of six instrumental records in Central Europe
(both monthly and yearly).

– RM6: reconstruction of M6.

– SPA: stalagmite time series as yearly temperatures
yielded by interpolation.

– SM6: M6 smoothed over 15 yr (boxcar).

– SU: surrogate records with Hurst exponentsα = 0.58±

0.3.

– SSU: smoothed SU over 15 yr (boxcar).
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Auer, I., Böhm, R., Jurkovic, A., Lipa, W., Orlik, A., Potzmann,
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