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The question of the existence of millennial-scale climate variability and its 
possible impacts is important for interpreting long-term climate changes 
and predicting its future. In the present work a statistical analysis of the 
seven most recent annual reconstructions of the Northern Hemisphere 
temperature, covering time intervals with a length from 1260 to 2016 
years, was carried out. The analysis included data of different types - both 
tree-ring paleo reconstructions and multi-proxies. The study was carried 
out using both methods of Fourier and wavelet analysis. It is shown that 
the yearly resolved modern temperature reconstructions indicate that in 
the temperature of the Northern Hemisphere of the Earth in the last 1–2 
millennia there is a strong variation with a period close to 900 years. The 
1400-year variation appears only in a few temperature reconstructions. 
Thus, the presence of a weaker 1400-year variation in the temperature 
of the Northern Hemisphere is not excluded but this is uncertain. The 
obtained difference in the spectral compositions of different data sets can 
be associated with: (a) the difference in the geographical location of the 
individual temperature indicators used, (b) the difference in the methods of 
standardization and generalization of the used individual proxies, (c) the 
difference in the seasonality of the temperature reconstructions. Although 
the evidence obtained for the existence of the millennial-scale variability 
in the climate of the Northern Hemisphere is sufficiently convincing, a 
concluding answer to the question of its character requires the analysis of 
more reconstructions that: (a) are at least several millennia-long, (b) have 
high time resolution, (c) use a network of individual indicators covering the 
largest part of the Northern Hemisphere.
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1. Introduction
Many studies have claimed the presence of a ca 1470-

year climate cycle in various types of Pleistocene geologic 
and ice deposit records from the North Atlantic region [1-3].  
The period of this variation was reported as 1470 ± 500 

years [1]. It was determined only approximately because 
the time resolution of the majority of the analyzed records 
was low, usually 50–180 years [1,4]. A similar cycle was 
identified in two annually resolved temperature proxies 
for the Northern Hemisphere [5], but the length of these 
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series—about two millennia—is insufficient to accurate-
ly determine the oscillation period. The question of the 
existence of a 1470-year cycle and its possible impacts 
is important for interpreting centennial and millennium 
time scales of climate variability, in particular, North 
Atlantic ice drift and surface hydrography, as well as for 
understanding atmospheric-ocean coupling and predict-
ing future climate changes. For example, the question of 
whether the Little Ice Age was an isolated climatic event 
or was it the most recent cold phase in the series of mil-
lennial-scale fluctuations is closely related to the question 
of the existence of the 1470-year periodicity [1]. Attempts 
have been made to explain the nature of this cycle: 

(a) By the influence of Dansgaard-Oeschger events [1]. 
Bond et al. [1] concluded that the 1470 year cycle is the re-
sult of a chain of climatic episodes in each of which, cool, 
ice-bearing waters from north of Iceland were advected 
south to the latitude of Britain. They considered the sur-
face North Atlantic as a hydrographic system that shifts 
persistently in Dansgaard/Oeschger-like oscillation.

(b) By the influence of solar cycles [2,3]. For example, 
Brown et al. developed a non-linear two-state model 
based on the superposition of the solar 210-year and 87-
year cycles affected by white noise. The model demon-
strates transitions between climatic states when a certain 
threshold is exceeded with a spacing of 1470 years.

(c) By an astronomical mechanism that consists of 
fluctuations in the Earth-Sun-Moon distance [6]. In this ap-
proach the 1470-year cycle is the result of an interaction 
between the lunar-linked 209-year cycle and the 133-year 
cycle of change in Earth-Sun and Earth-Moon distances.

(d) By stochastic resonance within the climate system 
of North Atlantic [7]. These authors hypothesized that 
weak periodic forcing combined with some noise from ice 
sheet-related events could cause the observed 1470-year 
variation. 

However, the actual physical mechanism of this cli-
mate change is still unknown. Moreover, some authors 
have disputed the existence of ca 1470-year quasi-peri-
odicity [4,8,9]. For example, Obrochta et al. [4] concluded 
that the original 1500 cycles may actually be a mixture 
of the 1000 and 2000 cycles. Since the question of mil-
lennial climate variations is important for understanding 
the mechanisms of the climate system, in this work the 
study was continued using new data. Seven temperature 
reconstructions in the northern hemisphere were analyzed, 
including a series of Loehle [10] and Moberg et al. [11] used 
by Loehle and Singer [5].

2. Data
One of the advantages of dendroclimatology is that it 

allows you to reconstruct climatic parameters with a reso-
lution of 1 year. On the other hand, standardization of tree 
ring sizes, which takes into account the natural decrease 
in their size and makes it possible to remove purely bi-
ological trends from tree ring indices, can suppress any 
long-term variability in the tree-ring series and make it 
difficult to study long-term climate changes. However, the 
recent improvement of dendrochronological methodolo-
gies makes it possible to preserve long-term changes in 
tree rings caused by climate. Thus, modern temperature 
dendroreconstructions retain fluctuations with a period of 
up to 1000 years or more. This makes them more or less 
suitable for studying millennium-scale variability, as has 
been done, for example, by Loehle and Singer [5]. In the 
present work paleoclimatic reconstructions of Moberg  
et al. [11]; Loehle [10]; Christiansen and Ljungqvist [12]; Sch-
neider et al. [13]; Wilson et al. [14]; Guillet et al. [15]; Büntgen 
et al. [16] were used. For the N-TREND2015 reconstruction 
of Wilson et al. [14] an average between the data for North 
America and Eurasia was used. All data sets are described 
in Table 1 and are shown in Figure 1.

Table 1. Millennial-length reconstructions of the Northern Hemisphere temperature used in analysis.

Source Time Span Seasonality Geographic Area Data Type

Moberg et al. (2005) [11] 1–1979 annual Northern Hemisphere
Tree-ring, δ18O, pollen, Mg/Ca, diatoms, 
stalagmite, borehole

Loehle (2007) [10] 16–1980 annual Northern Hemisphere
δ18O, pollen, diatoms, Mg/Ca, stalagmite, 
documentary

Christiansen and Ljungqvist 
(2012) [12] 0–1973 annual

Extratropical part of the 
Hemisphere (Φ > 300 N)

Tree-ring, δ18O, δ13С, sea and lake 
sediments, δAr/N, pollen, sta-lagmite, 
documentary

Schneider et al. (2015) [13] 600–2002 June–August
Extratropical part of the 
Hemisphere (Φ > 300 N)

Tree-ring

Wilson et al. (2016) [14] 750–2010 May–August Northern Hemisphere Tree-ring

Guillet et al. (2017) [15] 500–2000 June–August Northern Hemisphere Tree-ring, δ18O

Buntgen et al. (2021) [16] 1–2016 June–August Northern Hemisphere Tree-ring
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Figure 1. Reconstructions of the Northern Hemisphere 
temperature over the last 1.5–2.0 millennia: (A)—the mul-
tiproxy of Christiansen and Ljungqvist [12]; (B)—the tree-
ring proxy of Schneider et al. [13]; (C)—the tree-ring proxy 
of Wilson et al. [14] (Z-score relative to the 1750–1950 
period); (D)—the multiproxy of Guillet et al. [15]; (E)—the 
tree-ring proxy of Büntgen et al. [16]; (F)—the multiproxy 
of Moberg et al. [11]; (G)—the non tree-ring proxy of Loe-
hle [10]. The figure also shows linear trends.

3. Methods and Results

Spectral properties of the seven reconstructions were 
studied by means of wavelet and Fourier analysis. The 
main disadvantage of Fourier methods, which have been 
used for a long time in the analysis of time series, is the 
assumption that the process is stationary. In the case of a 
non-stationary dataset (the class of datasets to which the 
main part of the climate series belongs), the Fourier trans-
form allows only the average power at a given frequency 
to be estimated, and it is impossible to trace the change 
in the spectral composition over time. This disadvantage 
is absent when using the wavelet transform. The wavelet 
transform has a fundamental difference from the Fourier 
transform – here the analyzed signal is decomposed not 
into infinite sinusoidal harmonics, but into a series of 
wavelets – m orthogonal waves of the solyton type. These 
waves are called wavelets and they are well localized in 

both frequency and time [17], while Fourier harmonics are 
only localized in frequency. Due to this property, the wave-
let transform is suitable for the analysis of non-stationary 
time series, including non-periodic inhomogeneities, deter-
ministic chaos, and local periodic structures. Wavelet anal-
ysis has long been successfully used in the study of climate 
series [18]. Linear trends were preliminarily subtracted from 
all the series. The Fourier spectra of the analyzed data sets 
have strong peaks in the range of 750-1960 years, but the 
resolution in their low-frequency part is low. Wavelet anal-
ysis (basis of Morlet) can provide better resolution. Global 
wavelet spectra are shown in Figure 2. All the spectra are 
normalized to a 0.95 confidence level calculated for red 
noises with the corresponding AR(1) coefficient.
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Figure 2. Global wavelet spectra of: (A)—the multiproxy 
of Christiansen and Ljungqvist [12]; (B)—the tree-ring 
proxy of Schneider et al. [13]; (C)—the tree-ring proxy of 
Wilson et al. [14]; (D)—the multiproxy of Guillet et al. [15]; 
(E)—the tree-ring proxy of Büntgen et al. [16]; (F)—the 
multiproxy of Moberg et al. [11]; (G)—the non tree-ring 
proxy of Loehle [10].

Figure 2 shows that ca 900-year (period 874–966 years) 
cycle is clearly expressed in all seven series, while ca 
1400-year variation is manifested in three records. Here, 
however, a problem arises—is it possible to distinguish 
a 900-year variation from a 1400-year variation on such 
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a short time interval? To answer this question, two series 
of 2000 years were generated, each consisting of the sum 
of a sine wave with a period of 900 or 1400 years and red 
noise (AR(1) = 0.6). The power of the red noise was such 
that the signal-to-noise ratio (2()/2 ()) was 
0.1. Then the global wavelet spectra of these noisy time 
series were calculated. They are shown in Figure 3.
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Figure 3. (A)—Y1(t) – a sine wave with a period of 900 
years plus red noise; (B)—Y2(t)—a sine wave with a pe-
riod of 1400 years plus red noise; (C)—global wavelet 
spectrum of Y1(t); (D)—global wavelet spectrum of Y2(t).

Figure 3 shows that despite the shortness of the time 
series, it is possible to distinguish the 900-year oscillation 
from the 1400-year oscillation. 

4. Discussion and Conclusions

It is shown the yearly resolved modern temperature 
reconstructions indicate that there is a strong cyclicity in 
the temperature of the Northern Hemisphere of the Earth 
with a period close to 900 years. This testifies that the 
1000-year periodicity reported in the climate of the North 
Atlantic [4] has a global character. The 1400-year variation 
is less pronounced and appears only in a few temperature 
reconstructions. The difference in the spectral composi-
tions of different data sets can be associated with:

(a) The difference in geographical location of the in-
dividual temperature indicators used. In fact, it is known 
that interdecadal and century-scale temperature variability 
has a strong spatial distribution with a marked change in 
amplitude and phase depending on geographic location [19]. 
In this regard, it can be noted that the subpolar sector of 
North Atlantic, in which the 1470-year variation has been 
established most reliably [1,2], is poorly covered by individ-
ual proxies in the reconstructions [13,14]. 

(b) The difference in the methods of standardization 
and generalization of the used individual proxies. In this 
regard, it can be noted that the 1470-year cycle is most 
pronounced in the series of Loehle (2007) [10], which did 
not use any tree-ring data and, as a result, the long-term 
variations of which were completely free from any influ-
ence of standardization procedures.

(c) The difference in seasonality of the temperature 
reconstruction. This difference may also play a role, since 
different seasons may show different temperature fluctu-
ations. For example, in Southern Scandinavia bi-decadal 
variation is present in a warm season, while decadal varia-
tion is observed in winter [20].

For a concluding answer to the question of the millen-
nial-scale variability in the climate of the Northern Hemi-
sphere, it is necessary to obtain new paleoreconstructions 
that: (a) are at least several millennia long, (b) have high 
time resolution, (c) use a network of individual indicators 
covering as much of the Northern Hemisphere as possible. 
The use of non tree-ring reconstructions, whose low-fre-
quency variations are not distorted by standardization pro-
cedures, appears to be preferable.
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