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Abstract: We show that oceanic cycle lengths persist across oceanic cyclic time-series by comparing 

cycles in series that come from “sister” measurements in the North Atlantic Ocean. These are the 

North Atlantic oscillation (NAO), the Atlantic multidecadal oscillation (AMO) and the Atlantic 

meridional overturning circulation (AMOC). The raw NAO series, which is an extremely noisy 

series in its raw format, showed cycles at 7, 13, 20, 26 and 34 years that were common with, or 

overlapped, the other two series, and across increasing degrees of smoothing of the NAO series. At 

the 1960 midpoint of the hiatus period 1943–1975, NAO was leading time-series to AMOC and AMO 

and AMO was a leading time-series to AMOC, but in 1975, at the end of the hiatus period, the 

leading relations were reversed. 

Keywords: climate; ocean oscillations; NAO; AMO; AMOC; leading –lagging relations; see saw 

pattern  

 

1. Introduction 

The North Atlantic oscillation (NAO), the Atlantic multidecadal oscillation (AMO) and the 

Atlantic meridional overturning circulation (AMOC) time-series all describe different aspects of 

water movements in the Atlantic Ocean. The NAO series are often described as being basically noise 

[1] and although the two other series are found to show some variability, their potential cyclic 

behavior is not well established. Furthermore, the relations between the time-series are largely 

unexplored. This would be a particularly important issue, since the mechanisms that generate cycles 

(or variability if cycles cannot be established) may differ for each of the cyclic components. Here, we 

examine i) common cycle times for the oscillations and ii) the interaction between them in terms of 

leading and lagging relations between pairs of oscillations.  

Cycles in ocean oscillations can be determined by applying power spectral density (PSD) 

algorithms to the time-series that describe the oscillations. However, there are several caveats to the 

interpretation of the results, in particular if the series are short ≈130 samples, as they typically are for 

observed ocean oscillations. An approach to make PSD analyses more robust is to apply multi 

tapering or multiple-windows spectrum estimation techniques [1-4]. However, in oceanography, one 

series is often just one of several expressions for movements in an ocean basin system.  

Two of the series have been compared to “white noise” by Privalsky and Yushkov [1]. The NAO 

should be indistinguishable from white noise, with its characteristic value, re = 1 − σa2/σx2 = 0 whereas 

for the AMO a characteristic value of re = 0.45 is obtained. Here σa2 is the white noise variance and σx2 

is the time-series variance. 

We examine the NAO from two perspectives. First, we compare PSD from all three Atlantic 

Ocean time-series. Second, we apply increasing smoothing to the NOA series. For ocean oscillation 
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series that characterize a certain ocean basin, smoothing would also occur if sampling was made over 

a large portion of the basin. The underlying assumption is that the same mechanisms that create the 

oscillations also occur over the whole basin.  

The series may be made longer by modeling the ocean basin, simulating the mechanisms that 

are believed to cause the oscillations or they may be extended by tree-ring observations. In Seip and 

Wang [5] it was shown that current climate models appear to describe ocean oscillation interactions 

fairly well, although those interactions are not directly implemented in the models. Furthermore, 

studies of teleconnections across basins suggest that basins will show similar cycle times, but that the 

cycles are phase shifted [6-9].  

2. Materials  

We use the three series, the NAO, the AMO and the AMOC. The series reflect several 

atmospheric and oceanographic processes, such as the North Atlantic jet stream and storm track, 

Rossby wave breaking [10] and thermohaline circulations [11], all potentially giving rise to different 

cycle times. The NAO index and the AMO index have been used to examine ecosystem effects [12, 

13] and in particular, effects on the Atlantic Bluefin tuna [4]. Although, we quote reconstruction of 

the NAO and the AMO by tree-ring methods that extend the series back in time, we here only use 

the data from about 1880, so that we depend as much as possible on the original measurements. 

The North Atlantic oscillation index measures the air pressure difference between a Southern 

station, Lisbon and a Northern station, Reykjavik (p Lisbon – p Reykjavik). We use monthly NAO index 

values as reconstructed by Luterbacher et al. [14] and obtained from the web site: 

ftp://ftp.ncdc.noaa.gov/pub/data/paleo/historical/north_atlantic/nao_mon.txt. When the NAO index 

exhibits an increasing trend, European wintertime temperatures are frequently higher than normal 

[15, 16]. The NAO is associated with the Arctic oscillation [17], which again is associated with the 

trade winds. The NAO series has been extended to the period from 1823 to 1996 by Jones, Jonsson 

[17] and by a tree-ring-based reconstruction for the period 1049–1969 by Ortega, Lehner [18]. 

The Atlantic multidecadal oscillation, AMO is measured as fluctuations in the North Atlantic 

sea-surface temperature (SST) anomalies, 0–70 °N, [19]. It was obtained unsmoothed from Kaplan, 

Cane [19] and was recalculated at NOAA/ESRL/PSD1. We obtained the AMO series from 

http://www.esrl.noaa.gov/psd/data/timeseries/AMO/. It has positive and negative phases that on the 

average are 30 ± 5 years long [4] The AMO series has been extended to the year 1567 by Gray, 

Graumlich [20] 1567–1990 and by Knight, Allan [11] over the past 1400 years. 

Atlantic meridional overturning circulation, AMOC, is a system of currents in the Atlantic 

Ocean. It shows a northward flow of warm, salt water in the upper layers of the Atlantic, including 

the Gulf Stream, and a southward flow of colder, deep water, which is part of the thermohaline 

circulation. The surface temperature in the subpolar gyre region, relative to the large-scale 

temperature trend, has been proposed as an index for the longer-term (1871–2018) AMOC variations, 

Rahmstorf, Box [21]. Its characteristics are examined further by Caesar, Rahmstorf [22]. The data were 

obtained from Levke Caesar, Potsdam Institute for Climate Impact Research. The AMOC is the 

variable that most directly expresses transfer of heat (down to ≈1100 m, National Oceanography 

Centre, https://www.rapid.ac.uk/rapidmoc/). The AMOC has a high value when the North Atlantic 

and the northern hemisphere are warm [23]. The AMOC has been invoked as a mechanism which 

induces or amplifies cycles over paleontological time [24]. 

The three series are shown in Figure 1a,b. Smoothed versions are shown as thin lines 

superimposed on the raw time-series in Figure 1a, and in Figure 1b the NAO series are shown with 

increasing degree of smoothing. (See below on LOESS smoothing). Figures 1c,d will be discussed 

below.  

In addition, we used a random generator, which gives a uniform distribution between 0 and 1. 

If points have normally distributed stochastic variation along an x-axis and an y-axis, then the angels 

between lines (xi, yi) and (xj, yj) and the x-axis are uniformly distributed on (−π/2, π/2), [25]. 
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Figure 1. Time-series and their power spectral densities. (a) Time-series for the AMOC, the NAO and 

the AMO, the full lines are LOESS (0.2, 2) smoothed versions; (b) Time-series for NAO, LOESS 

smoothed to different degrees. (c) Power spectral density for the AMOC, the NAO and the AMO and 

the three series superimposed. The three series show common pronounced peaks at 7 years 13 years, 

19–20 years, 23–24 years, and 34–36 years; (d) Power spectral density for the NAO at different LOESS 

smoothing degrees. The time-series show pronounced peaks at 7–9 years, 13 years, 16 years, 20 years, 

26–27 years, and 34–36 years. 

3. Methods  

We first describe how we apply the PSD algorithm to the ocean oscillation time-series; thereafter 

we use a spectral stacking method to identify persistent peaks in the PSD curves. Second, we examine 

leading-lagging relations between paired time-series. Finally, we give an outline of the LOESS 

smoothing algorithm.  
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3.1. Stacking Method 

The PSD algorithm identifies cycle times in cyclic time-series, often by identifying Fourier 

components in the series. Normally, PSD is applied to the whole time-series, but PSD may also be 

applied over rolling time windows. 

To evaluate the results from the PSD, we use a multiple window method, e.g., Johnson, Thomson 

[3], but instead of using time windows drawn from the same time-series, we use (i) time-series that 

describe movement in the same ocean basins and (ii) time-series that are smoothed to an increasing 

degree. We do not fit any type of noise to the series, because random generators may produce 

periodic components [3]. By stacking the series, peaks that occur in all series will reinforce each other. 

For the stacked series, we calculate the 95% confidence interval for the model and the parameters. 

Peaks that breach the 95% confidence interval are potentially significantly periodic. Furthermore, the 

time-series for which the PSDs contribute to a peak in the average spectrum, probably reflect a real 

cycle in that time-series.  

3.2. The LL-Method 

We examine leading-lagging (LL) -relations between the NAO, the AMO and the AMOC. If the 

NAO is only white noise or a first order autoregressive AR(1) process, we would not anticipate to see 

a persistent LL-relation between the three oscillations. We first calculate the LL-relations between the 

three oscillation series, and thereafter we replace the NAO series with a uniformly random series and 

compare the result from this pairing to the first set of LL-relations.  

Leading-lagging relations. Leading-lagging relations between pairs of the NAO, the AMOC and 

the AMO time-series were identified by the leading–lagging (LL) -method of Seip and Grøn [6]. The 

LL-method is based on the rotational direction that paired time-series will show when plotted in a 

phase plot. Figure 2 gives a summary explanation of the method. A high LL-strength value means 

that the LL relations are persistent over several time steps > 5–11.  

 

Figure 2. Example. Calculating leading-lagging (LL) relations and LL–strength. (a) Two sine 

functions: the smooth curve is a simple sine function, sin (0.5t), the dashed curve has the form sin (0.5t 

+ ϕ × RAND()) where ϕ = +0.785 for t = 1–10 and ϕ = −0.785 for t = 11–20. RAND() is the Excel random 

generator. Bold part of the simple sine function, xSd shows that it leads ySD. (b) In a phase plot with 

sin (0.5.t) on the x-axis and the sin(0.5t + ϕ × RAND()) on the y-axis, the time-series rotates first clock-

wise (1 to 10, negative by definition) then counter clock wise 11 to 20; θ is the angle between two 

consecutive trajectories. The wedge suggests the angle between the origin and lines to observations 1 

and 2. (c) Angles between successive trajectories (grey bars) and LL-strength (black bars). LL-strength 

allows some outliers from a persistent pattern. Dashed lines suggest confidence limits for persistent 

rotation in the phase plot and persistent leading or lagging relations in the time-series plot. 
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3.3. Sources of Variability in Ocean Time-series 

Most time-series will be impacted by noise, in either an additive or a multiplicative mode, or 

something in between. Furthermore, series may include chaotic dynamics [26] especially if biological 

variables, like phytoplankton, play a role in modulating CO2 concentrations [27, 28]. Furthermore, 

interaction between exogenous drivers and internal dynamics may produce peaks in the time-series 

that are neither associated with the driving function nor with internal dynamics [29]. 

High frequencies. Noise, generated by natural variability, either by resampling, or with a random 

number generator may show periodic components. Johnson, Thomson [3] comment on periodic 

components in random generators, and Seip and Wang [5] show that in uniformly stochastic series, 

cycle frequencies lower than 5 may have a probability of more than 5% to occur by chance. This is 

shown in Figure 3a and b. We therefore removed the 5 first entries in the PSD series in Figure 1c,d. A 

graph similar to the one in Figure 3b is also found when card decks are shuffled to obtain a well-

mixed deck [30, 31]. 

Low frequencies. The lowest frequencies that can be established with confidence are in the range 

of 10% to 20% of the time-series length [1, 32]. For the observed ocean time-series that are 130 years 

long, it means that cycles of more than 23 years (20%) will be uncertain. However, there might be 

other “sister” series that are longer, or there may be other types of information that suggest that time 

windows that are identified as trends are sections of time-series that oscillate. We made a cut off value 

at 40 years since several authors discuss features of the NAO that are 60 to 70 years long, but are not 

necessarily part of a cyclic series [4, 17, 33, 34].  

Smoothing. We smoothed the NAO series with the LOESS algorithm, SigmaPlot©, using fractions 

f = 0.1 to 0.4 of the series and a 2nd order polynomial function, (p) for interpolation. 

4. Results 

We first examine the three PSDs that describe ocean dynamics in the North Atlantic and 

thereafter the PSDs of the raw and smoothed NAO series. Last, we report the LL - relations between 

the three oscillations. Taken together, the results show that there are common characteristic 

oscillations in water movements of the Atlantic Ocean, and that the observed oscillations shifted 

between leading and lagging with 30 ± 11 years interval during the period 1880 to 2000. 

4.1. The Three North Atlantic Ocean Dynamic Series  

Figure 1a and c shows a comparison of time-series for the NAO, the AMO and the AMOC that 

all characterize the Atlantic Ocean. The NAO measures sea surface pressure difference between two 

locations whereas the AMO and the AMOC are constructed from several measures averaged over an 

area. Privalsky and Yushkov [1] suggest that averaging over large areas increases the signal to white 

noise ratio. We also LOESS smoothed the series to more clearly see trends or quasi cycles (f = 0.2, p = 

2). We then calculated the LL-strength, n = 9 and finally LOESS smoothed the LL-strength values f = 

0.2, p = 2. The series in Figure 1a appear to show that the NAO is closest to a white noise series. The 

AMO probably comes next, and the AMOC has the greatest signal to noise ratio. Figure 1c shows the 

PSD for the AMOC, the NAO and the AMO in the range of 5 to 40 years. The sum specter shows 7 

peaks above the 95% confidence band. There are 5 peaks in the raw NAO series that are reinforced 

by PSDs of the other two series. The 7, 13 and 20 years cycles (read from the PSD numerical series) 

correspond to similar cycles in the two other series. A 26 years cycle may correspond to cycles in the 

range 29–32 years for the other two series and a cycle at 34 years may correspond to cycles at 34–36 

years. 

4.2. The NAO Series 

Figure 1b shows the NAO with increasing degrees of smoothing. Figure 1d shows the PSD for 

the 5 versions of the NAO. By smoothing the series, we mimic an averaging process, which could 

occur if the series were obtained by sampling over larger regions.  
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Figure 3. Cycle times and leading-lagging relations. (a) Phase plot for two uniform random series, (b) 

Rotations in phase plot that complete a full circle, that is, angles add to 2 π. A similar figure to Figure 

3b occurs when the calculations are repeated 100 times. (c) Leading-lagging relations between the 

NAO, the AMOC and the AMO. Figure from Seip and Grøn [6], their supplementary material. Raw 

series LOESS smoothed f = 0.2, p = 2; LL- relations LOESS smoothed f = 0.2, p = 2. Cycle time 

for the smoothed series are 21 to 24 years and leading - lagging time 5 to 6 years. Red liners 

show high tuna habitat suitability in accordance with reference [4]. (d) Leading-lagging relations 

between NAO replaced by the uniform random generator RAND(), and the AMOC and the AMO. 

The stacked NAO series (raw and LOESS smoothed with increasing degree of smoothing, f = 0.1 

to 0.4, p = 2) showed a broad peak centered at 8 years, sharp peaks at 13 and 20 years, broader 

“humps” at 12–13 years, 20–21 years and 34–36 years, Figure 1d. 

4.3. Leading-Lagging Relations between the Atlantic Oscillations  

The results for the LL-relations between the three Atlantic oscillations are shown in Figure 3c. 

The results suggest that the three oscillation LL-relations: LL(AMOC, NAO), LL(AMO, NAO) and 

LL(AMO, AMOC) show concerted movements and describe different aspects of the same system of 

ocean dynamics. For the period 1920 to 2010, the Spearman rank correlation coefficient is in the range 

0.5 to 0.7 and the probability value p is less than 0.0001. The cycle time results may extend into other 

ocean basins as well. Seip and Grøn [6] found dominating 7 years and 25 years cycles in tele-

connections between NAO, the southern oscillation index (SOI), and the Pacific decadal oscillation 

(PDO).  
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The time between peaks in Figure 3c is 30 ± 11 years. The red lines in the figure show periods 

where Faillettaz, Beaugrand [4] find that tuna habitat suitability is high. To test whether the NAO 

series represent pure noise, we replaced the NAO series with a uniform stochastic series. The result 

then shows that there are no concerted movements and the pairs that include the random series vary 

within the confidence interval, Figure 3d.  

4.4. LL-Relations and the Hiatus Period 1943 to 1975  

The period 1943 to 1975 has been characterized as a hiatus period superimposed on an increasing 

trend of global warming. It is interesting that in the beginning of the hiatus period 1943 to 1975, the 

NAO is directly leading the AMOC and indirectly leading it via the AMO. (NAO → AMOC; NAO 

→AMO → AMOC.) At the end of the hiatus period, around 1975, the leading relations are reversed. 

For the full period 1880 to 2014 the NAO and the AMOC lead each other about an equal amount of 

time with 4–5 years lead lag times. (Significantly 50% of the time). The relations are pro-cyclic and 

counter cyclic about an equal number of times.  

5. Discussion 

Ocean oscillations tend to show several cycles [35] and these oscillations appear to be connected 

through oceanic and atmospheric “bridges” [7, 35]. However, the cycles in one ocean region will often 

be shifted relative to another ocean region. To identify the cycles several methods have been used, 

from simple peak to peak measures and curve fitting methods [36] to PSD methods with added 

techniques to make the PSDs more robust relative to background noise and artefacts of the method.  

To validate cycle times that are found with the various techniques, some climate time-series are 

extended, either by using proxy information, like tree-ring dating methods [20], or by using modeling 

tools [11]. However, in the present study we emphasize the original time-series.  

We use three methods to validate candidate cycle length. First, we stack PSDs from several 

measures of cyclicity in the same ocean basin. The method is based on three assumptions, (i) the water 

movements in the ocean basin are governed by the same, or similar, mechanisms over the whole 

basin, (ii) by stacking the PSDs of different ocean oscillation time-series, signals that are common for 

the series will reinforce each other, whereas the others will annihilate each other, and (iii) if one series 

shows a signal (peak) which is present in the stacked PSD, it is also representative for the oscillation 

in the series it represents. Second, we stack increasingly smoothed versions of the same time-series, 

here, the NAO. Third, we examine LL-relations between pairs of the three ocean variable cycles, that 

is, we get three pairs of running LL-relations, NAO vs. AMO, NAO vs. AMOC and AMO vs. AMOC.  

Among the three ocean cycle series that characterize the North Atlantic, the NAO is the one that 

appears to show the largest noise component. Still, the NAO may be a good description of ocean 

movements which impact climate variations in North Europe, e.g., Bardin and Polonsky [37] on 

winter cyclone frequencies in the Islandic low region and Faillettaz, Beaugrand [4] on Atlantic Bluefin 

tuna. We found that the NAO contributed to peaks in the PSD graphs for the Atlantic oscillation 

series at 7, 13, 19–20, 29–31 and 34–36 years. Furthermore, we find cycles at 7–8 years, 12–13 years 

and 20–21 years that also show up in the “sister” time-series of the North Atlantic. We do not yet 

know if the oscillations and the shift between them can be related to a see-saw or dipole pattern of 

heat transport in the North Atlantic, but Gastineau et al.  [38] et al. find that both the NAO and the 

AMOC may play a role.  

Gastineau et al. [38] compare model results and observations and find that low frequency 

variability in the AMOC strongly influences the seasonal variability of the NAO. Here we determine 

the dominating frequency at which these influences act. We found that Faillettaz, Beaugrand [4] show 

that the relative influence on Atlantic Bluefin tuna is 47.1% from AMO, and 21.5% from NAO (with 

a one-generation lag). Thus, both ocean oscillations contribute to the abundance of the tuna. The two 

oscillations act by the influence they have on the environmental temperature in the oceans, and the 

temperature again modulates recruitment and development of older stages of the stock. The shift in 

the sequences of temperatures favorable to tuna development may therefore be important for fishable 
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stocks. This supports the argument by Faillettaz, Beaugrand [4] that climate variability must be taken 

into account in stock management plans. 

Conventional methods for time-series analysis examine single time-series, and the series are 

often assumed to show stationarity. Here, we examine three series that are not stationary. The three 

series show some common, but also some distinct cycles. We suggest that the mechanisms that 

generate each cycles will be characteristic for the cycle examined. Such mechanisms are probably best 

studied with comprehensive models, e.g., as in Gastneau et al. [38]. The method we suggest is simple, 

but it relies on an understanding of the underlying system that the series are drawn from. In the 

present case, knowledge of large-scale oceanic water movements, their hydrodynamics and the laws 

that govern the hydrodynamics are important background information. We find that the NAO, the 

AMO and the AMOC show distinct cycles that closely reflect the Atlantic system they are part of, but 

they also show individual characteristics that may give clues to which atmospheric or oceanic 

mechanisms that generate them. 
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