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ABSTRACT 

The time-integrated yearly values of North At- 
lantic Oscillation (INAO) are found to be well 
correlated to the sea surface temperature. The 
results give the feasibility of using INAO as a 
good proxy for climate change and contribute to 
a more complete picture of the full range of 
variability inherent in the climate system. More- 
over, the extrapolation in the future of the well 
identified 65-year harmonic in INAO suggests a 
gradual decline in global warming starting from 
2005. 
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1. INTRODUCTION 

Forecasting of climatic changes is usually performed 
by general circulation models (GCM) that utilize the fun- 
damental principles of physics. However, the results are 
controversial because GCM approximate solutions 
through the numerical integration of the equations and 
parameterize all processes that occur on spatial scales 
smaller than the distance between network points. A 
large portion of public opinion and a part of scientific 
community is persuaded that all the results obtained by 
GCMs must be accepted “fide et amore dei” just because 
these computer models have implemented in their codes 
a set of known mathematical-physical laws discovered 
via proper lab-experiments. But, the climate is a complex 
system and cannot be tested not reproduced in a con- 
trolled lab experiment. As the science of complexity 
points out, the mere accuracy of the fundamental physi- 
cal laws of nature does not guarantee the scientific accu- 
racy of every mathematical model attempting to combine 
them to reproduce the behaviour of a macroscopic com- 
plex system [1]: although the fundamental physical laws 
are tested in controlled lab-experiments, their mutual  

coupling and interconnection mechanisms, which are re- 
quired for reproducing a macroscopic complex system, 
are not. This kind of methodological problems are well 
known and understood in many scientific disciplines 
dealing with complex natural system, such as in biology 
and medicine (see for example a nice comment by [2]). 
Curry and Webster [3] have recently warned about the 
monstrous uncertainty implicit in the current analytical 
climate modelling approach, which has been interpreted 
as due to model inadequacy, uncertainty in model para- 
meter values, and initial condition uncertainty. Recently, 
a phenomenological and unitary approach in which the 
length of day (LOD) is considered as the integral of the 
different circulations that occur within the ocean-atmos- 
phere system both along latitude (zonal circulation) and 
longitude (meridional circulation) has been set up [4-6]. 
Such an approach has allowed identification of a good 
relationship between LOD and sea surface temperature 
(SST) and its forecast 4 years in advance. The North At- 
lantic Oscillation (NAO) is the main synoptic mode of 
atmospheric circulation and climate variability in the 
North Atlantic/European sector and has a substantial in- 
fluence on marine-terrestrial ecosystems and regional so- 
cio-economic activity. To compare the forecasting reli- 
ability of NAO and LOD, we integrate NAO yearly val- 
ues into INAO yearly data according to a sequential sum- 
mation of values of NAO. INAO yearly data have been 
calculated in such a way that they are directly propor- 
tional to a zonal wind speed and inversely proportional to 
LOD. Herein we will show that the INAO yearly values 
can be used as a more reliable proxy for Northern hemi- 
sphere air/sea temperature than LOD. Moreover, the 
clear identification of the 65-yr cycle in INAO and the 
extrapolation of such a cycle in the future suggests a gra- 
dual decline in global warming starting from 2005. 

2. COLLECTION OF DATA  

We analyze the historical series of: 
1) North Atlantic Oscillation (NAO) (hPa) defined as 

the normalized sea level pressure between the Azores 
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high and Icelandic low [7-9] (interval, 1861-2011). Be- 
cause the shortness of the available instrumental records, 
we use the series of yearly NAO values as reconstructed 
by Lutherbacher et al. [10] who utilized instrumental and 
documentary proxy data to extend NAO back to 1659.  

The yearly data of NAO are taken from the web site: 
ftp://ftp.ncdc.noaa.gov/pub/data/paleo/historical/north_at
lantic/nao_mon.txt and reported in Figure 1(a).  

The prevailing regional flow can be derived easily 
from just the sign an the magnitude of each index. To ob- 
tain a cumulative effect of NAO, we integrate NAO 
yearly values into an integrated NAO (INAO) annual re- 
cord according to a sequential summation of NAO, for 
each year “t”, i.e.,  

    INAO t INAO t 1 NAO t     

Figure 1(d) depicts INAO yearly series.  
2) The Earth’s rotation speed as normally measured by 

means of LOD (ms). This record represents the differ- 
ence between the astronomical LOD and the standard 
length (interval: 1657-2011) [11]. The LOD yearly data 
are taken from the web site:  
http://www.iers.org/iers/earth/rotation/ut1LOD/table3.ht
ml and reported in Figure 1(b).  

3) Sea surface temperature SST (˚C) provided by the 
Climatic Research Unit, University of East Anglia (inter- 
val: 1850-2011) [12,13]. Owing to the very large thermal 
capacity of the ocean, SST behaves like a natural filter 
that eliminates all the short-term variations that normally 
affect air temperature that is measured on land stations 
often biased by the environment in which they operate. 
The analysis here is confined to the Northern Hemi- 
sphere since our aim is to investigate the potential rela- 
tionship between INAO and SST. The yearly data of the 
Northern Hemisphere SST are available from the website: 
http://www.cru.uea.ac.uk/cru/data/temperature/ and re- 
ported in Figure 1(c).  

3. ANALYSIS  

Circulation indices such as zonal and meridional indi- 
ces are used very frequently to define regional circula- 
tion [14]. These indices are defined as the difference in 
atmospheric pressure at the same level, between two re- 
gions located at different latitudes or longitudes. Their 
greatest advantage is that they integrate all the complex 
distribution of pressures over an entire region into a sin- 
gle figure, thus enabling an easier comparison between 
various situations. Here we investigate the NAO index 
that is the main synoptic mode of atmospheric circulation 
and climate variability in the North Atlantic/European 
sector. NAO (hPa) index is a gradient of atmospheric 
pressure between the Azores high and Icelandic low [7- 
9]. LOD has been already verified to be a good proxy for 
climatic changes [4-6] and here we will investigate also 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 1. Time plot of yearly values of: (a) North Atlantic Os-
cillation NAO (hPa); (b) Length of day LOD; (c) Sea surface 
temperature SST; (d) Integrated NAO oscillation INAO. 
 
NAO as proxy for climatic changes. To compare the fore- 
casting reliability of NAO and LOD, we integrate NAO 
yearly values into INAO yearly data according to a se- 
quential summation of yearly values of NAO. INAO 
yearly data have been calculated in such a way that they  
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are directly proportional to a zonal wind speed and in- 
versely proportional to LOD. Both the series are reported 
in Figures 1(a) and (d). Finally, for visual inspection, we 
normalize all the subsequent plots to a mean equal to 
zero and to a standard deviation equal to one.  

3.1. Running Mean Method  

The running mean method is equivalent to a low pass 
filtering with no change in amplitude and phase [15] and 
helps remove all the oscillations with periods shorter 
than the order of the running mean. Here, to eliminate 
the modulation of solar activity and to remove all the os- 
cillations with periods shorter than 5, 11, 23 year, a run- 
ning mean of order 5, 11, 23, respectively, is used. Such 
a methodology provides a more accurate low frequency 
spectral analysis of the investigated series than when 
they are biased by high-frequency waves and by non- 
cyclic variation.  

3.2. Correlation Coefficient  

To investigate whether or not two random variables 
are interrelated, we here use the correlation coefficient R 
[15] whose square represents the fractional portion of the 
variance of the N values of one series explained by the 
other one. Since we are interested in the physical reality 
of the relationship between each pair of investigated 
variables, particular attention is paid here to their reli- 
ability. So, to evaluate the accuracy of R, we compute the 
random variable    W 0.5 ln 1 R 1 R      [15]. The 
level of confidence of R is obtained by testing W (nor- 
malized to a mean equal to zero and to a variance equal 
to one) versus the null hypothesis of zero population re- 
lationship according to the standard one-sided z test. The 
correlation coefficient is found to be confident at 95% 
(99%) level when the relationship: 

     0.5
W 0.5 N 3 ln 1 R 1 R       

provides values ≥ 1.96 (≥2.58).  

3.3. Vector Probable Error  

To obtain a more detailed information on the harmon- 
ics constituting a time series, we follow the vector prob- 
able statistics [15,16]. The method subdivides the entire 
observation interval into non overlapping subintervals 
(with a length equal to the period of the harmonic to be 
investigated). The approach consists in the calculation of 
the Fourier coefficients for each of the subintervals and 
of the scattering of the individual harmonics from the 
center of gravity A of all points. This corresponds to the 
harmonic coefficients as computed from all series and so 
to the amplitude of the investigated harmonic. The reli- 
ability is computed according to the vector probable er- 

ror (vpe) equal to the root-mean square radius of the 
point cloud. The confidence level of the harmonic is 
computed according to the equation:  

 2
1 exp 0.833 A vpe    . 

The harmonic is found to be confident at 95% (99%) 
level when A ≥ 2.08 vpe (A ≥ 3.00 vpe). The method is 
iterative and must be performed for all possible subin- 
tervals. Finally one considers the highest value of A/vpe 
ratio and computes its reliability.  

4. RESULTS 

4.1. Time Domain 

Figure 2 reports the time plots of raw yearly values of 
INAO and LOD and smoothed according to 5-yr, 11-yr 
and 23-yr running means together with the relative cor- 
relation coefficient “R”. It appears that INAO is in- 
versely related to LOD with a correlation coefficient 
gradually increasing from −0.73, to −0.74, to −0.77 and 
to −0.82, indicating that an increase in zonal wind speed 
is responsible for an ever more effective decrease in 
LOD as the time scale increases.  

Figure 3 reports the time plots of raw yearly values of 
LOD and SST and smoothed according to 5-yr, 11-yr and 
23-yr running means together with the relative correla- 
tion coefficient “R”. It appears that LOD is inversely 
related to SST, with a peak in the relationship when LOD 
is shifted ahead by 4 years, with a correlation coefficient 
gradually increasing from −0.66, to −0.79, to −0.89 and 
to −0.96, indicating that an increase in LOD is responsi- 
ble for an ever more effective increase in SST as the time 
scale increases. 

Figure 4 reports the time plots of raw yearly values of 
INAO and SST and smoothed according to 5-yr, 11-yr 
and 23-yr running means together with the relative cor- 
relation coefficient “R”. 

4.2. Frequency Domain 

To investigate whether INAO can be reasonably con- 
sidered as a proxy for climatic changes, we must obtain a 
more detailed information on the dominant harmonics 
constituting INAO yearly series and for this we follow 
the vector probable statistics [16]. After several trials, we 
have found that a confidence level greater than 99% is 
obtained only when we subdivide the 23-yr running 
mean INAO series into subintervals of 65 years. The 
A/vpe ratio is found to reach the highest value of 9.3 and 
this corresponds to an identification of 65-yr harmonic 
with a confidence level greater than 99%. Such a har-
monic is found to account for more than 25% of the total 
yearly INAO variability. The amplitude (A) and phase (f) 
of the identified 65-year INAO harmonic are found to be  
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Figure 2. Time plot of detrended yearly values of INAO and 
LOD: (a) Raw values; (b) Smoothed according to a 5-yr run- 
ning mean; (c) Smoothed according to a 11-yr running mean; (d) 
Smoothed according to a 23-yr running mean. 
 
equal to: 1.24, 50.8˚. Thus, we may forecast the value of 
INAO at any year “t” ahead until 2060 by introduction 
the time t into the equation  

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 3. Time plot of detrended yearly values of LOD and 
SST: (a) Raw values; (b) Smoothed according to a 5-yr running 
mean; (c) Smoothed according to a 11-yr running mean; (d) 
Smoothed according to a 23-yr running mean. 
 

   m INAO t INAO A sin 360 65  t f     . 

where INAOm is the mean value of INAO and A and f 
represent the amplitude and the phase of the 65-yr har- 
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Figure 4. Time plot of detrended yearly values of INAO and 
SST: (a) Raw values; (b) Smoothed according to a 5-yr running 
mean; (c) Smoothed according to a 11-yr running mean; (d) 
Smoothed according to a 23-yr running mean. 
 
monic respectively.  

Figure 5 depicts the time plot of 23-yr running mean 
of INAO and of its 65-yr harmonic extrapolated until 
2060. 

 
Figure 5. Time plot of yearly values of 23-yr INAO and of its 
65-yr harmonic extrapolated in advance until 2060. 

5. DISCUSSION  

Length of day (LOD) is a good proxy for climatic 
changes under the assumption that it is the integral of the 
different circulations that occur within the ocean-atmos- 
phere system both along latitude (zonal circulation) and 
longitude (meridional circulation) [4-6]. Here we have 
confined our investigation to NAO that is the main syn- 
odic mode of Northern hemisphere atmospheric circula- 
tion. For proper comparison between NAO and LOD 
climatic forecasting ability, we previously time-integrate 
NAO yearly values to obtain INAO yearly values that 
represent the Northern hemisphere zonal wind speed. In 
this respect, the 1785-1875 interval appears to have ex- 
perienced strong zonal circulation while the 1700-1775 
interval is characterized by weak zonal circulation (Fig- 
ure 2). It is herein confirmed that LOD is inversely re- 
lated to SST with a peak relationship when LOD is shi- 
fted ahead by 4 years and with a correlation coefficient 
gradually increasing from −0.66 to −0.79, to −0.89 and 
to −0.96 when moving from yearly values to those fil- 
tered with a moving average of order 5, 11 and 23 (Fig- 
ure 3). INAO is found to be directly related to SST with 
a peak relationship when INAO is shifted ahead by 4 
years and with a correlation coefficient gradually increa- 
sing from 0.74, to 0.89, to 0.95 and to 0.96 as we move 
from raw yearly values to values filtered with a moving 
average of order 5, 11 and 23. This indicates that an in- 
crease in zonal wind speed is responsible for an increase 
in SST in an ever more efficient way as the time scale of 
the averaging process increases (Figure 4). There is al- 
most an equi- librium between zonal and meridional cir- 
culation: strong zonal circulations cause the contraction 
of the circumpolar vortex and an increase in air tempera- 
ture while weak zonal circulations or, equivalently, strong 
meridional circulations with meandering or cellular pat- 
terns cause an expansion of the circumpolar vortex and a 
decrease in air temperature. Zonal epochs correspond to 
periods of global warming and meridional ones to peri- 
ods of global cooling [4-6,17,18]. INAO values are found 
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to be inversely related to those of LOD such that periods 
of increasing zonal wind speed are accompanied by pe- 
riods of Planet increasing rotational rate while periods of 
decreasing zonal wind speed are accompanied by periods 
of Planet decreasing rotational rate [18]. On the other 
hand, the Medieval Warm Period known also as Me- 
dieval Climate Optimum was caused by a persistent and 
large positive NAO [19] that corresponds to high values 
of INAO. The correlation coefficients between INAO 
and SST are systematically higher on the various exam- 
ined time scales in respect to correlation coefficients be- 
tween LOD and SST and such results show that the INAO 
data are a more efficient proxy for climatic changes than 
LOD. The physical cause of the identified 65-year har- 
monic in INAO might be of astronomical type: the two 
giant planets, Jupiter and Saturn, have a period around 
the sun of 12 and 30 years, respectively and their least 
common multiple is equal to about 60 years, i.e., Earth, 
Jupiter and Saturn reach the same relative alignment 
around the sun after almost 60-yr [1,20]. 

6. CONCLUSION 

The main physical and chemical processes inside the 
atmosphere-ocean system are governed by innumerable 
dynamic and thermodynamic parameters interconnected 
non-linearly, with an infinite degrees of freedom and cur- 
rently unknown triggering processes. Such a complexity 
makes it difficult to adopt a strictly reductionist like 
GCM models and favours a holistic approach working 
outside the system. This drastically reduces the degrees 
of freedom on which the system operates and provides 
simpler and more reliable forecasting similar to those ob- 
tained in celestial mechanics in which the operative for- 
ces are described by a small number of equations. Here 
we have demonstrated a viable alternative to normal 
practice for forecasting climatic changes starting from 
not from GCM models but from INAO series. If INAO 
behaves in the same way in the future as in the past, the 
extrapolation of its dominant 65-yr harmonic might sug- 
gest a forecast estimate for a decline in SST starting from 
2005, a result supported by recent data. 
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