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Synthetic generation of the North Atlantic Oscillation Index
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RESUMEN

En este artículo se compararon registros sintéticos de longitud más larga que los registrados históricamente 
para el Índice de Oscilación del Atlántico Norte. Los registros sintéticos se obtuvieron utilizando el método 
de intercambio de años de Grinevich y el método de fragmentos de Svanidze, así como el método de Fiering. 
Los registros generados se pueden utilizar en modelos de simulación para el análisis a largo plazo del com-
portamiento de los índices de teleconexión, principalmente relacionados con escenarios de cambio climático.

ABSTRACT

In this article synthetic records of longer duration than the historic records of the North Atlantic Oscillation 
Index were compared. The synthetic records were obtained using the year interchange method and the Svanidze 
fragments method, as well as the Fiering method. These records can be used in simulation models for the long-
term analysis of the behavior of the teleconnection index, predominantly vis-á-vis climate change scenarios.

Keywords: North Atlantic Oscillation, Svanidze, synthetic generation, Fiering, autocorrelation.

1. Introduction

The teleconnection indices measured by the National 
Oceanic and Atmospheric Administration (NOAA) 
identify diverse climatic phenomena that take place 
on the planet during the different seasons of the year 
(Rodwell et al., 1999). Particularly, variability in the 
North Atlantic Oscillation (NAO) Index is directly 
related with alterations in precipitation and with 
winter events in different regions of Europe (Parker 
and Folland, 1988; WMO, 1995; Martín-Vide and 
Fernández-Belmonte, 2001; Stephenson et al., 2002, 
2006). This index, which indicates the variability 
in atmospheric pressure, has two phases, although 
in recent years a persistent positive phase has been 
noted, which has raised some uncertainties regard-
ing the possible effect of climate change (Spokes, 
2004). Wunsch (1999) applied autoregressive models 
AR(1) in an attempt to identify the random nature 

of the NAO oscillations or its possible relation with 
climatic changes phenomena. A comparison among 
reconstruction of the NAO Index from proxy data 
was made by Schmutz et al. (2000). Cook and D’Ar-
rigo (2002) made a multiproxy reconstruction of the 
NAO Index since A.D. 1400-1979, to research its 
behavior prior to the twentieth century greenhouse 
forcing. An analysis about the scaling ranges of 
kvu"Þwevwcvkqpu"wrqp"ugxgtcn"fgnc{" vkogu" vt{kpi" vq"
kfgpvkÝgf"vjg"PCQ"Kpfgz"cu"c"Octmqx"rtqeguu"ygtg"
made by Collette and Ausloos (2004), who applied 
historical data from January 1825 to November 
2002. Martínez et al. (2010) applied different fractal 
concepts and dynamic system concepts that pointed 
to the random nature and need of stochastic models 
to represent time evolution of the NAO Index. An 
extensive review of historical studies about the NAO 
Index can be found in Stephenson et al. (2002).
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Caron and O’Brien (1998) conceived a method 
that successfully reproduces another index, the sea 
surface temperature (SST) signatures associated with 
warm and cold events to study the El Niño/Southern 
Oscillation (ENSO) extremes. They developed algo-
rithms for generating synthetic data using frequency 
domain analyses, in order to extract information 
regarding the contribution of different frequency 
oscillations to the associated variability of the time 
series. They found that the return period of an extreme 
ENSO warm event having a maximum SST anom-
aly magnitude of 2 ºC occurs approximately every 
eight warm events, and concluded that a further use 
for these synthetic data could be as forcing input in 
coupled ocean-atmosphere or atmospheric numerical 
models. The envelope of atmospheric response to 
various SST anomaly forcings associated with ENSO 
and other pseudoperiodicities can be understood by 
combining the work of this study and the current 
modeling studies of coupled air-sea interaction.

The main mechanisms determining the evolution 
of the NAO are not completely understood (Bojariu 
and Gimeno, 2003).

Cañellas et al. (2010) examinated teleconnec-
tions between the NAO and the wave climate of 
the northwestern Mediterranean Sea (NWM). In 
qtfgt" vq" cxqkf" Ýevkvkqwu" etquu/eqttgncvkqpu." fcvc"
ygtg"rtgyjkvgpgf"d{"Ývvkpi"c"p-order autoregressive 
model. To split the temporal and spatial variability, 
an empirical orthogonal functions (EOF) encoding 
technique was applied to residuals before searching 
for teleconnections. They found the NAO phenom-
enon contributes to the spatial variability found in 
the northwestern Mediterranean. When the NAO 
is in its positive phase there is a reinforcement of 
the northerly cold and dry air masses from the arc-
tic regions, which generates more severe weather 
conditions over the NWM.

Chaudhuri et al. (2011) analyzed how the NAO 
affects the Gulf Stream transport by means of an 
eddy-resolving model.

In order to simulate long-term climate scenarios 
it is important to have data of longer duration than 
the historic records; as a consequence, methods for 
the synthetic generation of time series that reproduce 
the statistical characteristics of the historic series turn 
out to be of particular interest. Almost all traditional 
methodologies of synthetic generation reproduce 
statistics such as the mean and standard deviation 

dwv" jcxg" fkhÝewnvkgu" hqt" qvjgt" v{rg" qh" rctcogvgtu"
uwej"cu"vjg"eqghÝekgpv"qh"umgy"qt"vjg"eqghÝekgpv"qh"
autocorrelation.

In this work, the Svanidze fragments method 
(Svanidze, 1980), a modification of it (Domín-
guez-Mora et al., 2001), as well as the Fiering monthly 
method (Domínguez-Mora and Carlóz, 1982), were 
used for the generation of monthly synthetic records 
for a 1000-year record of the NAO Index. These meth-
odologies have been successfully applied in the case of 
runoff volumes; thus, the Svanidze method has proven 
to be very practical and relatively simple in its appli-
cation, with the advantage over other methodologies 
(for instance, in relation to the autorregresive moving 
average [ARMA] models) of not requiring data to be 
normalized, as well as preserving the autocorrelations 
(Domínguez-Mora et al., 2001, 2005; Domínguez-Mo-
ra and Arganis, 2006; Arganis-Juárez et al., 2008).

2. Methodology

2.1 North Atlantic Oscillation Index

The NAO Index is the difference in pressures that 
exist between the Azores (at 38º N) and Iceland (at 
65º N), which becomes of greatest relevance at 
winter. It has two phases, one positive, associated 
to warm and humid events, and one negative. Since 
1990 and until a short time after the year 2000, the 
predominance of the positive phase has been ob-
served, as can be seen on Figs. 1 and 2 (NOAA, 2010; 
European Environment Agency, 2012).

The rotated principal component analysis (RPCA) 
used by Barnston and Livezey (1987) isolates the 
primary patterns of teleconnection for all months 
and allows time series of the patterns to be built. The 
standardized anomalies are currently calculated based 
on the re-analysis of the climatological daily mean 
and the standard deviation for the period 1950-2000 
(NCEP/NCAR Climate Data Assimilation System 
[CDAS]) run in real time. Because other sources of 
re-analysis (CDC, NCAR, NCDC) may not have the 
capacity to provide data in a timely basis, a subset of 
the current database CDAS is available on the Inter-
net. This subset includes monthly and daily means of 
ocp{"uvcpfctf"rtguuwtg/ngxgn"fcvc"cpf"uwthceg"Þwz"
quantities (NOAA, 2010).

2.2 Year interchange method (Grinevich)

This method is originally applied to a series of 
xqnwogu"qt"Þqyu0"Ngv"wu"cuuwog"vjcv"c"tgugtxqktÓu"
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storage capacity must be obtained from m years of 
historical records. Through simulation calculations 
of the reservoir’s operation or through comparing 
fkuvtkdwvkqp"ewtxgu"qh"Þqy"cpf"fgocpf"kv"ku"gcu{"vq"
Ýpf"vjg"uvqtcig"ecrcekv{0"Jqygxgt." vjku" ku"qpn{"cp"
crrtqzkocvkqp"cpf"vjg"eqpÝfgpeg"ngxgn"qh"vjg"tguwnv"ku"
not known. If the record could be extended to a large 
number of years n (1000, 10 000 years), then with 

the calculations for the operation of the reservoir an 
empirical distribution function could be built for the 
storage capacity and thus the solution to the problem 
could be found; that is, the storage capacity could 
dg" guvcdnkujgf"ykvj" c" ikxgp" eqpÝfgpeg" ngxgn0"Cp"
alternate method to obtain the answer to the problem 
consists on dividing the series observed in annual 
hydrographs (with mean monthly discharges) and 

Fig. 1. Variation of the NAO Index until 2005 (European Environment Agency, 2012).
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Fig. 2. Monthly mean variation of the NAO Index (NOAA, 2012).
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assign numbers in the order of 1, 2,...,m. Randomly 
selecting hydrographs from the preceding record, a 
long hydrological series of longitude n can be gen-
erated. Figure 3 presents an illustrative plot of this 
method (Svanidze, 1980).

The advantages of this method are that it is very 
simple; assumptions about the univariate or multi-
variate distribution functions for the mean annual 
discharge or the mean monthly discharge are not 
required; and information about the distribution of 
Þqy"vjtqwijqwv"vjg"{gct"ku"wugf"kp"kvu"gpvktgv{0"Ukpeg"
a great variety of groups of years is obtained for 
fkhhgtgpv"xcnwgu"qh"vjg"cppwcn"vqvcn"Þqy."vjg"uvcigu"
for the series may be arbitrary, e.g. daily discharges 
or instantaneous discharges, etc.

The disadvantages of this method are that the 
uvtwevwtg" qh" eqttgncvkqp" dgvyggp" vjg" cppwcn" Þqy"
volumes is not considered, which decreases the re-
quired capacity of the reservoir; drought years and 
humid years are not grouped subject to regulation 
by the river but are rather grouped arbitrarily; the 
shape of the hydrograph is limited only by historic 
annual hydrographs (m years) alternatives; it pro-
vides unreliable results for estimations of minimum 
qt"ugcuqpcn"Þqyu="cpf"yjgp"j{ftqitcrju"ctg"lqkpgf"
discontinuities that do not correspond to the input 
series can be observed.

One significant disadvantage of this method, 
which consists in not adding the correlation that exists 
between annual volumes, can be eliminated in the 
hqnnqykpi"ocppgt<"Vjg"eqghÝekgpv"qh"ugtkcn"eqttgnc-
tion r1 between the adjacent members d of a series 
can be determined for different initial dates of the 
hydrologic year, and the division of the hydrograph 
of the whole series into annual hydrographs can be 
done where the dependence is the lowest (r1 = min).

2.3 Svanidze fragments method

The Svanidze fragments method (Svanidze, 1980) 
accomplishes the generation of synthetic records 
of a periodical times series with relative simplicity. 
For this, it is required that the historic record of the 
series of size n be known, as well as the m periods 
into which the year is divided (e.g, for monthly 
divisions m = 12). This method is traditionally 
applied to data for which the total annual sum can 
be obtained. Once the sum or the total annual mean 
has been calculated, the proportion (fragments) of 
each stage of the year relative to the total annual is 
obtained, that is:

VTik = 

12

m=1

VMik∑  (1)

FVMik = 
VMik

VTik

 (2)

where VTik is the total sum of the measured data for 
year i of the series k, VMik is the monthly volume for 
year i of the series k [L3], and FVMik is the fraction 
(fragment) of the monthly volume relative to the an-
nual total sum VTik. A statistical analysis is performed 
on the total annual sum to obtain the distribution 
hwpevkqp"qh"dguv"Ýv"cpf"O"u{pvjgvke"xcnwgu"ctg"tcp-
domly determined with that function.

On the other hand, a random selection with or 
without replacement of the fragments is carried out; 
these fragments are multiplied by the annual total and 
thus the M synthetic samples are obtained.

Vjku"ogvjqf"ecp"dg"wugf"ykvj"c"oqfkÝecvkqp"yjgp"
several time series whose data have a certain degree 
of cross correlations are available (Arganis-Juárez, 
2004).

2.4 Monthly Fiering method

The Fiering method is used to generate monthly 
runoff records (Domínguez-Mora and Carlóz, 1982). 

1

a

b

5 2 m-1 7 m 1 4 8

2 3 4 5 6 7 8

Fig. 3. Diagram for building a long series mixing 
hydrographs: a) A historic series of m years; b) the series 
of n years built with the year interchange method.
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This method assumes that the next value in the se-
quence , is equal to the sum of the mean of the month 
under consideration plus a fraction of the difference 
of the previous month minus its mean, plus a random 
component, that is:

xi, j+1 = xj+1 + (xi, j – xj) + ε; j = 1,2,...,12 
RjSj+1

Sj
 (3)

where xi, j is the value corresponding to month j of 
year i, xj is the mean of the historic values of month 
j, Sj is the standard deviation of the historic values 
of month j, Rj"ku"vjg"eqghÝekgpv"qh"etquu"eqttgncvkqp"
between the value of the historic record of months j 
and j+1, and İ is the random component.

The preceding expression can be written as fol-
lows, in order for the generated record to have the 
same monthly and standard deviation values as the 
historic record:

xi, j+1 = xj+1 + (xi, j – xj) + Sj+1 tj+1 (1 – R2)0.5
RjSj+1

Sj
j  (4)

where tj+1 is a random number with normal distri-
bution of mean zero and standard deviation equal 
to one.

In order to apply the above expression, the means, 
xctkcpegu" cpf" eqghÝekgpvu" qh" eqttgncvkqp" hqt" gcej"
month of the year must be estimated, by following the 
procedures described in this chapter. Additionally, an 
initial value is required, so it is suggested to start the 
ogvjqf"ykvj"vjg"Ýtuv"oqpvj"qh"vjg"{gct."cpf"vcmkpi"
vjg"ogcp"cu"vjg"kpkvkcn"xcnwg."igpgtcvg"Ýxg"{gctu"vjcv"
will not be considered for the study, and then continue 
with the sequence.

2.5 Annual Fiering method

This method generates an annual time series and 
calculates the estimated value of variable xi as a 
hwpevkqp"qh"vjg"cppwcn"ogcp."vjg"eqghÝekgpv"qh"cwvq-
correlation of order one, the standard deviation and a 
random number with a standard normal distribution 
(Domínguez-Mora and Carlóz, 1982):

xi = μ + r1 (xi–1 – μ) + t1 σx 1 – r
1
2  (5)

where xi is the estimated for instant i, μ is the mean 
of the historical series, r1"ku"vjg"eqghÝekgpv"qh"cwvq-
correlation of order one, and t1 is the random number 
with a standard normal distribution (mean of zero and 
standard deviation of one).

3. Application and results

3.1 Input data

The monthly mean data in ASCII format and stan-
dardized with respect to the mean and standard 
deviation obtained by the CDAS were found on 
NOAA’s webpage, for the period from 1950 to 
March, 2009. The historic statistics were determined: 
ogcp."uvcpfctf"fgxkcvkqp."eqghÝekgpv"qh"umgy"cpf"vjg"
eqghÝekgpvu"qh"cwvqeqttgncvkqp0"Vjg"nqygt"eqttgncvkqpu"
appear during the months of April and May; this led 
to the decision to consider yearly periods starting 
on May of year i and ending on April of year i + 1.

This historical series was used to generate syn-
thetic records with the above-mentioned procedures.

Firstly, the Svanidze fragments method was ap-
rnkgf"vq"igpgtcvg"u{pvjgvke"ucorngu."dwv"kvu"fkhÝewnv{"
to reproduce all the statistics was detected; the mean 
was underestimated in all months, with respect to 
the historic mean, and the reverse was true for the 
uvcpfctf"fgxkcvkqp."vjg"eqghÝekgpv"qh"umgy"cpf"vjg"
eqghÝekgpv"qh"cwvqeqttgncvkqp"*qxgtguvkocvkqp+0"Vjku"
was attributed to a combination of the random se-
lection of a year with large fragments (such as years 
1962 and 1973) and the random generation of a large 
annual maximum.

In an attempt to decrease the differences that oc-
curred with this method, the correlations between the 
annual maximum value of the NAO and the annual 
mean were determined (Fig. 4).

From Figure 4, a correlation of 0.5587 between 
the NAO annual maximum and the annual mean is 
determined; however, it must be realized that this 
correlation is not completely true, because the NAO 
annual mean is calculated by taking into account 
the annual maximum for each year. To eliminate the 
spurious correlation, the annual mean NAO is nor-
malized by dividing it by the annual maximum value, 
which leads to the normalized correlation shown in 
Figure 5, whose value is 0.6079.

Upon analysis of the preceding graphs, three data 
itqwru"ygtg" kfgpvkÝgf<" {gctu"ykvj"PCQ"oczkoc"
lower than 0.415, years with NAO values between 
0.415 and 0.89, and years with values greater than 
0.89 (Table I).

A new synthetic generation was performed with the 
Svanidze generating method. This synthetic generation 
achieves the random selection of years and fragments 
by taking into account that if the synthetic NAO an-
nual maximum value is less than 0.415, the selection 
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Table I. Very anomalous, anomalous, and remaining years.

Maxima Maxima Maxima
NAO < 0.415 0.415 ø NAO ø 0.89 NAO > 0.89

1952 1950 Remaining between
1962 1954 1951 and 2008

1960
1977
1995
1997
1998
2002
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is done between 1952 and 1953; if the NAO synthetic 
maximum lies between 0.415 and 0.89, inclusive, the 
selection is done with the years of the second column 
in Table I; if the maxima exceed 0.89, the selection is 
done with the remaining years (third column in Table I). 
Four synthetic series of 1000 record years were de-
termined:

1. Synthetic 1000-year Svanidze fragments series, 
which uses the Grinevich method with random 
selection and replacement of the years obtained 
from the original series and annual maximum. 
This series is generated assuming a normal dis-
tribution.

2. Synthetic 1000-year Svanidze generating series, 
which uses the Svanidze fragments method with 
a random selection of the fractions of each month 
with respect to the historical annual maximum; 
this selection considers three groups of years, 
based on the analysis of the correlation between 
the annual maximum value and the annual mean, 
and its normalization with respect to the annual 
maximum. The synthetic annual maxima were 
determined with the normal distribution function 
qh"dguv"Ýv0

3. Synthetic 1000-year monthly Fiering series.

Graphs for the monthly statistics were created 
(mean and standard deviation) as well as for the coef-
Ýekgpv"qh"umgy"cpf"vjg"eqghÝekgpv"qh"cwvqeqttgncvkqp."

for the three cases under analysis (Figs. 6-9). In all 
vjgug"Ýiwtgu."vjg"Ýtuv"oqpvj"ku"Oc{"qh"{gct i, and 
the twelfth month is April of year i + 1.

From Figure 6 it can be noticed that the three 
methods reproduce adequately the average; the stan-
dard deviation (Fig. 7) seems to be better reproduced 
by the Grinevich and Fiering methods, and the skew-
ness (Fig. 8) is better reproduced by the Grinevich 
method. The autocorrelation (Fig. 9) is also well 
reproduced by all three methods.

Graphs of the distribution functions were created 
for the synthetic and historical annual maxima and 
annual means (Figs. 10-15).

The good agreement between the maxima ob-
tained by the three methods can be seen in Figs. 10-12. 
However, although we could not obtain values larger 
than the historical ones with the Grinevich method. 
In Figs. 13-15 the annual mean was reproduced ad-
equately with the three methods.

4. Conclusions

Synthetic records of longer duration than the historic 
records for anomalies of the NAO were generated. 
The procedures that adequately reproduced the his-
torical statistics, as well as autocorrelations, were 
the year interchange Grinevich method followed 
by the monthly Fiering method and the Svanidze 
block-generating method. 

The main weakness of the Grinevich method 
was that NAO scenarios different from the historical 

Fig. 6. Comparison of the values for the NAO mean. Historical and synthetic 1000-year series.
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ones could not be determined, as can be seen in the 
distribution functions shown in Figs. 10-13.

The monthly Fiering method allowed us to 
consider extreme conditions different from historic 
ones, while preserving the statistics. In particular, 
the standard deviation and the autocorrelations were 
reproduced satisfactorily (the maximum differenc-
es [MD] in Figs. 7 and 9 were 0.0439 in July and 
–0.0614 in September, respectively), while the mean 
was lightly overestimated in the winter months, and 
vjg"eqghÝekgpv"qh"umgy"ycu"cnuq"unkijvn{"cdqxg"vjg"

historical one in most months; in these cases, the MD 
were 0.050 in February and –0.8561 in November, 
respectively.

The Svanidze generating method that uses blocks 
qh"{gctu"jcf"oqtg"fkhÝewnv{"vjcp"vjg"oqpvjn{"Hkgtkpi"
method in reproducing the standard deviation and the 
eqghÝekgpv"qh"umgy="jqygxgt."kv"uvknn"rtgugtxgu"vjg"dg-
havior pattern of the mean and of the autocorrelations.

It can be concluded that at least in this case, the 
best procedure was the monthly Fiering method, 
which enables the generation of series of longer du-
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Fig. 11. Distribution function of the NAO annual maximum. Svanidze generating method.
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Fig. 12. Distribution function of the NAO annual maximum. Monthly Fiering method.
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Fig. 13. Distribution function of the NAO annual mean. Grinevich method.
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ration than the historical record for this type of index. 
The availability of these methodologies is useful for 
the analysis of different climatic scenarios, which in 
recent years have become of enormous interest for 
vjg"uekgpvkÝe"eqoowpkv{0
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