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Abstract The relationship between European winter
temperature spatial and temporal modes of variability
and the North Atlantic Oscillation (NAO) has been
studied during the period 1852-1997. Temporal modes
of variability of the NAO and temperatures are analysed
using wavelet transform. Results show that the NAO
presents a strong non-stationary behaviour. The most
important feature is the existence of a quasi-periodic
oscillation, with a period between 6—10 years and max-
imum amplitude of eight years, during the periods 1842—
1868 and 1964—-1994. Between 1875 and 1939 the spectra
of the NAO is almost white. The possible relationship
between the occurrence of extreme events of the NAO
and its spectral behaviour has been analysed. The results
indicate that quasi-periodic oscillations in the NAO do
not lead to more extreme episodes, but rather that
an extreme value of the oscillation is more likely to
persist for few years. Particularly energetic modes of
coherent variability between temperature and NAO are
found between 2—6 years for 1857-1879 and 1978-1984,
and between 6-10 years from 1961 to 1991. The rela-
tionship between the NAO and temperatures as a
function of the state of the oscillation has been studied
using composites. Empirical evidence has been found
suggesting that winter temperatures, in a great part of
the study area, do not vary in a linear manner with re-
spect to phase and intensity of the NAO. Regions in the
study area differ in sensitivity to changes in the NAO.
The spatial patterns of variability of the temperatures
are found to be independent of the NAO spectra.
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1 Introduction

The strong relationship between mean temperature and
circulation conditions in the middle troposphere is well
known. Climates of different regions at the same latitude
can differ markedly, but low-frequency variations (on
interannual and longer time scales) in temperature and
precipitation tends to occur in large spatial patterns
often associated with changes in distinctive circulation
phenomena (Trenberth 1995). Among the several modes
of low-frequency variability in geopotential heights in
the Northern Hemisphere, one of the most important is
known as the North Atlantic Oscillation (NAO) (Barn-
ston and Livezey 1987; Wallace and Gutzler 1981). The
NAO is characterised by a north-south sea-level pressure
dipolar pattern, with one of the centres located over
Iceland and the other one approximately over the
Azores Islands. This dipolar pattern reflects the strong
contrast in meridional pressure over the North Atlantic
region. The NAO dipolar pattern presents a pronounced
seasonal variation in its intensity, position and shape
(Barnston and Livezey 1987; Michel et al. 1998). To-
gether with this variability in the position and shape of
the dipole, the NAO presents a remarkable interannual
variability that can be summarised as the existence of
two phases. The positive phase of the NAO reflects
below-normal heights and pressure across the high lati-
tudes of the North Atlantic, and above-normal heights
and pressure over the Central North Atlantic. The
negative phase is characterised by opposed anomalies to
those that are observed during the positive phase. Both
phases of the NAO are associated with basin-wide
changes in the intensity and location of the North At-
lantic jet stream, storm track and changes in the patterns
of zonal and meridional heat and moisture transport
from the Atlantic Ocean to the continental areas of
Europe. A northward shift of the axis of maximum
moisture transport is observed when the NAO is in the
positive phase (Hurrell 1995). This, during the positive
phase, results in an intensified westerly flow that brings
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warm maritime air to Europe during winter, reducing
the polar outbreaks over Europe and leading to a
warming of Central and Southern Europe and a cooling
of the northwestern Atlantic area (van Loon and Rogers
1978; Rogers and van Loon 1979).

Several reports have evaluated the importance of
extratropical low-frequency atmospheric circulation
variations in determining recently observed decadal-
scale temperature shifts in the Northern Hemisphere (see
e.g. Trenberth 1990; Wallace et al. 1995). In some cases,
changes in the atmospheric circulation can lead to
warmer-than-normal temperatures over extensive con-
tinental areas and a cooling over the oceans. Calcula-
tions of hemispheric temporal averages do not result in
cancellations between warm and cool areas, but rather a
net warming over the entire region. This is due to the
lower heat capacity of the land (Wallace et al. 1996),
leading to a dynamically induced variability in temper-
atures. In this way, changes in the NAO have been
found to be partially responsible for the warming over
continents at high latitudes (40°N poleward) during the
twentieth century. Hurrell (1996) showed that NAO and
El-Nifio-Southern-Oscillation (ENSO) could account
for 44% of the winter temperature variability in the
North Atlantic region during the last 60 years, with the
NAO constituting the leading factor (33%). The NAO
influence on climate persists throughout the year, al-
though it is stronger in winter than in other seasons.
This difference in strength is mainly because winter
temperature anomalies tend to be determined by
regional-scale features, while warm season temperature
anomalies tend to have a more uniform (hemispheric)
pattern (Wallace et al. 1996). Additionally, the NAO
presents the strongest pressure gradients and interannual
variability during winter (Moses et al. 1987). According
to Palecki and Leathers (1993), 72% of the variation in
the January Northern Hemisphere land-surface tem-
perature can be explained on the basis of variations in
low-frequency atmospheric circulation, mainly the NAO
and the Pacific/North American pattern (PNA). In a
recent study, Osborn et al. (1999) studied the relation-
ship between NAO and climate of the Northern Hemi-
sphere using both observed and simulated data from the
coupled climate model of the Hadley Centre (HadCM2).
Several works have focused on the relationship between
large-scale pressure field, as the NAO, and European
climate in particular. For instance, Zorita and von
Storch (1997), using canonical correlation analysis,
identified NAO-like pressure patterns predominating
over Europe during winter and producing significant air-
temperature changes over Scandinavia (56% explained
variance). Werner and von Storch (1993) studied the
relationship between the large-scale sea-level pressure
field over Europe and temperature in January and
February in Central Europe for the period 1901-1980.
In all these studies, spatial patterns of temperature
variability associated with the NAO are based on the
assumption of a linear relationship. In particular, spatial
patterns associated with positive and negative phase of
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the NAO have been assumed to be the same. Studies
with another teleconnections, the ENSO, have shown
different spatial patterns of climate variability within
its influence zone during positive and negative events
(Hoerling et al. 1997).

The aim of the present study is to increase current
knowledge of the relation between European winter
temperature spatial and temporal modes of variability
and the NAO. In particular, the spatial patterns of
temperature associated with different phases and inten-
sities of the NAO have been analysed. This should,
eventually, elucidate whether or not the relation between
winter temperature in Europe and the NAO is linear. We
also study the temporal stationarity of the relation be-
tween NAO and spatial patterns of winter-temperature
variability as well as the influence of the spectral
characteristics of the NAO on these spatial patterns.

The study is divided in two parts. In the first part,
spatio-temporal patterns of variability of the winter
(December through February) temperatures for the pe-
riod 1852 to 1997 are obtained using principal compo-
nents analysis (PCA). The area studied includes a great
part of the European continent. Wavelet spectrum of the
winter NAO index and the principal components series
(PCs) are computed and their characteristics are ana-
lysed. In the second part, we study the relation between
the NAO and the temperatures as a function of the phase
and intensity of the oscillation. To do so, we use com-
posites of temperature anomalies to examine the patterns
associated with positive and negative phases of the os-
cillation. Finally, to study the temporal stationarity of the
relation between the temperature variability and the
NAO, as well as the possible influence of the NAO
spectral characteristics, two independent PCAs have been
carried out for the periods 1875-1939 and 1940-1997.

Section 2 describes the methodologies used in this
study, concerning PCA and the wavelet analysis. Section
3 describes the data used. Section 4 shows the results of
the analysis. Finally, a discussion of the results and some
conclusions are provided in Sect. 5.

2 Methodology

The PCA (Preisendorfer 1988; von Storch 1995) is used to obtain
the general spatio-temporal characteristics of temperature vari-
ability in Europe. To achieve physically meaningful patterns and a
better comprehension of them, we rotated the empirical orthogonal
functions (EOFs) using the varimax method (Richman 1986). This
is the most widely used rotation technique and has been shown to
produce statistically stable patterns (Cheng et al. 1995). Although
several techniques have been proposed, there is no general agree-
ment in the criteria to select the significant EOFs to rotate. In this
study, the number of significant EOFs was chosen using the
selection rule of North et al. (1982). Rotation was applied using
several subsets of EOFs around the number indicated by the North
rule, in order to test the importance of the number of rotated EOFs
in the results. No significant differences were found. The rotated
EOFs (REOFs) found represent spatial patterns of temperature
variability and their associated PC time series provide a concise
way of monitoring the climate.
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Composite analysis is used to examine the patterns associated
with the different phases of the oscillation. This analysis consists of
a sampling procedure; temperature time series at each grid are
sampled based on the state of the NAO and mean values (com-
posites) are computed for each of the resulting time series. The
Student’s r-statistic is also computed at each grid to check the
statistical significance of the difference between means resulting
from different NAO states. A signal will be considered significant if
it is significant at the 95% level for a two-tailed test of the null
hypothesis of no difference between means. The test takes into
account that the two samples come from populations that may
have unequal variances and that the number of data in each sample
may be different (Canovos 1988; ch9). Composite analysis has been
widely used in previous studies, particularly in the search for tele-
connections related to the ENSO (Kiladis and Diaz 1989; Hoerling
et al. 1997, Huang et al. 1998).

To complete the composite analysis, we have examined the
consistency among events of the relationship between the NAO and
temperatures. The magnitude of anomalies (selected as a function
of the state of the NAO) can vary between events (even with the
same state of the NAQO), and this could lead to composites domi-
nated by a few major anomalies. It is thus necessary to ascertain the
extent to which the signal at a given place is consistent among
events. We have addressed this problem by calculating the
percentage of consistent signals (or coherence), defined as the
percentage of events having a temperature anomaly of the same
sign that the composite anomaly.

Climatological time series constitute one of the key tools for
understanding climate. These series reflect the variability of the
climate system and its underlying dynamic, which, in most cases, is
chaotic (Lorenz 1997). Consequently, many climatic time series
have non-stationary behaviour, presenting, from a spectral stand-
point, transient components. These components excite a wide range
of frequencies in a limited amount of time. Methods of standard
time-series analysis, in order to provide a time or spectral-domain
representation of the main characteristics of a time series, rest on
the simplifying assumption that the series under study, or certain
simple transformation of it, is stationary. That is, the mean and
variance are constant through the time series and the autocorrela-
tion function (ACF) depends only on the time lag. Classical spectral
and cross-spectral analysis, based on Fourier transform (FT), is not
the most suitable tool for the analysis of non-stationary time series
and the study of their relationships. This is mainly because Fourier
transform does not contain any time dependence of the signal and
therefore cannot provide any local information regarding the time
evolution of its spectra. Furthermore, sine and cosine functions
used in the FT are defined endlessly in time, so that possible sin-
gularities in a time series are spread over the entire power spectrum,
creating spurious peaks and cancellations of real ones.

Recently, a newly developed technique called wavelet transform
(Kaiser 1994) has been applied to the study of climatic and geo-
physical time series in general. Wavelet analysis is a powerful non-
linear tool for time-series analysis: by breaking down a time series
into time-frequency space, wavelet analysis indicates both the
dominant modes of variability in our time series and how these
modes vary over time. Wavelet analysis has been used in numerous
climatic studies: Wang and Wang (1996) used wavelet transform to
study the temporal structure of the Southern Oscillation; Huang
et al. (1998) used cross-spectral analysis based on the wavelet
transform to study the relationship between the NAO and the
ENSO. An introduction to the wavelet analysis concerning climate
can be found in Lau and Weng (1995) and a review of the appli-
cations of wavelet analysis in geophysics is given in Foufula-
Georgiou and Kumar (19995). In Yiou et al. (1996) a comprehensive
review of spectral techniques for climatic data analysis, particularly
the wavelet analysis, and their main properties and pitfalls can be
found, while Torrence and Compo (1998) recently published a
comprehensive and practical guide to wavelet analysis.

In the present study, Morlet basis function has been used to
determine the wavelet power spectrum of the NAO and the tem-
perature PC series and cross-wavelet spectrum between NAO and
temperature time series. Normalisation of the wavelet power
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spectrum and cross-wavelet power has been carried out using the
variance of the series. Such normalisation gives a measure of the
power relative to white noise (the expectation value of the wavelet
power spectrum of a white noise process is one at all periods
and time). Wavelet power spectrum can be tested against a
red-noise back%round process with a lag-1 coefficient ¢, in which

1 = (014 (22)')/2, being o; and o, the lag-1 and lag-2 autocorre-
lation of the time series under study. Confidence intervals can be
obtained based on the y3 distribution multiplying the background
red noise spectrum by the 95th percentile value for x3. In the same
way confidence intervals can be obtained for the cross-wavelet
spectrum (for a more complete description see Torrence and
Compo 1998). The global wavelet power spectrum has been also
computed for each series. This is the time-mean wavelet spectrum
determined by averaging the wavelet transform coefficient over the
period analysed. Percival (1995) shows that the global wavelet
spectrum provides an unbiased and consistent estimation of the
true Fourier spectrum of a series.

3 Data

Gridded winter air-temperature data from 1852 to 1997 of the
North Atlantic land regions, comprising Western, Central and
Southern Europe, Southern Scandinavia, and North Africa (Lati-
tude 35°N to 60°N; Longitude 10°W to 20°E), has been analysed.
The data (provided by the Climatic Research Unit, University of
East Anglia, UK) are defined on a 5° latitude by 5° longitude grid-
box basis and are expressed as anomalies from the corresponding
monthly averaged values of the period 1961-90 (Jones 1994). The
dataset has been extensively used, Parker et al. (1994) and in the
last IPCC report (Nicholls et al. 1996). Winter temperatures
(December, January, and February) were determined by averaging
the corresponding values monthly values. The influence of NAO on
temperature covers a greater area than the one that we have used
(Hurrell 1996; Osborn et al. 1999). A key issue in the present work
is the existence of long series, given that we have to establish several
subsets of each series. Outside of the selected area, many gaps in the
data were found throughout the period 1852-1997 and the analysis
would be biased when comparing results from different subsets.
Only a few series over an area northwest of the British Isles, over
Sicily and over Northern Africa, have missing data, especially
during the first few decades. Missing data have a zero value. The
standard error due to sampling of the individual values since 1951
is estimated to be 0.05 °C (Jones et al. 1997a).

The winter (December to February) index representative of the
NAO, from 1826 to 1997, developed by Jones et al. (1997b), has
been used. The index was formulated using pressure data from
Gibraltar (36.1°N, 5.4°W) and Iceland, the latter computed mainly
using data from Reykjavik (64.1°N, 22.9°W). In particular, among
the stations available during the winter, Gibraltar appears to rep-
resent the southern part of the NAO dipole better than do other
stations (Lisbon and Punta Delgada in the Azores) (Pozo-Vazquez
et al. 2000; Jones et al. 1997b). Due to the different statistical
characteristics of the pressure data from the northern and southern
stations (especially regarding the standard deviation), and due to
the change of both mean and standard deviations through the year,
a normalisation process for each pressure time series is necessary to
prevent the index being biased and misleading. Thus, a monthly
deseasonalised and normalised index was constructed for each
station. This method consists of calculating the difference between
each raw monthly value and a time-averaged monthly mean value,
and then dividing by a time-averaged monthly standard deviation.
Normalisation relative to the period 1951-1980 was used. Although
other normalisation procedures have been proposed (Ropelewski
and Jones 1987), this has been argued to be optimal (Trenberth
1984). The winter index has been computed by averaging the
monthly indices. Due to the selected normalisation period, the
NAO winter index does not have mean zero and standard deviation
unity. Throughout this work, several analyses are made with sub-
sets of data selected as a function of the NAO index value.
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In particular, values [INAO| < 1.5 are considered to be near normal
or moderate NAO index. Values of the NAO index 1.5 < [NAO|
are considered to be extreme events. These threshold values were
empirically determined, based on the analysis of the NAO winter
index time series while taking into account the length of the
data record available.

4 Analysis
4.1 PCA of the winter temperature: 1852-1997

EOFs were calculated for the entire data set (1852 to
1997). Four significant EOFs were found and varimax
rotation was applied. The four significant REOFs ac-
count for 76.6% of the total variance. Figure 1 shows
the corresponding spatial patterns by drawing the iso-
lines of the loading factors. The leading mode (Fig. 1a)
explains 38.1% of the variance. Figure 2a shows the
corresponding PC series and the NAO index. The
correlation coefficient between the two series is 0.8
(statistically significant). Figure 1a shows that this mode
of variability is especially strong over the British Isles,

a

Pozo-Vazquez et al.: A study of NAO variability and its possible non-linear influences

Western and Central Europe and Southern Scandinavia,
in which loading factors reach values higher than 0.8.
This pattern is less representative of the variability over
Southern Europe, reaching loading factors smaller than
0.2 over the Iberian and Southern Italian Peninsulas.
Other authors have reported similar patterns as the
spatial signature of the NAO on the temperature over the
studied area (see e.g. Hurrell 1996; Osborn et al., 1999).

The Mann-Kendall (Sneyers 1992) and Pettit (Pettit
1979) tests have been computed to check the presence of
trends in the period analysed and to find the time of
onset and end of these trends. For the case of the NAO
index (Fig. 2a), the Mann-Kendall test shows a statisti-
cally significant upward trend from 1902 to 1925. A
simple linear fit for this period results in a trend of 0.20*
units/decade (x indicates statistical significance at 95%
confidence level). In the analysis of the PC associated
with the first REOF (Fig. 2a), similar results are found.
The Mann-Kendall test shows evidence for a significant
trend between 1897 and 1927, with a value of 0.28*
degrees/decade. The Pettit test globally confirms these
features in both series. Finally, although both the PC
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Fig. 1a-d Loading factors (by ten) for the a first, b second, ¢ third and d fourth REOF resulting from the analysis of the winter temperatures
during the period 1852-1997. Continuous line indicates positive or zero loading and dotted line indicates negative loading
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Fig. 2a, b PC series corresponding to the a first and b second REOF
resulting from the analysis of the winter temperature in the period
1852-1997. Units are °C (anomalies). For the first PC, the NAO
winter index is also shown (dashed line)

series associated with the first REOF, and the NAO,
index visually show a steep positive trend from 1980 to
1995, no statistical significance for this trend can be
achieved using the Mann-Kendall and Pettit test.

Figure 1b shows the pattern of spatial variability
associated with the second REOF, which explains 20%
of the total variance, and Fig. 2b shows the corre-
sponding PC series. This mode is representative mainly
of the variability over southwestern Europe, especially
over the Iberian Peninsula (where loading factors greater
than 0.8 can be found). Correlation with the NAO index
is 0.06 (non-statistically significant). The Mann-Kendall
and Pettit test shows the presence of two statistically
significant trends. The first is a downward trend during
the decade 1852-1891, with a value of —0.45 degrees/
decade. The second is an upward trend from 1918 to the
end of the series, with a value of 0.15 degrees/decade.
Esteban-Parra (1995) found the same trend in an inde-
pendent study of climatic variability in the Iberian
Peninsula. Figure lc, d shows the patterns associated
with the third and fourth REOFs. These patterns are of
less importance in explaining the total variability and
are representative mainly of the variability of the
southeastern part of Europe and North Africa. The
correlation between the corresponding PC series and
the NAO index are negligible.
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4.2 Wavelet analysis

In this section, we conduct a wavelet analysis of the NAO
time-series index and the temperature PC series. This
analysis provides the modes of temporal variability of the
NAO and PC temperature series and how these modes
have changed through the period analysed. Furthermore,
the comparison of the results can provide information on
the relationship between temperature and NAO.

4.2.1 NAO index

Figure 3a shows the winter NAO index variability, from
1826 to 1997, used in the wavelet analysis. Figure 3b
(left) shows the wavelet power spectrum of the winter
NAO index displayed as a function of period and time.
The left axis is the Fourier period; the bottom axis shows
the time in years. Figure 3b (right) shows the global
wavelet power spectrum.

The strongly non-stationary behaviour of the spectra
is clearly seen, there is no evidence for a single persistent
temporal mode of variability in the NAO index in the
time interval 1826—1997. Power is concentrated in peri-
ods of less than 10 years, mainly between 6-10 years and
with less importance in 2-6 years. The amplitude and
strength of the modes of variability change dramatically
with time. A statistically significant and very energetic
oscillation with period between of 6-10 years and max-
imum amplitude in an 8-year period appears at the be-
ginning of the record, between 1842 and 1868. This
oscillation suddenly vanishes and the behaviour of the
NAO until 1940 closely resembles that of a white-noise
process. Some oscillations, of weak energy and statisti-
cally non-significant, are found having periods between
10-15 and 15-20 years. These appear almost in the same
periods undergoing oscillation between 6-10 years.
Around 1964, again, a highly energetic oscillation (sta-
tistically significant) began, with a period between 6-10
years and maximum amplitude at 8 years, and this
reached its maximum amplitude between 1974 and 1984.
This oscillation tended to disappear in the late nineties,
although the proximity of the end of the record reduces
confidence in this conclusion. In the band of 4-6 years,
relatively strong power appears, especially at the be-
ginning of the record, between 1857 and 1875, between
1939 and 1946 and between 1956 and 1966. In a recent
study, Huang et al. (1998) found significant modes of
coherent variability between ENSO and the NAO in this
band for the same time periods. Throughout the entire
record, there are short episodes of quasi-biennial oscil-
lation, statistically significant but lasting a very short
time. This quasi-biennial oscillation predominates dur-
ing the period 1880-1890. Figure 3b (right) shows that,
when integrating wavelet spectrum, statistical signifi-
cance is lost for the whole period.

Several studies have analysed the spectral character-
istic of the NAO index. Rogers (1984) analysed the
Fourier spectrum of the NAO winter index from 1900-
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1983, using pressure data from Iceland and the Azores,
finding pronounced peaks at periods 5, 7 and 20 years.
Hurrell and van Loon (1997) reported the Fourier power
spectrum of winter NAO index from 1865 to 1997,
identifying peaks at periods 2-3 and 6-10 years and
inter-decadal bands. They also found a trend of the
NAO spectra to become redder with time. These results
globally confirm our findings, especially when compared
with the global wavelet spectrum. In a recent study,
Appenzeller et al. (1998) used wavelet transform to an-
alyse a proxy NAO annual index of 350 years and an
annual instrumental index, developed by Hurrell (1995),
covering the period 1865-1997. They found highly non-
stationary behaviour in the NAO index and discovered
that the maximum power is concentrated in periods

of less than 15 years (as in our analysis, although we
analyse winter data).

Additional information of the stationarity of the
NAO index can be achieved studying its autocorrelation.
Figure 3c shows the lag-one autocorrelation of the NAO
winter index calculated over a sliding window spanning
25 years. When we take into account the entire series,
the NAO winter index closely resembles a white-noise
process, its lag-1 autocorrelation value being 0.11. This
means that there is almost no relationship between the
value of the index of one winter and the value of
the preceding winter. Nevertheless, Fig. 3¢ shows that
the lag-1 autocorrelation value is far from stationary in
time. Between approximately 1850 and 1865, the lag-1
autocorrelation has a value around 0.2, similar to values
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at the end of the record. Perhaps the most striking fea-
ture in Fig. 3c is the steep change in the lag-1 autocor-
relation value, including a change of sign, roughly
between 1865 and 1885. During this relatively short
period, the lag-1 auto-correlation changes from a posi-
tive value of 0.2 (that is, some degree of persistence) to a
—0.4 value (indicating the predominance of a biennial
oscillation, in which the current value of the index is
negatively correlate with the preceding one). Another
important feature in Fig. 3b, ¢ is that the low-frequency
signal in the NAO index strengthened in the late part of
the twentieth century compared with the first part but
not compared with the period 1840-70.

The non-stationary behaviour of the NAO spectra
raises a question concerning whether or not the occur-
rence of extreme events of the oscillation are in some
way linked with the spectral behaviour of the NAO. A
simple inspection of the NAO index (Fig. 3a) reveals
that there have been some time-intervals in the period
1875-1939 with few extreme values of the NAO
(INAO| > 1.5). For instance, in the period 1900-1910
three extreme values are found and also three in the
period 1925-1939 (including the period 1926-1935 with
no extreme values). However, when we take into account
longer periods, we find extreme values of the NAO
almost equally distributed over the entire dataset. During
the period 1875-1939 (in which spectral behaviour of
NAO resembles white noise) the numbers of extreme
episodes of the NAO were 20 and 19 during the period
1940-1997 (in which oscillations in the band of the 6 to
10 year period predominates). The different spectral
behaviour during these two periods appears not to have
exerted any major effect on the number of extreme val-
ues of the NAO. The only effect is that the occurrence of
extreme episodes of the NAO is completely random in
the period 1875-1939 compared with the period 1940—
1997, in which inter-decadal variability predominates in
the behaviour of the NAO. The appearance of quasi-
periodic oscillations does not lead to more extreme ep-
isodes of the oscillation, but rather persistence at an
extreme value of the oscillation is more likely for few
years. These episodes of persistence can be found, for
instance, in the periods 1973-1975, 19831984 and also
in the period 1989-1995, with five of the seven winters
having a value of the NAO > 1.5. Similar episodes of
persistence can also be found from 1853 to 1856.

4.2.2 Temperature PC series

Wavelet power spectrum has been computed for the PC
series corresponding to the leading and second REOF
found in the analysis of the entire data set 1852-1997.
Figure 4a (left) shows the results for the leading REOF.
The non-stationary behaviour found for the PC series is
notable; its characteristics closely resemble those found
in the wavelet analysis of the NAO index. An energetic
(and statistically significant) oscillation of periods in the
band of 6-10 years and maximum amplitude at 8 years
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appears between 1958 and 1992 and reaches its maxi-
mum amplitude between 1972 and 1981 (very similar to
the NAO spectra). Valuable power in this band also
appears between 1873 and 1893. Statistically significant
power is found at period of 15-20 years from 1955 on-
wards, although reliability of these results is constrained
by the influence of the end of the series (cone of influ-
ence). In the band of 4-6 years, statistically significant
power can be found between 1870 and 1877 and between
1939 and 1948. Between 1894 and 1900 and between
1977 and 1983, a statistical quasi-biennial oscillation is
found. Figure 4b shows the cross-wavelet power spec-
trum for the PC of the leading REOF and the NAO
index. Substantial covariance (statistically significant) is
found to be associated with periods in the band of
5-10 years for the time interval 1961-1993; in the band
of 4-6 years, between 1857 and 1879 and in the band of
5-8 years between 1937 and 1947. Statistically significant
covariance is also found for quasi-biennial periods in
some short time intervals, such as in 1894-1900 and
1977-1983. From 1972 to 1995, there is a region of
statistically significant covariance in the band of 15-20
year periods, although the influence of the end of the
series lessens the reliability of the results in this region.

Since Fig. 4b indicates than the regions of maximum
covariance are found in periods of 2-10 years, we car-
ried out an additional analysis in this band. Figure 5a
shows the integrated wavelet power spectrum in the
band of 2-6 year periods, for the NAO index (solid
line) and the temperature PC series (broken line). Fig-
ure 5b shows the same but in the band of 6-10 years.
The comparison of the variance amplitudes of NAO
and temperature PC series in the band of 2-6 years
evidences a different behaviour over time. Amplitude is
in phase from 1862 to 1878 and from 1975 to 1985 and
out of phase from 1878 to 1890 (but of little amplitude
for the temperature PC series). For other time periods,
a certain lag exists or no coherence at all is found. For
instance, during the period 1940-1950, a valuable signal
is found in the 2-6 year band for the PC temperature
series but not for the NAO. Thus, coherence between
temperature and NAO in the band of 2-6 years is
confined to the periods 1862-1878 and 1975-1985. In
the band of 6-10 years the comparison of the ampli-
tudes of the NAO and the PC series shows, to some
degree, a stationary behaviour, being in phase for
almost the entire record.

The former analysis suggests that covariance of the
PC series and NAO is particularly important in the band
of 2—6 years period for the time periods 1857-1879 and
1978-1984, and in the band of 610 in the last part of the
record (1961-1991).

Figure 4c shows the wavelet power spectrum for the
PC series associated with the second REOF. The main
feature is a low-frequency oscillation associated with
periods between 14-17 years (statistically significant at
90% confidence level during the period 1878-1900).
Beyond this pulsation, only some oscillations in the 2—-5
year band, which last a short time, are worth noting.
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Fig. 4 a As in Fig. 3b but a
for the PC series corre-

sponding to the leading
REOF obtained in the anal-

ysis of the winter tempera-
tures of the period 1852—
1997. A lag-1 coefficient

¢1 = 0.1 has been used.

b Cross-wavelet power spec-

trum for the NAO winter
index and the PC associated 5
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No resemblance between the characteristics of this
spectrum and those of the NAO can be discerned when
comparing Figs. 3b and 4c.

4.3 Analysis of subsets of data
4.3.1 Separate NAO index values: composite analysis

In this section, composite patterns of temperature
anomalies are determined in order to study the rela-
tionship between the NAO and winter temperature as a
function of the state of the oscillation. The different
composite patterns are determined based on years se-
lected as a function of the value of NAO winter index.

Time (years)

Figure 6a shows the composite of temperature
anomalies for years in which the value of NAO index
was NAO > 1.5 (35 cases); during these years the
NAO was in an extremely positive phase. Figure 6b
shows the composites for years with 0 < NAO < 1.5
(64 cases); these years are of moderately positive or
near normal NAO state. Figure 6¢ shows the differ-
ences, Fig. 6a minus b, between the two patterns. For
each grid, a student ¢-test has been computed to check
out the significance of the difference between compos-
ites. Shaded areas in Fig. 6¢ indicate local statistical
significance at 95% confidence level for the difference
in the means. During years with NAO > 1.5, maxi-
mum positive anomalies, of value 1.5 °C, are found
over northern Germany and Poland and southern
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Fig. 5 a Integrated wavelet power spectrum in the band of 2-6 year
periods of the NAO index (solid line) and the temperature PC series
(dashed line). b As in a but for the band of 6-10 years. The ordinates
are units of variance. Vertical lines at the beginning and end of the
record indicate regions possibly influenced by the end of the series

Scandinavia. Slightly negative anomalies of value
—0.2 °C are found over the Iberian and the southern
Italian peninsulas.

During winters with 0 < NAO < 1.5, the tempera-
ture anomalies have a maximum value of 0.5 °C over
northern Germany, southern Scandinavia and the Brit-
ish Isles. Negative anomalies of value —0.5 °C are found
over the Iberian and southern Italian peninsulas. The
differences in temperature between extremely positive
and moderately positive NAO winters (Fig. 6¢c) are sta-
tistically significant over Western and Central Europe,
southern Scandinavia and the British Isles. The greatest
differences (more than 1 °C) are found over northern
Germany and Poland and southern Scandinavia. On the
other hand, minor differences (not statistically signifi-
cant) are found over southern Europe (the Iberian and
southern Italian peninsulas). Over this area, tempera-
tures show no significant changes when years with a
highly positive NAO are compared against years with a
moderately positive NAO. In both cases, anomalies are
slightly negative.

The same analysis was made but for negative NAO
index values. Figure 6d shows the composite of tem-
perature anomalies during years with extremely negative
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NAO, (NAO < -1.5, 10 cases). Figure 6e shows the
composite for moderately negative years (—1.5<
NAO <0, 37 cases) and Fig. 6f shows the differences
(Fig. 6d minus e). In Fig. 6d, strongest negative anom-
alies (between —1.5 and -2 °C) are found over northern
Germany, Poland, southern Scandinavia and the British
Isles. Anomalies close to zero are found over the middle
of the Iberian and Italian peninsulas, while positive
anomalies (of value 0.5 °C) are seen over the southern
part of Spain and over North Africa. During moderately
negative NAO years, over most part of Western and
Central Europe anomalies have values of around —1 °C,
reaching —1.5 °C over southern Scandinavia. Over the
northern Iberian and southern Italian peninsulas,
anomalies of value —0.5 °C are found. Figure 6f shows
that, for most of the study area, anomalies during
moderately negative NAO years are similar to those
found for strongly negative years. The differences are
statistically significant at 95% confidence level only for
the very south of the Iberian and Italian peninsulas and
Sicily, where differences are positive. Differences are also
statistically significant but negative over Ireland and
northern Britain.

Finally, the consistency among events of the rela-
tionship between the NAO and temperatures was
examined by calculating the percentage of consistent
signals. Figure 7a shows the percentage of coherence
during extremely positive NAO, Fig. 7b for moderately
positive, Fig. 7c for extremely negative NAO, and
Fig. 7d for moderately negative. Sharply different values
of consistency are found in the study area. During ex-
tremely positive NAO, consistency exceeded 80% over
most part of Western and Central Europe, reaching
values up to 100% over the British Isles and southern
Scandinavia. Values of 60% (mainly related to clima-
tology) are found over the Iberian and Italian peninsu-
las. During moderately positive NAO, values of 80%
integrated wavelet power spectrum in the band of 2-6
year periods are found over the north of the British Isles
and southern Scandinavia (Fig. 7b), a remarkable value
with respect to the coherence in the extremely positive
phase. This reduction also occurs over most of Western
and Central Europe, where values are around 60%. The
western Iberian Peninsula shows a value of 80%, greater
than the value found in the extremely positive NAO.
This agrees with the fact (Fig. 6a, b) that during mod-
erately positive NAO the composite values are greater
in amplitude (-0.5 °C) than during extremely positive
(0.2 °C).

The analysis of the extremely negative phase of the
NAO (Fig. 7c) shows a 100% value only over the
northern part of the British Isles, while over southern
Scandinavia, values are between 70% and 80%. During
moderately negative NAO events (Fig. 7d) the per-
centage of coherence over these two areas remains
substantially the same found in the analysis of the
moderately positive NAO. Furthermore, when com-
paring Fig. 7c and d, the percent of coherence do not
change substantially over Central and Western Europe
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Fig. 6 a Composite of the winter averaged (DJF) land-surface interval is 0.5 °C both for negative and positive anomalies. ¢
temperature anomalies for years in which the NAO winter index is  Difference a minus b; contour interval is 0.25 °C. Shading indicates
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anomalies. b As in a but for years in 0 < NAO < 1.5; contour the difference d minus e; contour interval is 0.25 °C
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a

b

Fig. 7a—d Percentage of consistent signals in the relationship between
the NAO and temperatures. The values are the percentage of events
having a temperature anomaly of the same sign that the composite

(in agreement with the results of composite analysis).
This suggests that over this area, a large percent of
temperature anomalies during winters with extremely
and moderately positive NAO index are strongly neg-
ative, but some slightly positive anomalies can be
found.

Overall Fig. 7 shows that the relationship between
NAO and temperatures has different characteristics in
different parts of the studied area. Temperatures over
the British Isles and southern Scandinavia are always
influenced by the NAO state, presenting maximum
positive values of the anomalies during positive extremes
of the NAO and maximum negatives anomalies when
negative extremes of the NAO occur. Osborn et al.
(1999) and Hurrell and van Loon (1997) have also found
these regions to be especially sensitive to the NAO.
Other areas, like Central Europe, are scarcely influenced
by the NAO during moderately positive NAO winters.
Areas such as the Iberian Peninsula seem to be more
influenced by moderately positive than by extremely
positive NAO events.

anomaly. a Shows the results for extremely positive NAO index, b for
moderately positive, ¢ for extremely negative and d for moderately
negative. Contour interval is 10%, ranging from 60% to 100%

4.3.2 Analysis of the periods: 1875—1939
and 1940-1997

Section 4.2.1 showed the spectral behaviour of the NAO
to be highly non-stationary. The possible dependence of
spatial patterns of temperature in Europe on the NAO
spectral characteristics is analysed in this section. To
study this dependence, we divided the data in two dif-
ferent subsets, the first one from 1875 to 1939 (first
subset hereafter) and the second one from 1940 to 1997
(second subset hereafter). A PCA was carried out inde-
pendently on both subsets. The spectral behaviour of the
NAO winter index in these two periods is quite different.
While in the period 1875-1939 the spectra of the NAO
closely resembles that of a white-noise process, the
period 1940-1997 is characterised, mainly from 1960
onwards, by a strong oscillation with period between 6
and 10 years. Thus, the analysis of these two subsets
highlights possible differences in the behaviour of the
temperatures associated with changes in the spectral
behaviour of the NAO.
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Three EOFs, found to be significant for both subsets, peratures (Figs. 8a, d). Both patterns are alike and also
were rotated. As shown in Fig. 8, the spatial patterns similar to the pattern in Fig. 1a. The correlation between
associated with the REOFs are similar. In the analysis of the winter NAO index and the PC series is 0.72 for the
both subsets, the leading mode of variability proves to first subset and 0.82 for the second. The explained
be one that resembles the NAO signature in the tem- variance is 37% and 43.9% for the first and second
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<

Fig. 8a—f Loading factors (by ten) for the a first, b second and ¢ third REOF resulting from the analysis of the winter temperatures data subset
1875-1939; and d first, e second and f third REOF resulting from the analysis of the subset 1940-1997
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subsets, respectively. The main differences between the
two patterns are the slightly higher values of the loading
factors over Southern Europe (especially in the Iberian
Peninsula) in the second subset compared with the first
one. The second REOF explains 28% of the variability in
the two subsets, and the spatial modes (Fig. 8b, ¢) are
alike and also similar to the second mode found in the
analysis of the entire data set (Fig. 1b). The third REOF
(Fig. 8c, f) explains 10% and 9% of the variability of the
first and second subset, respectively. The patterns show
a certain mixing of those in Fig. 1c, d. It could be
concluded that during periods in which NAO index is
characterised by markedly different spectra the spatial
patterns of variability are substantially the same. This
suggests that the spatial patterns of temperature in the
study area are independent of the NAO spectra. The same
behaviour is found by Werner and von Storch (1993).

5 Summary and conclusion

The relationship between European winter temperature
spatial and temporal modes of variability and the North
Atlantic Oscillation has been analysed for the period
1852-1997.

A PCA shows that the most important mode of
spatial variability of the winter temperatures (38.1%
explained variance) can be identified with the NAO. The
mode is representative mainly of the variability of
Western and Central Europe, southern Scandinavia
and the British Isles. Variability of the temperatures in
Southern Europe is better represented by the second
mode.

Temporal modes of variability of the winter NAO
index and temperatures were studied using wavelet
analysis. Results show that the NAO index presents a
strong non-stationary behaviour. There is no evidence
for a single persistent temporal mode of temporal vari-
ability within the time interval 1826-1997. Power is
concentrated mainly in periods of less than 10 years. The
most important feature is a quasi-periodic oscillation,
with a period in the band of 6-10 years and maximum
amplitude at 8 years, during the periods 1842-1868 and
1964-1994. In the band of 4-6 years, valuable power was
found in the periods 1857-1875, 1939-1946 and 1956—
1966. A quasi-biennial oscillation dominated during the
period 1880-1890. Between 1875 and 1940, the spectrum
of the NAO is almost white. Overall, wavelet analysis
shows an increase in the importance of the low-
frequency signal in the NAO index in the latter part of
the twentieth century compared with the first part of
this century, but not compared with the period 1840-70.

An analysis of the relationship between the occur-
rence of extreme events of the NAO and its spectral
behaviour has been made. The comparison of the
number of extreme values (positive or negative) of the
NAO index during 1875-1939 (in which spectral beha-
viour of NAO resembles white noise) and during 1940—
1997 (in which oscillations in the band of 6-10 years
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period predominate) shows no significant differences.
This suggests that quasi-periodic oscillations in the
NAO do not lead to more extreme episodes. Rather, this
signifies only that persistence in an extreme value of the
oscillation for few years is more likely. These episodes of
persistence can be found, for instance, in the periods
19731975, 1983-1984 and also between 1989-1995,
with five of the seven winters having a value of the
NAO > 1.5. Similar episodes of persistence can also be
found from 1853 to 1856.

Wavelet analysis of the PC series of the period 1852—
1997 indicates that the leading mode has a similar non-
stationary spectral behaviour to those of the NAO.
Particularly energetic modes of coherent variability be-
tween the leading temperature PC series and the NAO
index can be found in the band of 2-6 year periods for
18571879 and 1978-1984, and between 6—-10 years from
1961 to 1991. The PC series associated with the second
REOF (representative mainly of southwestern Europe)
shows a low-frequency oscillation of 15-year periods,
between 1878 and 1901.

The possible dependence of spatial patterns of tem-
perature in Europe on the NAO spectral characteristics
has been analysed by carrying out two independent
PCAs for the periods 18751939 and 1940-1997. Results
show that during these two periods, in which the NAO
index has very different spectral characteristics, the
spatial patterns of variability are substantially the same.
This suggests that the spatial patterns of variability of
temperature are independent of the NAO spectra.

The relationship between the NAO and the temper-
ature variability in Europe as a function of the state of
the oscillation has been studied using composites of
temperatures based on the value of the NAO index.
Consistency among events of this relationship has also
been examined. Overall, results show that the relation-
ship between NAO and temperatures has different
characteristics in different parts of the studied area.
There are areas, e.g. the British Isles and southern
Scandinavia, in which temperatures are always influ-
enced by the NAO state. Furthermore, these areas
present the maximum anomalies associated with both
positive (anomalies are around 1.5 °C) and the negative
(anomalies are between—1.5 and -2 °C) extremes of the
NAO, and high coherence in all the phases and inten-
sities of the NAO. Over these areas, thus, the relation-
ship between NAO and temperatures seems to be linear
to the highest degree. Other areas, such as Central
Europe, are scarcely influenced by the NAO during
the moderately positive phase (anomalies less than 0.5 °C
and coherence 60%—70%). During the extremely posi-
tive phase, influence of the NAO in this region is sub-
stantially greater (anomalies of 1-1.5 °C and coherence
around 90%). Furthermore, only small changes both in
temperature and in percent of coherence are found over
this area when extremely negative and moderately neg-
ative NAO are considered (temperature anomalies are
between —1 and —1.5 °C and coherence between 60 and
70%). Areas such as the Iberian Peninsula seem to be
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more influenced by moderately positive (anomalies
—0.5 °C and coherence 60-80%) than by extremely
positive NAO (anomalies around —0.2 °C and coherence
60%).

This empirical evidence suggests that winter temper-
atures in most part of the study area do not vary in a
linear way with respect to phase and intensity of the
NAO. Sampling, especially in the cases of negative NAO
index, can influence results. Due to the sampling, the
patterns found are somewhat of a blend between a
forced signal due to the NAO and climate noise, the
latter being independent of the state of the NAO.
Interpretations of the results are difficult to make solely
on the basis of the data used. Further research is needed
to confirm such non-linearity. Regarding the spectral
behaviour of the NAO index, and although internally
generated atmospheric conditions have been proposed
to produce interdecadal variability in the NAO (e.g.
Perlwitz and Graf 1995), low-frequency variability (in-
terdecadal and longer) in the NAO have recently been
associated with processes involving the ocean (Rodwell
et al. 1999; Taylor and Stephens 1998; Rajagopalan
et al. 1998; Timmermann et al. 1998). In a forthcoming
work, this analysis will be completed, including other
data such as sea surface temperature, sea-level pressure
and geopotential height. The inclusion of these data will
enable the exploration of a physical and dynamical
interpretation of the observational results.
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