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[1] In this paper, the temporal dynamics of precipitation in northwestern France in
relation to the dominant climatic pattern in Europe were investigated. The general trends
and the nonstationary behavior of the North Atlantic Oscillation (NAO) were described
using fractal analysis and Fourier spectral and continuous wavelet analysis of a NAO
index time series over the 1865—2004 period. The 44-year and 8-year multidecadal
components showed a clear increasing power during the second half of the last century.
The possible link between rainfall variability and the NAO was then investigated. The
links between the NAO and rainfall were not as obvious, as NAO-like components were
not easily retrieved in the precipitation records: Relationships between the NAO and
rainfall were very likely at certain timescales but were not systematically very obvious.
For instance, the characteristic quasi-biennal oscillation (QBO) of the NAO was barely
detected in precipitation, but a ~6-year fluctuation beginning in the 90s was found to be
statistically significant at a 95% confidence limit After investigating a possible link
with the Southern Oscillation Index, the occurrence of this fluctuation in the beginning of
the 90s could be related to the observed shift of the QBO toward slightly higher
frequencies in the NAO time series. On the other hand, a modulation of the QBO by a
~6-year interannual fluctuation would suggest the existence of a ~6-year climate pattern
that could affect precipitation and, to a lesser extent, the NAO. Cross-wavelet analysis
between the NAO and precipitation revealed a loss in correlation across the 1970—2005

period, which seemed to be the fact of a QBO-like fluctuation. This loss of correlation
was related to the above-mentioned shift of the QBO and 6-year rainfall interannual

band since the 90s.
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1. Introduction

[2] Climate change is one of the more challenging issue
of the last decade. In Europe, the North Atlantic Oscillation
(NAO) reflects the main fluctuations of climatic conditions
[Hurrell, 1995; Hurrell and Van Loon, 1997]. The relation-
ships between NAO and both global and local weather
patterns such as precipitation and storm track activity
[Rogers, 1997; Ulbrich and Christoph, 1999; Ulbrich et
al., 1999; Mares et al., 2002; Keim et al., 2004], ecosystems
dynamics [Greene and Pershing, 2000; Parsons and Lear,
2001; Greene et al., 2003; Lomas and Bates, 2004], but also
contaminant transport in the atmosphere [Macdonald et al.,
2005] are wide and complex. NAO prediction then appears
of great importance, although the most high-frequency
components of the signal make it difficult to achieve good
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predictive models [Bojariu and Gimeno, 2003]. Some
authors proposed a description of the NAO temporal varia-
bility [Pozo-Vazquez et al., 2000; Fernandez et al., 2003]
and faced the difficulty of achieving an accurate description
[Fernandez et al., 2003] using classical methods, that
usually fail to account for nonstationarities. Appenzeller
et al. [1998], Higuchi et al. [1999], Labat et al. [2005b],
and Loboda et al. [2006] were among the first to apply
wavelet analyses to describe the nonstationary behavior of
the NAO. The NAO influence, as well as other climatic
patterns such as the El Nifio—Southern Oscillation (ENSO)
and the Southern Oscillation Index (SOI), has been already
detected in subsequent hydrological processes like runoff at
the scale of some major rivers in the world [Labat et al.,
2005b]. Nevertheless, the complexity of climatic telecon-
nections sometimes leads to disagreements on their inter-
pretation [Labat et al., 2005a; Legates et al., 2005]. Bojariu
and Reverdin [2002] studied the spatial relationship be-
tween NAO and rainfall and proposed a reconstruction of
precipitation based on the NAO signal, which was found
strong enough for precipitation reconstruction to be carried
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out. During the past ten years, as in many places in the
world, France has undergone several extreme climatic
events like storms (e.g., December 1999), droughts (sum-
mer 2003, spring 2005). In this paper, we propose to
analyze the possible relationships between NAO and rain-
fall, and to provide a description of the overall behavior of
rainfall in a typical oceanic climate in northwestern France.
This study basically aims to address the following general
questions that are obviously of great importance at the local
scale but are still linked to more global issues like climate
variability:

[3] 1. What type of fluctuations are present in precipita-
tion during a 35-year period in northwestern France?

[4] 2. Is it possible to relate some of these fluctuations to
the main North Atlantic climatic pattern?

[5] 3. Do these (potentially linked) fluctuations display a
constant temporal variability or not?

2. Description of the Global Patterns of the North
Atlantic Oscillation for the 1865-2004 Period

[6] This section aims to provide a summary of some well-
known general trends of NAO from 1865 to 2004 (Figure 1)
based on an annual time series of the station-based NAO
index. Its purpose only consists of giving the most accurate
description as possible of the NAO in order to better
understand its possible long-term trends. Data are available
at http://www.cgd.ucar.edu/cas/jhurrell/indices.html. Here,
the annual index of the NAO is based on the difference of
normalized sea level pressure (SLP) between Ponta Del-
gada, Azores and Stykkisholmur/Reykjavik, Iceland since
1865.

[7] One should however mention that use of the station-
based NAO index presents, as emphasized by Hurrell et al.
[2003], the disadvantage of being fixed in space, which,
among others, make it difficult to capture NAO variability
for parts of the year inasmuch as the concerned centers of
action move throughout the annual cycle. Nevertheless,
according to the same authors, station-based indices still
offer major advantage of most of these indices is their
extension back to the mid-19th century or even earlier.

2.1. Fourier Spectral and Fractal Analyses

[8] As a first step, one can compute the Fourier spectrum
of the time series, using a Tukey filter: the spectrum is
characterized by a power law with a coefficient of 0.2
(Figure 2a). As a result, this NAO annual index time series,
with an AR(1) coefficient of 0.14 and a “flat” spectrum,
would correspond to a very slightly red noise, as highlighted
by Fernandez et al. [2003]. Some peaks that could indicate
the presence of periodic structures, especially for periods
less than 10 years, are visible. However, only a ~8-year
component appears significant at a 50% confidence level.
Their investigation of the potential influence of Atlantic
SSTs on the atmospheric low-frequency variability over the
extratropical North Atlantic—European (NAE) region dem-
onstrated a statistically significant tropical SST forcing that
could explain a ~20% fraction of the interannual NAO
variance (ENSO effects removed). According to these
authors, the amount of explained SST-forced variance is high
in the Tropics, weaker at midlatitudes, and not significant
around the Icelandic low region. The corresponding Atlantic

MASSEI ET AL.: LINKS BETWEEN NAO AND RAINFALL

D09121

Ocean—Global Atmosphere—type simulations (AOGA,
ARPEGE General Circulation Model) exhibited quasi-
decadal fluctuations with periods comprising a 6—8-year
energy band, which can related to the ~8-year component
found herein.

[9] A fractal analysis of the NAO index time series can be
used to visualize the global statistical properties of the signal.
More precisely, the calculation of the Hurst exponent allows
identification of long-range dependence in a data series. It
provides as well a means to detect possible thresholds that
could occur for specific timescales as a result of periodic
components. Fractal analysis is operated by calculating the
R/S curve of the time series thanks to the growth in cumu-
lative range algorithm (a timescale index is used by partition-
ing the time series into n groups of elements and averaging
over these groups; for each group, the range R is then divided
by the standard deviation S of the n data elements which
produce a normalized R/S value called “rescaled range”).
Depending on the value of the Hurst exponent (the coefficient
of the power law fitting the R/S curve), a signal can be
characterized as follow: H > 0.5 — persistent autocorrelated
signal, H= 0.5 — purely Gaussian (white) noise, H < 0.5 —
antipersistent signal (reverse sign more often as expected,
e.g., undamped pure sine). The Hurst exponent of 0.78
confirms that the NAO index time series is not a pure white
noise (Figure 2b).

2.2. Continuous Wavelet Analysis

[10] As a result of the inefficiency of classic spectral
analyses to describe the NAO index time series, we inves-
tigated the distribution of power through time using con-
tinuous wavelet analysis, which allows an accurate
identification of nonstationary features. This same approach
has already been successfully applied to the ENSO time
series by Torrence and Compo [1998] and recent papers
investigated the nonstationary behavior of NAO [Higuchi et
al., 1999; Labat et al., 2005b]. The wavelet used for the
computation of the continuous wavelet transform of the
time series was a derivative of Gaussian (DOG), which
produces the well-known Mexican Hat or Marr wavelet for
a second-order derivative. Although the DOG wavelet is
real valued, the complex component is generated by adding
a Heaviside step function H(w) in the frequency domain
(H(w) = 0 for w < 0, Hw) = 1 for w > 0). Here, the
derivative order is 14 (the order of the derivative controls
the number of oscillations within the wavelet, thus its
frequency resolution): the DOG 4 wavelet actually seemed
to offer the best trade-off between time and frequency
resolution compared to the more usual Morlet wavelet, for
instance. The continuous wavelet transform is computed on
the zero-padded NAO index annual time series (zero pad-
ding to the next power of 2 with respect to the data length).
2.2.1. Component Detection and Global Wavelet
Spectrum

[11] The continuous wavelet transform clearly highlights
a highly nonstationary behavior (Figure 3a) of the NAO
time series. In Figure 3a, colors indicate the distribution of
power (here expressed as normalized decibels, i.e., maxi-
mum power = 0 db for each scale), with a decreasing power
from purple (max power) to dark red (min power). When
tested against a AR(1) = 0.14 background red noise, no
peak was found to be statistically significant in this annual
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Figure 1. NAO annual index time series since 1865.

time series. Using a white noise background, a ~8-year
fluctuation appears significant at the 50% confidence level.
In brief, although the fractal analysis tends to confirm a red
noise behavior, the significance testing of the continuous
wavelet spectrum does not show clear statistically signifi-
cant structured fluctuations.

[12] Although most of the signal does seem to behave
randomly, one can still describe the distribution of power on
both the local (Figure 3a) and global (Figure 3b) wavelet
spectra. Indeed several very localized structures are visible
around 2.4 years (corresponding to the so-called quasi-
biennal oscillation also referred to as QBO), 5.4 years,
8 years, 20.6 years and 44 years. The 44-year fluctuation,
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Figure 2. NAO Fourier spectrum and fractal dimension analysis.
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only visible on the local wavelet spectrum (Figure 3a), is
probably merged into the 107.9-year trend in the global
wavelet spectrum. The comparison of the global wavelet
spectrum with a classic Fourier spectrum of the time series
clearly explains why many authors provide different values
of the spectral components detectable in the NAO index
time series, as underlined by Fernandez et al. [2003]. As a
matter of fact, the existence of multiple peaks within narrow
frequency bands in a classic Fourier spectrum as well as
the not easily interpretable number of slope changings of the
R/S curve number, for instance, only expresses nonstatio-
narity of the various spectral components. On the contrary,
the global wavelet spectrum gathers power information
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Figure 3. Continuous wavelet spectra of NAO time series (wavelet used, 14th-order derivative of
Gaussian): (a) local wavelet spectrum and (b) global wavelet spectrum (solid curve) and Fourier energy

spectrum (dashed curve).

which allows a better detection of those frequency bands
that contain power while the local wavelet spectrum pro-
vides an accurate visualization of changing frequencies.
2.2.2. Description of the Nonstationary Behavior of the
NAO

[13] Asstated above, the local wavelet spectrum (Figure 3a)
highlights the changes in frequency of the various compo-
nents of the NAO index time series. Scale averaging over
selected frequency band (Figures 4b—4f) as described by
Torrence and Compo [1998], used jointly with the local
wavelet spectrum, allows to highlight the respective behav-
iors of the corresponding selected components. In general,
the total distribution of power (i.e., averaging over all
frequencies) shows an increasing power throughout the
1865—2004 period, which seems to be more effective during
the second half of the last century (Figure 4a). Scale avera-
ging over the ~2.4-year fluctuation (Figure 4b) shows that
the contribution of the QBO to the total variance of the signal
is not constant through time and can vary quite significantly,
with a great power at the beginning of the time period. The
5.4-year component (Figure 4c) looks very variable either
with a high variance between ~1920 and 1980, contrary to
QBO. The 8-year fluctuation strongly attenuates between
1925 and 1955, or from the mideighties to nowadays
(Figure 4d), that is, precisely during those periods when
the previous 5.4-year fluctuation displays an enhanced
variability. The 20.6-year component, representing a smaller
part in variance, seems to evolve approximately the same
way as the 5.4-year fluctuation, whereas the 44-year com-
ponent increases in power throughout the entire period,
more specifically since ~1930.

[14] In brief, the second half of the last century would be
affected by an increasing power of the signal (i.e., a higher
variability of the NAO), for most of the components, as
underlined by Hurrell and Van Loon [1997]. The distribu-
tion of the total power across time (Figure 4a) supports this
assertion: a curve fitting with a third-order polynomial
reveals quite obviously that the total power tends to
increase across the entire 1864—2005 period, and that the

increasing trend becomes more and more marked from
1930 approximately.

[15] The scale-averaged power distributions of
Figures 4b—4f show that the 5.4-year, 8-year and 44-year
components are the only ones that show a clear increasing
power during the second half of the last century.

3. Rainfall Variability Over the Past 35 Years

[16] In this section, possible similarities between precip-
itation and the daily station-based NAO index (Figure 5) are
investigated using spectral and continuous wavelet analysis.

3.1. General Trends

[17] Precipitation time series recorded in northwestern
France are used to analyze the overall tendencies of rainfall
over the period of study. 3 pluviometric stations are localized
in the Haute-Normandie region (=150 northwest of Paris,
source: Météo France), and 4 others (kindly provided by Tank
et al. [2002] at http://eca.knmi.nl) are homogeneously distrib-
uted in the northwest of France: Fatouville-Grestain (within
the Seine estuary): lat. +49:24:28, lon. +00:19:37, height
102 m; Bois-Arnault: lat. +48:48:45, lon. +00:44:12, height
212 m; Marcilly La-Campagne: lat. +48:49:57, lon. +1:13:10,
height 140 m; Rennes: lat. +48:04:00, lon. —01:44:00, height
36 m; Chartres-Champhol: lat. +48:27:42, lon. +01:30:12,
height 155 m; Paris-14e Parc Montsouris: lat. +48:49:24, lon.
+02:20:12, height 75 m; and Amiens-Glisy: lat. +49:52:18,
lon. +02:23:06, height 60 m. All precipitation time series used
are standardized.

[18] The Fourier spectrum of the mean precipitation time
series (Figure 6a), hereinafter referred to as P, is charac-
terized by two power laws with coefficients of 0.17 and
0.57, respectively for the long-term part (periods greater
than ~25 days) and the short-term part (periods between
1 day and 25 days). The 0.57 coefficient would give
evidence of a structure of rainfall at the short-term scale,
possibly related to synoptic events. However, as observed
for the NAO index Fourier spectrum, it is still possible to
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(a) Total power distributions of NAO and scale-averaged power distributions of NAO over

frequency bands around the (b) 2.4-year, (c) 5.4-year, (d) 8-year, (e) 20.6-year, and (f) 44-year periods.

distinguish some low-frequency peaks indicating the pres-
ence of some periodic structures for periods greater than
25 days.

[19] The fractal analysis of the P, time series gives a
Hurst exponent of 0.58 and shows that this signal is barely
persistent, although not a pure white noise (Figure 6b). It
implies that for this ~35-year period of study, precipitations
do not evidence clear long-range dependence properties.

3.2. NAO and Rainfall Variability: What Significant
Timescales?
3.2.1. Daily NAO and Precipitation Local Wavelet
Spectra

[20] To investigate the relationships between the NAO
and rainfall, the continuous wavelet transforms of the
7 above-mentioned time series are compared to the NAO
wavelet spectrum. Figures 7a—7h display the local wavelet
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Figure 5. Daily NAO index and mean precipitation time series (computed on the basis of seven
pluviometric records in the northwest of France) since 1970.

spectra of 1970—2005 time series of daily NAO index (data
available at http://www.cgd.ucar.edu/cas/jhurrell/indices.html)
and of the 7 precipitation records, along with the wavelet
spectrum of the P, series (Figure 8).

[21] All series were zero padded to the next power of 2
with respect to the length of each data set to avoid
wraparound effects and spectral leakage. However, padding
with zeroes at the ends of the time series implies attenuation
of the power of low frequencies, thus producing edge
effects. The so-called cone of influence is then represented
for each wavelet spectrum by a white-shaded zone, delin-
eating those parts of the wavelet spectrum that are likely to
be affected by edge effects, i.e., underestimation of power
due to zero padding. Confidence limits are represented as
well by either solid or dashed contour lines (95% and 50%
confidence level respectively). Significance testing were
performed using either background red or white noise
spectra, AR(1) values of which are given in the figures
for each spectrum. The method for significance testing uses
peak-based critical limit significance levels. Contrary to
more traditional confidence or significance level tests that
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applies to a single set, this type of confidence limit is of
particular merit in ascertaining the significance of the largest
spectral component. In this type of test, one seeks to
disprove the null hypothesis where one postulates either a
white noise or a red noise background spectrum. Here, with
the peak-type critical limit used, a 95% critical limit is that
level where in only 1 of 20 separate random noise signals
would the largest peak present achieve this height strictly by
random chance, contrary to single set significance level
testing, for which a standard 95% confidence limit specifies
that level where 5% of the points in a single spectrum would
be expected to lie above this height strictly due to random
chance.

[22] The NAO local wavelet spectrum displays some very
localized powerful features in the high frequencies (=1 year
and less) which could not be detected in the long-term time
series as a result of the sampling frequency (Nyquist
frequency of 0.5 yr '). Also, a significant energy band
between 1.5 year and 3 years is observed, corresponding to
the so-called quasi-biennal oscillation (QBO), as well as a
powerful 8-year fluctuation (actually ~7.8 to 10 years),
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Figure 6. Rainfall Fourier spectrum and fractal dimension analysis for the mean precipitation time
series. An AR(1) = 0.20 background red noise spectrum is used to define the 50%—-99.9% confidence

limits for the Fourier spectrum.
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Figure 8. Local wavelet spectrum of the mean precipitation
time series Py, based on all seven records of northwestern
France. Solid and dashed contour lines represent the peaks
with 95% and 50% confidence limit, respectively (AR(1) =
0.20).

along with a deficit in power at 3- to 6-year periods. These
fluctuations were already described by Hurrell et al. [2003]
and Terray and Cassou [2002]. One can however notice the
shift of the QBO toward slightly higher frequencies that
seems to occur during the mid-80s.

[23] The continuous wavelet transforms of the several
precipitation time series exhibit somewhat the same be-
havior, as shown in Figures 7b—7h and Figure 8. A 3.3 to
2-year band is barely detected in precipitation series that
could be related to the QBO component of NAO. This
band is however only significant at the 50% confidence
level, and it may be important to notice that its presence is
mostly detected at the beginning of the period of study for
each precipitation time series. On the other hand, a
powerful band between 5 and 7.1 years, centered on a
5.8-year fluctuation for the mean precipitation time series
(Figure 8) is always observed and found most of the times
significant at the 95% confidence limit (sometimes 50%),
beginning in the mid-80s. This interannual fluctuation,

Frequency (y')
Period (y)

1980

1990
Time (y)

2000

Figure 9. Local wavelet spectrum of monthly SOI for the
1970—-2005 period (white noise background spectrum).
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Figure 10. Scale-average power distribution of the 1.5—
3-year energy band of NAO. The corresponding fluctua-
tion could be possibly modulated by a ~6-year interannual
band. The scale-averaged power distribution is calculated
by integrating power over monthly time intervals.

hereinafter referred to as either interannual band or 6-year
interannual band, is not visible in NAO, which precisely
present a deficit in power in this band.

[24] It appears difficult to associate the 8-year NAO
fluctuation with the 6-year interannual band observed in
precipitation. Garcia et al. [2005] having already found a
6.4-year peak in a 1866—2005 monthly time series of the
SOI, it appeared rewarding to investigate the hypothesis of an
SOI influence on rainfall without connection with the NAO.
However, as demonstrated in Figure 9, using the same data
set than that of Garcia et al. [2005], the continuous wavelet
analysis of the SOI for a 1960—2005 period did not highlight
any link between the SOI and rainfall series, since the
6.4-year peak could not be detected for this period. One
could note that this peak was detected in the entire time
series (1866 to 2005), as in the study from Garcia et al.
[2005], with a Fourier analysis (Tukey filter) but was not
found to be significant when tested against a background
red noise (AR(1) = 0.59).

[25] The 6-year band of precipitation cannot be associated
with the interannual variability of NAO. However, the
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Figure 11. Cross-correlation function of the NAO and
Seine river estuary precipitation time series. The two signals
are uncorrelated overall.
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Figure 12. Cross-wavelet spectrum of daily NAO index and P, time series that evidences a progressive
loss of correlation in the high-frequency band (3-year to seasonal).

occurrence in the beginning of the 90s of the 6-year band in
precipitation seems to coincide with the shift of QBO
toward slightly higher frequencies in the NAO wavelet
spectrum. On the other hand, scale averaging over the 3—
1.5-year energy band of QBO shows a possible modulation
by a ~6-year interannual fluctuation (Figure 10). This could
suggest a possible forcing of precipitation by a ~6-year
climate pattern not necessarily linked to NAO, although
NAO could be partly affected by this forcing as well. This
point would require additional investigations.

3.2.2. NAO/Mean Precipitation Cross Analysis

[26] The link between NAO and rainfall over the period
of study can be roughly investigated by computing the
cross-correlation function between the two time series. As a
matter of fact the cross-correlation function always revealed
a very bad correlation (Figure 11). For instance, the cross-
correlation function between NAO and the Seine estuary
precipitation record (Fatouville-Grestain) shows extremely
weak cross-correlation coefficients ranging from —0.08 to
0.08, which leads to the conclusion that NAO and precip-
itation are globally uncorrelated.

[27] It may possible, however, that some fluctuations in
those time series could be similar: this can be checked out
using cross-wavelet analysis, which provides a means for
investigating the changes in correlation between two signals
across time for each scale. It allows potential similar
fluctuations at specific timescales to be identified.

[28] Analogously to the Fourier cross-spectral analysis,
the cross-wavelet spectrum of to signals x(f) and y(¢) is
defined as

Wey(a,b) = We(a,b) - Wi(a,b) (1)

where a corresponds to the wavelet scale, b the dimension-
less time index parameter, W.(a,b) the x(f) continuous
wavelet transform and W,*(a,b) the complex conjugate of
the y(f) continuous wavelet transform. Figure 12 displays
the NAO/P,, cross-wavelet transform. A 1-year component
appears very powerful on the cross-wavelet spectrum at the
beginning of the period (1976—1979). One could wonder
whether the presence of this peak could be due to
seasonality, i.e., the signature of higher variance of the
index for winter months compared to summer months. In
this study, seasonality is not accounted for in the time series,
in which we used daily NAO index values. However, a
trade-off is offered by the method used (continuous wavelet
transform) to address this issue. The signification of the 1-year
peak can be easily determined thanks to the relatively good
time resolution of the wavelet used here (14th-order derivative
of Gaussian): this peak (more exactly, its 95% significance
level for a red noise background spectrum of AR(1) = 0.62)
spans an approximately 2-year period, ranging from August
1977 to November 1979, the peak being centered on mid-
September 1978. It would not consequently represent a
contrasted variance between summer and winter months, both
dry and wet seasons being merged in this same peak.

[29] A powerful QBO-like fluctuation shows off between
1973 and 1980. This fluctuation is still present between
1986 and 1991 although less powerful, and finally disap-
pears almost totally afterward. An interannual band around
6.8 years is also detected, mainly during the middle of the
overall period of study; this band disappears in the mid-90s.

[30] Comparing the results of cross-wavelet analysis to the
NAO and precipitation local wavelet spectra (Figures 7 and 8),
the observed loss of correlation, mainly due to the disappear-
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ance of an interannual-to-seasonal energy band (/=3 —0.5-year
fluctuations on the cross-wavelet spectrum), could be related
to the observed shift of the QBO toward slightly higher
frequencies occurring during in the beginning of the 90s for
the NAO time series, while precipitations display a ~6-year
interannual band not detected in the NAO.

4. Conclusion

[31] Studies of rainfall variability in the context of climate
change appears of primary interest. In Northern Europe, the
NAO constitutes one of the major climate pattern. The NAO
displays several nonstationary features that can be readily
detected using continuous wavelet analyses, which are
especially designed for the investigation of nonstationary
signals. Within this framework, classic Fourier spectral
analyses have now proven their inadequacy. According to
our study, the North Atlantic Oscillation would display an
increasing variability since approximately 1920. In particu-
lar, the 8- and 44-year components show an increasing
contribution to the total power of the NAO signal during the
second half of the last century. On the other hand, some
responses to the general issues mentioned in the introduc-
tion section can be summarized here. Our results showed
that characteristic timescales can be retrieved in precipita-
tion records, although highly nonstationary (i.e., only valid
for given periods of time). Additionally, relationships be-
tween NAO and rainfall are very likely at certain timescales
but may not be very obvious systematically: for instance, a
6-year band in precipitation could not be associated with the
interannual variability of NAO, but its occurrence in the
beginning of the 90s could be related to the observed shift
of the QBO toward slightly higher frequencies in the NAO
time series. Finally, not only the various fluctuations are
highly variable throughout a rather short time period
(35 years), but also the correlation between NAO and
rainfall tends to decrease during the 35-year period of study,
as shown by both wavelet and cross-wavelet analyses. This
trend seems particularly more marked since the 90s, al-
though no direct physical link could be investigated in this
study. Further investigations would be required using longer
and additional time series of near-surface climate patterns.
Especially, the same type of investigation of NAO temper-
ature and precipitation relationships applied to winter peri-
ods (i.e., when those relationships are usually much
stronger) would be valuable as a future research track.
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