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ABSTRACT

In this study, droughts are analyzed using the standardized precipitation index (SPI) at different time
scales for all of Europe over the period 1901–2000. The SPI is calculated at different time scales (1–12
months), as are the average values that correspond to negative and positive phases of the North Atlantic
Oscillation (NAO). The responses of droughts to the phases of the NAO vary spatially, but the response
also depends on the month of the year and the time scale of the analysis. During the positive/negative
phases, negative/positive SPI values are generally recorded in southern Europe, with the opposite pattern
recorded in northern Europe. In certain regions, significant differences in the SPI are also recorded during
spring, summer, and even autumn. In several regions, the magnitude of the average SPI anomalies is
noticeably different for the positive and negative phases of the NAO, indicating the asymmetric response
of droughts to the NAO. The unstable response of drought occurrence is also demonstrated, at different
time scales, to positive and negative phases of the NAO throughout the twentieth century. During the
second half of the twentieth century, there is a strengthening of the influence of the positive phases of the
NAO on droughts. In contrast, the negative phases show a weaker influence on the SPI during the second
half of the twentieth century. This pattern is related to changes in the wintertime sea level pressure fields
associated with positive and negative phases of the NAO.

1. Introduction

Droughts are first-order hazards that affect Europe
with a high frequency and intensity. Although droughts
are complex and are related to a multitude of factors
(Wilhite and Glantz 1985), they always have a climatic
origin: below-average precipitation over the medium to
long term. This climatic origin of droughts has led to
significant interest in the behavior and characteristics of
climatic droughts within Europe. Previous studies have
focused on this topic, analyzing the spatial and tempo-
ral patterns of drought across the entire European con-
tinent (Briffa et al. 1994; Lloyd-Hughes and Saunders
2002b; Van der Schrier et al. 2006). These studies have

described interesting results in terms of analyzing the
spatial and temporal patterns of drought using the
Palmer drought severity index (PDSI; Palmer 1965).

However, the 9–12-month fixed time scale consid-
ered by the PDSI (Guttman 1998) limits the ability of
the user to analyze certain characteristics of droughts
and influences the results of the analysis, because the
response of different water sources to drought is sensi-
tive to the chosen time scale. Consequently, droughts
must be considered a multiscale phenomenon. McKee
et al. (1993) stated that usable water resources include
soil moisture, groundwater, snowpack, river discharge,
and storage reservoirs. The time interval between pre-
cipitation and the arrival of water into these subsystems
varies as a function of the accumulated precipitation at
different time scales (Changnon and Easterling 1989;
Pandey and Ramasastri 2001). Thus, the time scale over
which precipitation deficits accumulate is extremely im-
portant, and it functionally distinguishes different types
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of droughts, such as hydrological, agricultural, and en-
vironmental.

A temporal discrepancy generally exists between me-
teorological and hydrological droughts, because meteo-
rological droughts extend in the form of hydrological
droughts that appear several weeks/months after the
meteorological drought is first recognized (Eltahir and
Yeh 1999; Vicente-Serrano and López-Moreno 2005).
It is therefore crucial to consider different time scales
when analyzing climatic droughts in order to differen-
tiate potential impacts on hydrological systems and
sources of usable water.

Previous studies have also documented important
spatial and temporal variability in droughts within Eu-
rope (Briffa et al. 1994; Van der Schrier et al. 2006;
Lloyd Hughes and Saunders 2002b). This variability is
controlled by a number of atmospheric circulation pat-
terns (Van der Schrier et al. 2006). The North Atlantic
Oscillation (NAO) is the primary atmospheric circula-
tion mode that determines the climate of Europe (Hur-
rell et al. 2003). The NAO is recognized throughout the
entire year in Europe, although it also shows important
seasonal variability. The NAO has a greater intensity
and spatial coverage during winter (Hurrell et al. 2003).
During positive phases of the NAO, dry conditions
affect southern Europe, whereas increased precipita-
tion affects northern Europe (e.g., Hurrell et al. 2003;
Hurrell and Van Loon 1997; Trigo et al. 2002). The
opposite pattern occurs during negative phases.

Recent studies have used running correlations to
demonstrate that the strength of the relationship be-
tween surface climate and the NAO varies over time
(Osborn et al. 1999; Chen and Hellström 1999;
Slonosky et al. 2001). Jones et al. (2003) analyzed the
mobile correlations between the NAO and four Euro-
pean temperature series from 1820. The authors
showed that over the analysis period, obtained correla-
tions show a gradual strengthening, peaking at between
0.7 and 0.9 during the 31 yr centered on 1960, compared
to values of 0.4 to 0.7 for the midnineteenth century.
The authors suggested that this pattern might indicate a
shift in climate behavior.

Although the influence of the NAO on European
climate is well known from the results of a number of
studies (e.g., Trigo et al. 2002; Hurrell and Van Loon
1997; Hurrell et al. 2003), the following questions
remain to be answered: 1) How do the positive and
negative phases of the NAO affect Europe-wide
droughts? 2) How are the effects of the positive and
negative phases propagated throughout the year in the
form of droughts at different time scales? 3) What is the
nature of spatial variations in these effects? 4) Has the
influence of positive and negative phases of the NAO

changed during the twentieth century? 5) What are the
spatial patterns of this change? 6) What is the con-
nection between these various issues concerning the
influence of the NAO phases on sea level pressure
(SLP) patterns and precipitation regimes throughout
Europe?

This paper analyzes these issues for the whole Euro-
pean continent for the period of the twentieth century
(1901–2000). The purpose of the paper is to assess
whether the wintertime NAO behavior can be used to
predict drought for the subsequent months and seasons.
This topic is very important and of wide interest from
both scientific and applied perspectives in terms of im-
proving our ability to predict trends in water resources
and managing integrated water resources across the en-
tire European continent.

2. Methodology

a. Database and spatial classification of Europe
according to variability in precipitation

In this analysis, we used a database of monthly gridded
precipitation data at a resolution of 10� for the entire
European continent for the period of 1901–2000, as com-
piled by the Climate Research Unit of the University
of East Anglia (information online at http://www.
cru.uea.ac.uk/�timm/grid/TYN_SC_1_0.html). The
monthly gridded database of precipitation covers the
European countries to a longitude of 31.6°. The geo-
graphical region considered in this study can be con-
sulted (see Figs. 2 and 3).

In relation to the quality and homogeneity of the
precipitation data, before interpolation, the database
was checked for inhomogeneities in the station records
by the Climate Research Unit using an automated
method that refines previous methods by using incom-
plete and partially overlapping records and by detecting
inhomogeneities with opposite signs in different sea-
sons. The method includes the development of refer-
ence series using neighboring stations (see details in
Mitchell and Jones 2005). The dataset constitutes an
advance over other products because it has a higher
spatial resolution than other datasets of a similar tem-
poral extent, it has longer temporal coverage than other
products of a similar spatial resolution, and the con-
struction method ensures that strict temporal fidelity is
maintained. An intercomparison of this dataset with
satellite-based precipitation data from the Climate Pre-
diction Center (CPC) Merged Analysis of Precipitation
(CMAP) dataset (Xie and Arkin 1997) has shown good
agreement between the two datasets, in terms of both
climatology and leading modes of precipitation vari-
ability (Zveryaev 2004).
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A precipitation-based classification of homogeneous
areas was undertaken to retain the general temporal
and spatial patterns of the monthly precipitation series.
This classification was performed on the basis of a prin-
cipal component analysis (PCA) of the monthly pre-
cipitation series (Jolliffe 1990). We performed the PCA
in S mode to obtain the general temporal patterns of
precipitation. This mode provides loading values that
correspond to each pattern, which can then be repre-
sented spatially to determine their spatial representa-
tiveness. For the PCA, we selected a correlation matrix.
The number of components was selected in accordance
with the total explained variance (70%). Finally, the
components were rotated to redistribute the final ex-
plained variance and to obtain more stable, physically
robust patterns (Richman 1986). For this purpose, we
used the Varimax rotation, which is the most widely
applied option because it provides clearer and physi-
cally explainable patterns (Jolliffe 1990).

The spatial classification of monthly precipitation
patterns in Europe was carried out using the factorial
loadings for each component, grouping the observatories
by the maximum loading rule, following the similar ap-
proach used by previous authors (e.g., Karl and Koscielny
1982; Vicente-Serrano 2006). Once homogeneous areas
were identified, a regional precipitation series for each
area was formed using the averages of monthly precipi-
tation records at each grid point.

To analyze the observed atmospheric patterns for
each year according to the phases of wintertime NAO,
we used the database of monthly grids of SLP pro-
vided by the National Centers for Environmental Pre-
diction–National Center for Atmospheric Research
(NCEP–NCAR; information online at http://dss.ucar.
edu/datasets/ds010.1/) at a resolution of 5° (Trenberth
and Paolino 1980). This database is unique in that it has
a complete record and covers the long period analyzed
in the present paper (1901–2000).

b. Calculation of the drought index at different time
scales

Among the drought indices developed in recent de-
cades (Heim 2002), the standardized precipitation in-
dex (SPI) and PDSI are the most widely used methods
for drought analysis.

In this paper, we have analyzed droughts using the
SPI (McKee et al. 1993) at different time scales. The
SPI has a number of advantages over other indices
(Guttman 1998; Keyantash and Dracup 2002): it em-
ploys a moving average that facilitates spatial compa-
rability (Guttman 1998), it is valid for any season, and
the results are not affected by topography (Lana et al.

2001). In addition, the length of the precipitation record
and the period used for calculation do not significantly
affect the final calculation of the SPI (Wu et al. 2005).

Redmond (2002) demonstrated that the SPI at time
scales between 6 and 12 months shows a stronger cor-
relation with the PDSI (�0.9) because precipitation is
the main variable that is used in determining drought
conditions (Keyantash and Dracup 2002), and it deter-
mines the majority of the variability in the PDSI (Gutt-
man et al. 1992). The SPI enables estimates of the
duration, magnitude, and intensity of droughts to be
calculated at different time scales, thereby enabling
quantification of different drought types, including
hydrological, agricultural, and environmental droughts.
The SPI calculated at time scales between 3 and 6
months can be considered an agricultural drought index
(Hayes et al. 1999), because it enables the monitoring
of moisture conditions within vegetation and soil (Ji
and Peters 2003; Vicente-Serrano et al. 2006). The SPI
calculated at time scales between 6 and 12 months is
considered a hydrological drought index, and it is useful
for monitoring surface water resources (Vicente-
Serrano and López-Moreno 2005).

The SPI has been used in several different regions
because of its high degree of spatial adaptability to dif-
ferent climatic conditions (e.g., Hayes et al. 1999; Bordi
et al. 2004; Loukas and Vasiliades 2004). Lloyd-Hughes
and Saunders (2002b) demonstrated the performance
of the SPI in analyzing the spatial and temporal pat-
terns of droughts across the entire European continent.

The SPI calculation starts with precipitation calcula-
tion over a range of time scales. The total precipitation
Xk

i, j in a given month j and year i depends on the time
scale chosen, k. For example, the SPI for 1 month in a
particular year i with a 12-month time scale is calcu-
lated according the following formulas:

Xi, j
k � �

l�13�k�j

12

wi�1, l � �
l�1

j

wi,l, if j � k, and

Xi, j
k � �

l�j�k�1

j

wi,l, if j � k,

where wi,l is precipitation in the first month of year i
(mm).

The frequency distributions of the precipitation se-
ries show significant changes that depended on the time
scale (Vicente-Serrano 2006). Nevertheless, among dif-
ferent models the Pearson III shows an enhanced
adaptability to precipitation series at different time
scales (Guttman 1999; Vicente-Serrano 2006). In this
paper, Pearson III distribution has been chosen to cal-
culate SPI for time scales from 1 to 12 months.
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The probability density function of a Pearson III dis-
tributed variable is expressed as

f�x� �
1

����� �x � �

� ���1

e��x�����,

where 	, 
, and � are the shape, scale, and origin pa-
rameters, respectively, for precipitation values x � 0;
and  (
) is the gamma function of 
.

Parameters of the Pearson III distribution can be ob-
tained following different procedures. Among them,
the L-moments procedure is the most robust approach
(Sankarasubramanian and Srinivasan 1999); �3 and �4

are the L coefficients of skewness and kurtosis, respec-
tively, and are calculated as follows:

�3 �
	3

	2
,

�4 �
	4

	2
.

Here, �2, �3, and �4 are the L moments of the precipi-
tation series. These are obtained from probability-
weighted moments (PWMs), using the following formu-
las:

	1 � �0,

	2 � �0 � 2�1,

	3 � �0 � 6�1 � 6�2,

	4 � �0 � 12�1 � 30�2 � 20�3.

The PWMs of order s are calculated as

�s �
1
N �

i�1

N

�1 � Fi�
sxi;

xi is the data from a given precipitation series and Fi is
the frequency estimator. Here, Fi is calculated follow-
ing the approach of Hosking (1990):

Fi �
i � 0.35

N
,

where i is the range of observations arranged in rising
order, and N is the number of data points.

When L moments are calculated, the parameters of
the Pearson III distribution can be obtained following
Hosking (1990).

If �3 � 1/3, then �m � 1� �3, and 
 can be obtained
using the following:

� �
�0.360 67�m � 0.5967�m

2 � 0.253 61�m
3 �

�1 � 2.788 61�m � 2.560 96�m
2 � 0.770 45�m

3 �
.

If �3 � 1/3, then �m � 3��2
3, and 
 can be obtained using

the following:

� �
�1 � 0.2906�m�

��m � 0.1882�m
2 � 0.0442�m

3 �
,

� � �
 	2

����

��� � 1�2�
,

� � 	1 � ��.

According Pearson III distribution, the probability dis-
tribution function of x is given by

F �x� �
1

����� ��

x �x � �

� ���1

e��x�����.

Pearson III distribution is not defined for x � 0, which
is a drawback because precipitation series may include
months in which there is no precipitation. With this in
mind, an adapted statistic H(x) can be calculated using
the following formula:

H�x� � q � �1 � q�F�x�,

where q is the probability of zero precipitation; q can be
calculated simply as m/n, where n is the total number of
months and m is the number of months with no pre-
cipitation.

After calculating H(x), the mean is standardized as 0
with a standard deviation of 1. This standardized vari-
able is interchangeable with the SPI, and is commen-
surable with other SPI values over time and space. An
SPI of 0 indicates precipitation corresponding to 50%
of the accumulated probability according to the Pear-
son III distribution.

To transform H(x) and obtain SPI, the following ap-
proach formulated by Abramowitz and Stegun (1965) is
used:

SPI � W �
C0 � C1W � C2W2

1 � d1W � d2W2 � d3W3 ,

W � �� 2 ln�P� for P � 0.5.

Here, P is the probability of exceeding a determined
precipitation value, P � 1 � H(u).

If P � 0.5, P is replaced by 1 � P and the sign of the
resultant SPI is switched.

The constants are C0 � 2.515 517, C1 � 0.802 853,
C2 � 0.010 328, d1 � 1.432 788, d2 � 0.189 269, and
d3 � 0.001 308.

c. Identification of positive and negative phases of
the wintertime NAO

NAO indices are obtained for the period of instru-
mental information using SLP data (Hurrell et al.
2003). The following two different procedures can be
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used to quantify the NAO: (i) SLP grids and multivari-
ate statistics (PCA), and (ii) SLP differences between
single stations located near the main centers of the ac-
tion that characterize the NAO. Wallace (2000) con-
cluded that station-based indices do not provide an op-
timal representation of the NAO because of seasonal
displacement of the Icelandic low and the Azores anti-
cyclone. Nevertheless, the use of PCA to define the
NAO index has important shortcomings that are mainly
related to the fact that spatial patterns and correspond-
ing PC time series are dependent on the size of the
window used in the analysis (Trigo et al. 2002). More-
over, Osborn et al. (1999) showed that NAO indices
derived from PCA or single stations show similar time
evolutions, with correlations in the range of 0.84–0.96.
Their analysis showed that the interannual variability of
the wintertime NAO is not affected by the method em-
ployed to calculate the NAO index.

In the present paper, we chose the NAO index cre-
ated from the difference between the standardized
pressure anomalies measured at Gibraltar (south of
Spain) and Reykjavík (Iceland). The advantage of us-
ing these stations is discussed in depth by Jones et al.
(1997), who noted that Gibraltar appears to better rep-
resent the southern part of the NAO dipole than other
commonly used stations, such as Lisbon or Ponta Del-
gada in the Azores. Osborn et al. (1999) showed that
the ratio of interdecadal to interannual variance is
greater for those indices using the southern node of
information, such as Gibraltar, than those that used
information from the farther west (e.g., Azores). More-
over, Hurrell (1995) and Jones et al. (2003) showed that
a southwest European location used to calculate the
NAO correlated slightly better with station and precipi-
tation series across Europe than information from the
Azores used to calculate the NAO index. The NAO
index was compiled by the Climate Research Unit of
the University of East Anglia (online at http://www.cru.
uea.ac.uk/cru/data/nao.htm) between 1821 and 2007.
We used this index for the present study and we calcu-
lated the average wintertime NAO index (December–
March), because the NAO has higher activity at this
time (Hurrell et al. 2003). Interdecadal variability of the
NAO appears to be the most coherent when the De-
cember–March season is used, more so than using other
months (Osborn et al. 1999).

Following Muñoz-Díaz and Rodrigo (2004), we cal-
culated the average and standard deviation of the win-
tertime NAO index between 1901 and 2000, because
the Gaussian nature of the NAO index enables us to
establish the symmetry of the index values around the
average. Figure 1 shows a frequency histogram of the
wintertime NAO index from 1901 to 2000, for which

the average value is 0.45. We identified positive and
negative phases as those values that differed from the
average by at least ��. On this basis, 16 yr were iden-
tified as having positive phases and 16 as having nega-
tive phases. The positive phases are in 1903, 1905, 1910,
1913, 1920, 1925, 1957, 1961, 1967, 1983, 1989, 1990,
1992, 1994, 1995, and 2000; the negative phases are in
1917, 1936, 1940, 1941, 1947, 1955, 1956, 1962, 1963,
1964, 1965, 1969, 1971, 1977, 1979, and 1996.

d. Statistical analysis

For both positive and negative phases of the NAO,
we calculated the average values of the SPI at different
time scales for the different homogeneous regions. We
then used the Wilcoxon–Mann–Whitney rank-sum test
(Siegel and Castelan 1988; Wilks 2006) to determine
whether the SPI averages at different time scales rep-
resented significantly humid or dry conditions during
the positive and negative phases. The Wilcoxon–Mann–
Whitney rank-sum test is based on ranks that do not
require normally distributed samples; it is slightly less
powerful than parametric tests such as the t test (Helsel
and Hirsch 1992). Although the SPI is a normalized
variable for the entire series, the normality of the
sample cannot be guaranteed, and the distribution may
be biased when a sample of years is extracted (i.e., the
SPI values during positive and negative years). For this
reason, the use of a nonparametric test is more conve-
nient.

The sample that comprised SPI values for each of the
months of the positive/negative years was compared
with the values of SPI for months of normal years
(those years within the rank �� � NAO � ��) and
months of years with the opposite sign. The significance
level was established at 	 � 0.05.

FIG. 1. Frequency histogram of the winter NAO index is shown
(December–March). Vertical solid and dotted lines indicate the
average and �1 standard deviation.
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Finally, we analyzed differences in the SPI averages
during NAO phases between the periods of 1901–50
and 1951–2000 to determine possible temporal changes
in the influence of NAO phases on drought conditions.
The Wilcoxon–Mann–Whitney rank-sum test was also
used in this analysis.

3. Results

a. Homogeneous European regions identified from
monthly precipitation series (1901–2000)

Figure 2 shows the results of the PCA of precipita-
tion series for the entire European continent. The first
17 rotated components explain more than 70% of the
variance, while the 18th component explains less than
1% of the total variance. Accordingly, the first 17 com-
ponents were retained for further analysis. Between the
first and second components the most important de-
crease is identified, but between the seventh and eighth
components there is also a sharp decrease in the total
variance explained by each component. This indicates
that the first seven components have a higher spatial
representativeness.

Figure 3 shows the spatial distribution of the rotated
loadings that correspond to each component (correla-
tion between each rotated component and the time
series of monthly precipitation for each pixel). This
allows us to identify the areas represented by each com-
ponent.

Because loadings do not overlap, they enable the
identification of spatially coherent homogeneous re-
gions. Using the maximum loading rule, it is possible to
classify the European region in terms of the 17 selected
regions. Figure 4 shows the homogeneous regions ob-
tained following this approach. Each region is repre-

sented by a unique series of monthly precipitation data
for the period of 1901–2000 in terms of the average
value of whole pixels of the region of interest.

Figure 5 shows the temporal evolution of annual pre-
cipitation values in the 17 regions. We analyzed these
data for significant trends over the entire period and for
significant differences between the 1901–50 and 1901–
2000 periods. In this analysis, we used the nonparamet-
ric Spearman test because of its advantages over other
tests (Lanzante 1996). Significant trends (	 � 0.05)
over the period of 1900–2000 were only recorded
in regions 1 (Finland and Sweden; Rho � 0.368), 5
(Ireland and United Kingdom; Rho � 0.21), 8 (central
Norway; Rho � 0.34), 10 (westernmost Norway; Rho �
0.25), and 12 (north Norway; Rho � 0.44). All of these
regions are located in northern Europe (Scandinavia
and the British Isles), and all show a temporal increase
in precipitation rates. Nevertheless, we only found sig-
nificant differences between the average precipitation
values for 1901–50 and 1951–2000 (Wilcoxon–Mann–
Whitney test, 	 � 0.05) for regions 1 (Finland and Swe-
den), 8 (central Norway), and 12 (northern Norway).

Figure 6 shows examples of the evolution of the SPI
at time scales of 1, 3, 6, and 12 months for regions 5
(Ireland and United Kingdom) and 6 (Iberian Penin-
sula). The frequency of dry and humid periods changes
as a function of time scale. The longer time scales (e.g.,
12 months) show less frequent but longer dry periods
(SPI � 0). Shorter time scales (e.g., 3 months) show an
increase of the frequency of dry periods but a reduction
in their duration.

b. Response of drought to positive and negative
phases of the NAO

Figure 7 shows a detailed example of the average
values of the SPI at time scales of 1, 3, 6, and 12 months,
corresponding to the positive (Fig. 7a) and negative
(Fig. 7b) phases of the NAO in region 5 (Ireland and
the United Kingdom). Positive averages indicate humid
conditions, whereas negative values are indicative of
droughts. Significant differences in the average values
vary in magnitude and appear in different months, de-
pending on whether they correspond to positive or
negative phases. There are also important differences
related to the time scale of the SPI.

Figure 8 summarizes this behavior for the 17 regions
and the 12 time scales of the SPI (1–12 months). Aver-
age values of the SPI corresponding to the positive
(Fig. 8a) and negative (Fig. 8b) phases of the NAO
are shown for the period between December (1) and
November (12). The number of each region corre-
sponds to that indicated in Fig. 4. In general, there are
marked differences between different regions, time

FIG. 2. Results of the PCA from the monthly European pre-
cipitation series are shown. The total variance explained by each
component (columns) and the total accumulated variance (black
line) are shown.
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scales of the SPI, and positive and negative phases of
the NAO. The most significant results are listed below:

• In region 1 (large areas of Fennoscandia and the Bal-
tic states), droughts are associated with negative
NAO phases, whereas humid conditions occur during
positive phases. Nevertheless, the response varies ac-
cording to the month of the year and the time scale of
the SPI. During winter and spring months, significant
differences in the averages are only evident at short
time scales (�4 months). In summer and autumn,
strong positive (negative) SPI averages correspond to
positive (negative) phases. These anomalies are iden-
tified for time scales of between 6 and 12 months,
indicating the propagation of NAO effects through-
out the year when analyzed using long time scales for
the SPI.

• In region 3 (central Balkans), averages of the SPI are
dominantly negative (positive), corresponding to
positive (negative) phases of the NAO. Nevertheless,
significant differences are only recorded between
January and May for short time scales of the SPI. In
this region, the behavior of the NAO is quasi sym-
metrical between positive and negative phases, show-
ing similar months/time scales that record significant
differences in average SPI values.

• In region 5 (a large part of the British Isles), the sign
and magnitude of SPI values are clearly linked to the
occurrence of positive and negative phases of the
wintertime NAO. Droughts occur during the nega-
tive NAO, with above-average precipitation during
positive phases. Nevertheless, the response of SPI to
the positive and negative phases is asymmetrical. The
positive average SPI identified during the positive
phases shows a greater magnitude than the negative
averages recorded during the negative phases. More-
over, the time scales for which important anomalies
are identified change noticeably as a function of the
sign of the phases. Positive phases generally record
significant differences for most months and time
scales. During negative phases, the statistically sig-
nificant differences between SPI averages are
strongly dependent on the month and time scale em-
ployed.

• In region 6 (Iberian Peninsula), negative (positive)
averages of the SPI are associated with positive
(negative) phases of the NAO. This region has the
highest recorded anomalies in the SPI that are asso-
ciated with positive and negative phases of the NAO.
We also observe propagation of the averages
throughout the year when considering long time

FIG. 4. Homogeneous European regions according to the monthly precipitation obtained
by means of PCA and following the maximum loading rule.
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FIG. 5. Evolution of the annual precipitation in the 17 homogeneous regions is shown (1901–2000). The number of each region
corresponds to those indicated in Fig. 4.
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scales for the SPI. The magnitude of the anomalies is
greater during negative phases, suggesting an asym-
metric behavior in the response of the SPI to the
wintertime NAO.

• Region 7 (south Italy, Greece, and large areas of the
Balkans) also shows negative (positive) SPI averages
that correspond to positive (negative) phases of the
NAO. For this region, the magnitude and seasonal
distribution of droughts during positive phases is very
similar, or even more intense, to that observed for
region 6 (Iberian Peninsula); however, the magnitude
of positive and significantly different SPI averages
identified during the negative phases of the NAO is
less than that observed for region 6. Thus, the similar
(but opposite) behavior observed in the averages of
SPI between the positive and negative phases of the
NAO suggests a more linear response to the NAO
than that observed for region 6.

• In region 8 (central Norway), there is a marked asym-
metric response to the NAO. During positive phases
of the NAO, significant positive averages of SPI are
recorded as a function of the month of the year for
time scales ranging from 1 to 11 months. During
negative phases, average negative values dominate,

but with a lesser magnitude; this does not suggest the
occurrence of climatic droughts.

• Region 10 (westernmost Norway) shows a clear re-
sponse of the SPI to positive and negative phases of
the NAO: positive (negative) averages are associated
with positive (negative) phases. The observed pattern
shows the propagation of the effects of the NAO
throughout the year for the longest time scales of the
SPI.

• Regions 16 (eastern Bulgaria and Romania) and 17
(the south of France and northeast Spain) show the
same behavior as that recorded for most of southern
Europe: negative (positive) SPI averages associated
with positive (negative) phases of the NAO. In region
17, the SPI shows a symmetrical response to positive
and negative NAO phases. In contrast, positive
phases recorded for region 16 show average SPI val-
ues that are of lower magnitudes, and there are fewer
months and time scales for which the average values
are significantly different to those observed for nega-
tive phases.

Figure 9 shows an example for a certain time scale
and month: the average of the SPI at a time scale of 12

FIG. 6. Evolution of the SPI at the time scales of 1, 3, 6, and 12 months in regions (a) 5 (Ireland and United Kingdom) and (b) 6
(Iberian Peninsula) between 1901 and 2000.
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months in August during the positive and negative
phases of the NAO. The map was obtained by calcu-
lating the SPI from the precipitation series for each
10� pixel. Negative averages are recorded in southern
Europe during positive phases; these are significantly
different to those observed during other years that are
identified in areas of southern Europe, mainly within
the Iberian Peninsula and areas within the Balkans.
During negative phases, the SPI is dominantly positive
in southern Europe, and the extent of areas with sig-
nificant differences in SPI is greater than that observed
(with the opposite sign) during positive phases. In
northern Europe, positive phases have larger areas with
significant differences in the average SPI compared to
other years (normal and opposite sign) than negative
phases. Thus, in both cases, the response is more im-
portant during the phases that cause high precipitation
(positive in northern Europe and negative in southern
Europe). However, lines that delineate significant dif-

ferences in the average SPI indicate a high risk of per-
sistent droughts over the central Iberian Peninsula,
southern Greece, Italy, and the Adriatic coast during
positive NAO phases. During negative NAO phases,
the affected areas are northwestern parts of the United
Kingdom, western and southeastern Finland, and the
Baltic states.

Our results indicate that the effect of the positive and
negative phases of the NAO on the SPI is not solely
restricted to the winter months. To explain why sig-
nificant differences in SPI are recorded in spring,
summer, and even autumn, we analyzed the influence
of the positive and negative phases of the wintertime
NAO on atmospheric circulation during different
months of the year. To achieve this, we calculated the
average SLP anomalies (differences from the average)
for each month of the year (December–November)
during positive and negative phases of the wintertime
NAO.

FIG. 7. Average values of the SPI at the time scales of 1, 3, 6, and 12 in different months, corresponding to (a) positive and (b) negative
extreme phases of the NAO in the region 5 (Ireland and United Kingdom). Black columns indicate significant differences (	 � 0.05)
in the average values regarding the rest of years (normal years and years with the opposite sign).
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Figures 10 and 11 show the anomalies calculated for
each month during the positive and negative phases,
respectively. A clear average configuration of SLP
anomalies is only recorded during the winter months,
when positive SLP anomalies dominate in southern
Europe during positive phases; negative SLP anomalies
are recorded for northern Europe. During negative
phases, the opposite pattern is recorded in winter
months. Throughout the rest of the year, there are no
atmospheric configurations that clearly affect the spa-
tial distribution and total amount of precipitation.
Therefore, the observed influence of positive and nega-
tive phases of the NAO on droughts during a number of
the months of the year cannot be explained by the in-
fluence of the NAO on atmospheric circulation, and
hence on precipitation and drought conditions. Thus,
the influence of positive and negative phases of the
NAO on droughts recorded during several months of

the year must directly relate to the influence of these
phases on wintertime precipitation.

Figure 12 shows monthly averages of precipitation
for the entire study period (1901–2000) and for the
years that correspond to the positive and negative
phases of the wintertime NAO. It is evident that re-
gions for which the positive and negative phases of the
NAO have a greater impact on droughts show clear
differences in the average precipitation for positive and
negative phases. Areas for which drought conditions at
different time scales are identified for most of the
months of the year during positive phases [the Iberian
Peninsula (region 6), the Balkans (region 3), and south
Italy (region 7)] show noticeable differences in the av-
erage December–March precipitation recorded during
positive and negative phases. The same trend (but with
opposite sign) is also recorded for regions for which
negative phases lead to droughts [e.g., the United King-

FIG. 8. Average values of SPI are shown at time scales from 1 to 12 months between December (1) and November (12) during the
(a) positive and (b) negative NAO years in the 17 homogeneous regions. Black lines indicate significant differences (	 � 0.05) between
the average SPI during the positive/negative years and the rest of years (normal years and the opposite sign).
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dom and Ireland (region 5) and Scandinavia (regions 1,
10, and 11)]. In these regions, the average precipitation
in winter is higher during positive phases, with large
differences recorded between the positive and negative
phases.

c. Temporal differences in drought response to
positive and negative phases of the NAO
(1901–50 versus 1951–2000)

Figure 13 shows differences in SPI values for the pe-
riods of 1951–2000 and 1901–50, at time scales from 1 to
12 months, corresponding to positive (Fig. 13a) and
negative (Fig. 13b) phases of the wintertime NAO index.
Important differences between the two periods are re-
corded in several regions, indicating temporal changes
in the influence of positive and negative phases of the
NAO on droughts. This behavior also varies for differ-
ent time scales of SPI and for positive and negative phases
of the NAO. The main results are indicated below:

• Region 1 (large areas of Finland and Sweden) shows
a reinforcement of the influence of positive phases of
the NAO on the SPI at different time scales. This
indicates a general decrease in drought conditions
during the second half of the twentieth century. The
same pattern is identified for regions 8 (northern and
central Norway), 9 (areas of Lithuania, Latvia, and
Estonia, and northeastern Poland), 10 (westernmost
Norway), and 12 (northern Norway). Figure 14
shows, as a representative example, the average val-
ues of the SPI at the time scale of 12 months for
August during the positive and negative phases of the
NAO. The figure shows data for the periods of 1901–

50 and 1951–2000, as well as differences between the
two periods. During positive phases in the period of
1901–50, no large areas recorded significant differ-
ences in the average SPI values compared with the
remaining years. Thus, for most of Scandinavia the
SPI averages are close to zero. Nevertheless, over the
period of 1951–2000 there were dominantly positive
SPI averages for all of Scandinavia, which differs
from other years. This shows the strength of the in-
fluence of positive phases of the NAO on the SPI. In
contrast, negative phases of the NAO show a weaker
influence on the SPI during the second half of the
twentieth century. For Scandinavia, over the period
of 1901–50, negative phases resulted in negative SPI
averages that differed significantly from those ob-
tained for other years. Nevertheless, the average SPI
values for this region during the period 1951–2000 are
close to zero. This explains the positive differences in
SPI values associated with negative phases of the
wintertime NAO during the periods of 1951–2000
and 1901–50.

• Region 2 (large areas of central Europe, including
Germany, the Czech Republic, Holland, northern
Austria, and Poland) also shows reinforcement of the
influence of positive phases of the NAO, which tend
to produce more strongly positive values of the SPI,
mainly between the months of March and June. In
contrast, during negative phases, negative differences
in the SPI are dominant at all time scales.

• In region 4 (large areas of France and the northern
Iberian Peninsula), there is a weak increase in the
impact of positive phases of the NAO during 1951–

FIG. 9. Average values of SPI (12 months) in August during the positive and negative phases of the winter NAO.
Dotted lines indicate significant differences between the averages of SPI during the positive/negative phases of the
NAO and the rest of the years (normal and the opposite sign).
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2000 (positive difference in the SPI values between
the two periods). The differences observed during the
negative phases of the two periods are more impor-
tant, however, because they show a very important

decrease in values of the SPI (see Fig. 14). In con-
trast, negative phases during the period of 1951–2000
did not lead to an increase in the SPI because the
average values were close to zero.

FIG. 10. Average anomalies of SLP (differences regarding the average) during the positive extreme phases of the NAO are shown.

15 MARCH 2008 L Ó P E Z - M O R E N O A N D V I C E N T E - S E R R A N O 1233



• Region 5 (a large part of the British Isles) also
records dominantly positive differences in the SPI
averages for the periods of 1901–50 and 1951–2000,
indicating that positive phases were more likely to

produce positive values of the SPI in the second half
of the twentieth century. In contrast, during negative
phases the average SPI values are largely similar be-
tween the 1901–50 and 1951–2000 analysis periods.

FIG. 11. Average anomalies of SLP (differences regarding the average) during the negative phases of the NAO are shown.
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FIG. 12. Monthly average precipitation corresponding to the positive and negative phases of the NAO is shown. Also, the average
over the whole period is shown (1901–2000). The number of each region corresponds to those shown in Fig. 4.
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• Region 6 (most of the Iberian Peninsula) records the
most important influence of positive and negative
phases of the NAO over the twentieth century (Fig.
8). This behavior was very stable during the entire
analysis period, with differences between the two pe-
riods being close to zero, especially during positive
phases.

• Region 7 (southern Italy, Greece, and large areas of
the Balkans) records clear differences in average SPI
values between the periods of 1901–50 and 1951–2000
for both positive and negative NAO phases. There are
dominantly strong (��0.5) negative differences in the
SPI values as a consequence of the increasing influ-
ence of positive phases on the SPI during recent de-
cades. The opposite pattern is observed during nega-
tive phases, whose influence decreased over this period.

• Region 13 (northern Italy) shows a very clear pattern
that consists of strong negative differences in SPI

anomalies corresponding to positive phases of the
NAO for the periods of 1951–2000 and 1901–50. The
same behavior, although less intense, is observed
during negative phases. This region records the most
important changes between the first and second
halves of the twentieth century in terms of the influ-
ence of positive phases of the NAO on the SPI. The
same behavior is also observed in region 17 (the
south of France and northeastern Spain); however, in
this region the temporal trend is the opposite to that
recorded in Italy: negative differences indicate that
the influence of the positive phases of the NAO was
weak during 1901–50 and strong during 1951–2000.

To explain the observed spatial patterns of the influ-
ence of positive and negative phases of the NAO on the
SPI during the 1901–50 and 1951–2000 periods, we cal-
culated the differences in the average wintertime SLPs

FIG. 13. The difference [(1951–2000) � (1901–50)] in the average values of SPI at time scales from 1 to 12 months between December
(1) and November (12) during the (a) positive and (b) negative extreme phases of the NAO in the 17 homogeneous regions is shown.
Black lines indicate significant differences (	 � 0.05) between the average SPI during the positive and negative years between the first
and the second half of the twentieth century.
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for the two periods. Figure 15 shows these differences
for positive (Fig. 15a) and negative (Fig. 15b) phases.

During positive phases, there is a clear spatial con-
figuration that is similar for all months except Febru-
ary. The differences recorded between the first and sec-
ond halves of the twentieth century indicate a reduction
in pressure (average decrease from �2 to �6 hPa) in
Scandinavia for positive phases. In contrast, an increase
in pressure (from 2 to 6 hPa) was recorded for south-
western Europe. During positive phases in the second
half of the twentieth century, these changes reinforced
flows from the northwest, and these flows affected most
of Europe. This reinforcement was most pronounced in
March.

The regions subjected to these flows (Scandinavia,
the northwest parts of the United Kingdom, and areas
of central Europe) were regions that recorded an in-
crease in SPI during positive phases of the NAO.

For large areas of eastern Europe, the reduction in
SPI values during positive phases can also be explained
by changes in the SLP configurations, because precipi-
tation in this sector is not driven by northwest flows,
which have increased during the positive phases be-
tween the first and second halves of the twentieth cen-
tury. Figure 15b shows the differences in the average
SLP values corresponding to negative phases of the
NAO during the first and second halves of the twenti-
eth century. The figure reveals a decrease in SLP values
in northern Europe, mainly in Scandinavia, and an in-
crease in central and southern Europe. These results
indicate the attenuation of the pressure fields, which is
typically associated with negative phases of the NAO
during winter. This explains the generally reduced im-
pact of negative NAO phases recorded in the most of
the considered regions. The opposite pattern is ob-
served for positive NAO phases. Although the spatial

FIG. 14. Average values of SPI12 in August during the positive and negative phases of the winter NAO in the 1901–50 and 1951–2000
periods are shown. Also, the difference between both periods is shown. Black lines indicate significant differences (	 � 0.05) between
the SPI average during the positive/negative phases of the NAO and the rest of the years (normal and the opposite sign), and also
between the first and the second half of the twentieth century for the maps of the differences.
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patterns of SLP and associated flows vary between dif-
ferent months, Scandinavia recorded a strengthening of
northwest and west flows that explains the arrival of
more humid influences to the region and an increase in
SPI values. The decrease in SPI values recorded over
large areas of western and central Europe is possibly
related to the generally positive SLP differences re-
corded in this region during the negative phases.

4. Discussion and conclusions

The results of our analysis demonstrate that the re-
sponse of droughts to positive and negative phases of
the NAO vary spatially and also depend on the month
and decade and time scale of the SPI. In general, during
positive phases, negative SPI averages are recorded in
southern Europe and positive averages are recorded in
northern Europe (Scandinavia and the United King-
dom), whereas the opposite trends occur during nega-
tive phases. This observation is in agreement with the
general and widely known behavior of the effects of the
NAO on precipitation throughout the entire European
continent (e.g., Hurrell and Van Loon 1997; Trigo et al.
2002).

Beyond the general spatial variations in the influence
of the NAO on precipitation throughout Europe, this
paper highlights the outstanding influence of positive
and negative phases of the wintertime NAO on drought
conditions during the succeeding months. Thus, we
found significant differences in the SPI averages (com-

pared to normal years and years with the opposite sign)
for spring, summer, and even autumn months. In the
areas of the Iberian Peninsula, southern Italy, and the
Balkans, strong negative SPI averages, indicative of se-
vere drought conditions, are recorded in summer and
autumn during positive phases, when medium and long
time scales of SPI (6–12 months) are considered. The
same trends are recognized for Sweden, Finland,
Lithuania, Latvia, and western Norway as a response to
the negative phases of the NAO. The fact that this
behavior is found in several regions is indicative of the
important impact of positive and negative phases of the
wintertime NAO on usable water sources throughout
the year. In other regions, negative average values of
SPI are recorded at shorter time scales (2–5 months)
during the spring (e.g., large eastern European regions
during positive phases of the NAO and southern Nor-
way during negative phases).

We have found that there is a prevalence of either
maximum or minimum values of the SPI along the di-
agonal shown in Fig. 8, with some differences depend-
ing on the regions. This fact is related to the importance
of winter precipitation regarding to the total annual
amounts. In southern Europe, where the bulk of the
precipitation comes during winter, differences in winter
precipitation between positive and negative phases is
very important (shown in Fig. 12), and this behavior has
a noticeable impact on drought condition during the
succeeding months. Nevertheless, the same is true in
large areas of Fennoscandia and the Baltic states,

FIG. 15. Differences in the average anomalies of SLP during the (a) positive and (b) negative extreme phases of the NAO between
the 1951–2000 and 1901–50 periods are shown.
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where the precipitation maxima occur during late sum-
mer. The reason for this might also be related to the
differences in average winter precipitation between
positive and negative phases of NAO in winter. How-
ever, differences in the winter precipitation as a func-
tion of the sign of the NAO are less important than that
observed in southern Europe, and reinforcement and
maintenance of droughts throughout the year may be
also related to less precipitation in summer during the
negative NAO phases in winter, as shown in Fig. 12.

Previous studies have shown that the time scales of
the SPI have a direct relationship with usable water
sources, such as soil moisture, river discharge, and res-
ervoir storage (Vicente-Serrano and López-Moreno
2005; Vasiliades and Loukas 2006). In general, the long
time scales of the SPI are related to reservoir storage
and river discharge, whereas short time scales are re-
lated to variability in soil moisture (Sims et al. 2002).
Therefore, positive phases of the NAO lead to drought
conditions in terms of soil moisture during winter and
spring and hydrological droughts (reduction in river
discharge and the levels of reservoir storages) in sum-
mer and autumn in regions within southern Europe. In
northern Europe, these trends occur during negative
phases.

The above results are in agreement with the observed
response of hydrological systems to the NAO in several
European regions. Cherry et al. (2005) described how
negative phases of the NAO have a strong negative
impact on river flow and hydropower production in
Scandinavia. Wedgbrow et al. (2002) demonstrated a
negative relationship between the wintertime NAO in-
dex and summertime river flow rates in Britain.
Hyvärinen (2003) found relationships between sum-
mertime flow rates and the wintertime NAO in Finland
and Iceland, respectively. In a study of southern Eu-
rope, Trigo et al. (2004) documented a lag time of 2–3
months in the response of river discharge to NAO posi-
tive and negative phases in the Atlantic basins of the
Iberian Peninsula. In a study of the Tagus basin within
the Iberian Peninsula, López-Moreno et al. (2007), re-
ported that the impact of positive and negative phases
of the NAO on river discharge and the levels of storage
reservoirs is neither instantaneous nor restricted to the
winter months. Thus, the decrease in the amount of
water stored in the reservoirs during negative phases of
the NAO is especially severe during the summer and
autumn, whereas in winter and spring the amount of
stored water is similar to that of normal years. Accord-
ingly, clear anomalies in average SPI values calculated
at medium–long time scales observed for several re-
gions during the summer and autumn agree with the
observed response of river discharge and the levels of

storage reservoirs to the NAO in the same regions. This
raises the possibility of the joint use of the NAO index
and the SPI as a means of predicting and monitoring
hydrological droughts in these areas.

Previous authors have shown a connection between
wintertime circulation patterns and patterns of atmo-
spheric circulation in other months (Ogi et al. 2004).
Although Ogi et al. (2003) described the impact of the
wintertime NAO on summertime atmospheric circula-
tion, this is not evident in the positive and negative
phases analyzed throughout the twentieth century. We
failed to observe clear patterns of SLP during the
months following positive and negative winters of the
NAO. Accordingly, the anomalies in average SPI val-
ues found at medium–long time scales in spring, sum-
mer, and autumn in certain regions, mainly in south-
western Europe, are related to the important influence
of positive and negative phases of the NAO on winter-
time precipitation, which leads to significant differences
in the total amount of precipitation that occurs during
the positive and negative phases.

Another important result observed for multiple re-
gions is the fact that the magnitude of anomalies in
average SPI values differs between positive and nega-
tive phases of the NAO. This indicates the asymmetric
response of droughts to the NAO. The asymmetric in-
fluence of the NAO on other climate variables has been
identified over all of Europe for temperature (Pozo-
Vázquez et al. 2001) and solar radiation (Pozo-Vázquez
et al. 2004).

Several examples of the asymmetric response of cli-
mate to atmospheric circulation patterns can be observed.
Thus, the drought response to El Niño–Southern
Oscillation in Europe is markedly asymmetric (see
Vicente-Serrano 2005, and references therein), which is
related to the different anomalies in the pressure pat-
terns corresponding to El Niño and La Niña years
(Pozo-Vázquez et al. 2005). Also, for the NAO, some
asymmetric effects on precipitation have been observed
in Europe, which could explain the asymmetric re-
sponse of droughts throughout the year observed in this
study. Muñoz-Díaz and Rodrigo (2003, 2004) showed
that in Spain there are noticeable changes in the total
amount of precipitation as a function of the positive
and negative phases of the NAO, but there is also an
important change in the probability of occurrence of
climate categories of rainfall. Thus, Gallego et al.
(2005) have shown that the strong influence of the
NAO on southern Europe is mainly due to the effect of
the winter NAO on intense rainfall events, which are
more frequent during the negative extreme phases. The
opposite would occur in northern Europe, with a
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greater frequency of extreme events corresponding the
positive phases (Haylock and Goodess 2004). Recently,
Pires and Perdigão (2007) have assessed asymmetry
within the statistical response of the winter precipita-
tion to the NAO over the North Atlantic–European
region. They found that near the central North Atlan-
tic, around 40°N, 20°W, and southeast of Iceland, the
correlation is much stronger in the wet-favorable re-
gime, with negative phases of the NAO in the first lo-
cation and positive phases in the second location. On
the contrary, around 42°N, 48°W in the western North
Atlantic and in the western Mediterranean near 36°N,
the correlation is only relevant for the dry-favorable
positive phases. These authors have shown that there
are some coherent regions where the nonlinear compo-
nent of the response of winter precipitation to the NAO
is more important. Moreover, the detected asymmetric
response can be also related to asymmetries in the geo-
potential height as a function of the positive and nega-
tive phases. Thus, Wu et al. (2006) demonstrated an
asymmetric relationship between the Arctic Oscillation
(AO) and the wintertime climate of North America.
The authors showed that the 500-mb geopotential
height (Z500) and surface air temperature (SAT)
anomalies reveal a pronounced asymmetry in the atmo-
spheric patterns associated with positive and negative
phases of the AO.

Finally, we also documented that the effects of posi-
tive and negative phases of the NAO on droughts
within the European continent at different time scales
were not stable during the twentieth century. In gen-
eral, the influence of positive phases of the NAO on
droughts is strengthened in the second half of the twen-
tieth century compared to the influence in the period of
1901–50. In contrast, the negative phases of the winter-
time NAO show a weaker influence on the SPI during
the second half of the twentieth century. This behavior
is related to changes in the SLP patterns associated with
positive and negative phases of the NAO during the
first and second halves of the twentieth century. The
pattern shows a reinforcement of negative pressure
anomalies and more frequent strong northwest flows
associated with positive phases of the NAO during the
second half of the twentieth century. The main conse-
quence of these trends is an increase in the frequency of
humid conditions in northern Europe (Scandinavia, the
United Kingdom, and northern Germany), and an in-
crease in the frequency of drought conditions in area of
southern Europe, including the Iberian Peninsula.

Negative phases also recorded strong northwest and
north flows and an increase in SLP over large areas of
western and central Europe. This trend explains the
observation that less humid conditions were recorded

in central and southern Europe during the negative
phases of the NAO in the second half of the twentieth
century. This trend also explains the fact that negative
SPI values recorded for northern Europe were not rec-
ognized as a response to these phases in the second half
of the century.

The northern European areas, where a significant
positive trend in annual precipitation is recorded, rep-
resent the areas that record the main changes in the
influence of positive and negative phases of the NAO
on droughts throughout the twentieth century. These
changes include an increase in the frequency of humid
conditions in response to positive phases and a decrease
in the frequency of dry conditions in response to nega-
tive phases. These observations highlight the important
role of the positive and negative phases of the NAO,
and temporal variations in the phases, in explaining the
positive trend toward more humid conditions that is
recorded in some northern regions.

The observed temporal changes in the influence of
the NAO on different key climate parameters in Eu-
rope have been identified previously (e.g., Polyakova et
al. 2006; Chen and Hellström 1999; Slonosky et al. 2001;
Jones et al. 2003; Osborn et al. 1999), but there has not
been a definitive explanation to provided the physical
causes or the connections of this behavior. Slonosky et
al. (2001) showed that periods of high or low correla-
tion between NAO and climate variables in Europe are
not systematically associated with the mean strength or
variability of the circulation. Nevertheless, these au-
thors showed a 50–60-yr cycle in the strength of the
correlation of temperatures and NAO in northern Eu-
rope, which might possibly be related to North Atlantic
air–sea dynamics, or variability in the themohaline cir-
culation, an interesting result given the 50-yr cycles in
the model studies of the convective overturning of the
thermohaline circulation in the northern North Atlantic
(Delworth et al. 1993).

Moreover, it is possible that these changes in the
circulation–climate relationships are caused by external
climate forcing, such as volcanic activity. Variations in
local climate may be responding to changes in circula-
tion index strength, but may also be due to competing
influences from other circulation types. In the present
paper, we have shown that the instability of the influ-
ence of the NAO is related to changes in the charac-
teristics of the positive and negative phases, which in
turn lead to modifications in SLP patterns associated to
the NAO phases between the first and second half of
the twentieth century. Portis et al. (2001) showed that
position and intensity of main pressure centers that
characterize NAO change noticeably between season,
which is also the case for the NAO–climate relation-
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ships. The observed modifications in the SLP patterns
corresponding to the positive and negative phases of
the NAO between the first and the second half of the
twentieth century might also suggest interdecadal
changes in the position of these main pressure centers,
explaining observed changes in the NAO–drought re-
lationships. In any case, further work remains to be
done to investigate the circulation dynamics, which may
cause the nonstationary influence of the NAO on cli-
mate. Although teleconnection indices such as the
NAO have been widely used to predict drought condi-
tions with a high degree of reliability (e.g., Cordery and
McCall 2000; Rodwell 2003), we have demonstrated an
important instability in the influence of positive and
negative phases of the NAO on Europe-wide droughts.
This instability complicates the prediction and manage-
ment of droughts based solely on the wintertime NAO
index. Further research is needed to determine the fac-
tors that control temporal changes in the influence of
NAO phases on droughts. Moreover, other teleconnec-
tion patterns, such as ENSO (Vicente-Serrano 2005;
Lloyd-Hughes and Saunders 2002a) and east Atlantic–
west Russia (EAWR; Krichak and Alpert 2005), also
have an important influence on variability in precipita-
tion and droughts in some European regions.
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