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across Europe. Lagged correlations of the NAO and WI 
with the SPEI also indicate enough skill of both indices to 
anticipate drought severity several months in advance. As 
long as instrumental series of the NAO and WI are avail-
able, their combined use would allow inferring European 
drought variability for the last two centuries and improve 
the calibration and interpretation of paleoclimatic proxies 
associated with drought.
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Evapotranspiration · Standardized Precipitation 
Evapotranspiration Index · NAO · SPEI · Non-stationary · 
Drought proxies · Westerly Index

1 Introduction

Drought is one of the most important natural hazards affect-
ing Europe. It causes noticeable environmental damages, 
including forest mortality (Carnicer et al. 2011), risk of for-
est fires (Pausas 2004) and potential land degradation and 
desertification processes (Vicente-Serrano et al. 2012a). 
Moreover, economic losses associated with droughts have 
substantially increased in the past two decades, rising to 
EUR 6.2 billion year−1 (EEA 2010). For these reasons, the 
scientific research on droughts is a priority, and different 
pan-European initiatives have been promoted to improve 
drought monitoring and early warning, such as the Euro-
pean Drought Observatory (http://edo.jrc.ec.europa.eu/; last 
accessed 5 November 2014) and drought forecasting prod-
ucts derived from the variable resolution ensemble pre-
diction system of the European Centre for Medium range 
Weather Forecast (ECMWF) (Singleton 2012).

Nevertheless, despite the efforts in developing physi-
cally-based drought forecasts, the skill of models is usually 

Abstract This paper analyses the influence of different 
atmospheric circulation indices on the multi-scalar drought 
variability across Europe by using the Standardized Precipi-
tation Evapotranspiration Index (SPEI). The monthly circu-
lation indices used in this study include the North Atlantic 
oscillation (NAO), the East Atlantic (EA), the Scandinavian 
(SCAN) and the East Atlantic–Western Russia (EA–WR) 
patterns, as well as the recently published Westerly Index 
(WI), defined as the persistence of westerly winds over 
the eastern north Atlantic region. The results indicate that 
European drought variability is better explained by the 
station-based NAO index and the WI than by any other 
combination of circulation indices. In northern and central 
Europe the variability of drought severity for different sea-
sons and time-scales is strongly associated with the WI. On 
the contrary, the influence of the NAO on southern Europe 
droughts is stronger than that exerted by the WI. The cor-
relation patterns of the NAO and WI with the SPEI show 
a spatial complementarity in shaping drought variability 

 * Sergio M. Vicente-Serrano 
 svicen@ipe.csic.es

1 Instituto Pirenaico de Ecología, Consejo Superior de 
Investigaciones Científicas (IPE-CSIC), Campus de Aula 
Dei, P.O. Box 13034, 50059 Zaragoza, Spain

2 Stratospheric and Tropospheric Research and Modelling 
(STREAM) Group, Dpto. Física de la Tierra, Astronomía y 
Astrofísica II, Universidad Complutense de Madrid, Madrid, 
Spain

3 Instituto de Geociencias (IGEO, CSIC, UCM), Madrid, Spain
4 Estación Experimental de Aula Dei, Consejo Superior de 

Investigaciones Científicas (EEAD-CSIC), Zaragoza, Spain
5 Environmental Physics Laboratory, Universidade de Vigo, 

Ourense, Spain

http://edo.jrc.ec.europa.eu/
http://crossmark.crossref.org/dialog/?doi=10.1007/s00382-015-2875-8&domain=pdf


846 S. M. Vicente-Serrano et al.

1 3

low, given the strong variability of European droughts and 
the complex climate forcing interactions at regional scales. 
For these reasons, a better understanding of the driving 
mechanisms of drought variability in Europe is crucial, 
since they may bring some improvement in monitoring and 
in the statistical forecasting of droughts (e.g., http://www.
cpc.ncep.noaa.gov/products/expert_assessment/sdo_sum-
mary.html; last accessed 5 November 2014).

Atmospheric circulation is one of the key drivers of 
droughts. The atmospheric patterns associated with Euro-
pean droughts are complex though, mainly due to the dif-
ferent spatial scales involved, from the general atmos-
pheric circulation (Van der Schrier et al. 2006), to synoptic 
weather types (Vicente Serrano and López-Moreno 2006). 
The North Atlantic oscillation (NAO) is the main atmos-
pheric circulation pattern in the North Atlantic sector, and 
affects the surface climate of large parts of Europe (Wan-
ner et al. 2001; Trigo et al. 2002; Hurrell et al. 2003). Sev-
eral studies have shown the strong influence of the NAO 
on drought variability across Europe (e.g., Van der Schrier 
et al. 2006; López-Moreno and Vicente-Serrano 2008; 
Sousa et al. 2011), even suggesting some skill of this index 
on drought forecasting (e.g., Santos et al. 2014). However, 
the NAO impact on drought across Europe displays notice-
able spatial differences, being strong in Southern Europe 
but weak in other European areas (Trigo et al. 2002). This 
stresses the need of exploring other atmospheric indices 
to explain drought variability across entire Europe and 
explore its stationarity. Studies have suggested the influ-
ence of other Northern Hemisphere atmospheric circulation 
patterns on European drought variability at the regional 
level. Among them, the most important ones are the East 
Atlantic Pattern (EA), the Scandinavian Pattern (SCAN) 
and the East Atlantic–West Russian Pattern (EA–WR) 
(Barnston and Livezey 1987; Trigo and Palutikof 2001). 
These indices influence the surface climate over large 
regions of Europe (e.g., Trigo and Palutikof 2001; Trigo 
et al. 2008; Comas-Bru and McDermott 2014) and show a 
clear connection with drought variability (e.g., Sousa et al. 
2011; Van der Schrier et al. 2006; Kingston et al. 2014; 
Ionita 2014), thus suggesting that they could spatially com-
plement the NAO signal in drought variability across the 
continent. A major shortcoming of these indices is the short 
period of data availability (roughly, from the mid twenti-
eth century), which restricts their use for long-term cli-
mate studies and the assessment of low-frequency (multi-
decadal) variability of droughts. On the contrary, monthly 
NAO time series from instrumental records extend back to 
the beginning of the nineteenth century (Jones et al. 1997). 
For this reason, investigations focusing on the long-term 
variability of droughts and precipitation in Europe have 
mainly used the NAO as the only indicator of the influence 
of atmospheric circulation on the European climate (e.g., 

Vicente-Serrano and López-Moreno 2008a). In addition to 
instrumental-based NAO indices, there are also multi-proxy 
reconstructions of the NAO and other circulation indices 
based on long historical instrumental series and indirect 
indicators (e.g., tree-rings, ice cores, documentary sources, 
etc.), which allow extending its record beyond the nine-
teenth century (e.g., Luterbacher et al. 1999, 2002; Folland 
et al. 2009). However, these reconstructions often involve 
large uncertainties in the NAO estimations and important 
discrepancies among them (e.g., Schmutz et al. 2000). This 
stresses the importance of recovering historical instrumen-
tal data in order to provide a more accurate representation 
of the atmospheric mechanisms driving drought variability 
in Europe.

Barriopedro et al. (2014) have recently developed an 
atmospheric circulation index called the Westerly Index 
(WI), which measures the frequency of days with westerly 
winds over the English Channel. The advantage of the WI 
regarding the NAO is related to the availability of records 
back to the seventeenth century. The WI shows a robust 
signal on precipitation and temperature over large parts of 
Europe, and Barriopedro et al. (2014) found that the WI 
and the NAO are complementary in terms of their informa-
tion on the atmospheric circulation over the Euro-Atlantic 
sector, and their associated impacts on temperature and 
precipitation.

In this study we have used a synthetic drought index 
(the Standardized Precipitation Evapotranspiration Index: 
SPEI), obtained on different time-scales, to analyse the 
impact of the WI on drought variability across Europe, and 
to compare it with the NAO signal and further circulation 
patterns that are relevant for the European climate (Clinet 
and Martin 1992; Wibig 1999; Qian et al. 2000). Previous 
studies on this topic have only focused on precipitation 
data (Hurrell and Van Loon 1997; Zveryaev 2006), precip-
itation-derived drought indices, like the Standardized Pre-
cipitation Index (SPI) (López-Moreno and Vicente-Serrano 
2008) or other drought indices, such as the Palmer Drought 
Severity Index (PDSI, Van der Schrier et al. 2006; Sousa 
et al. 2011), which do not consider multiple time-scales that 
characterize droughts (McKee et al. 1993). As an important 
novelty, this study provides a step forward in the body of 
knowledge on drought severity by using the SPEI, which 
accounts for two essential components of droughts: (1) the 
atmospheric evaporative demand, which allows interpreting 
drought as an imbalance between water availability and the 
water demand and (2) different drought time-scales, which 
characterize different drought types and impacts (e.g., 
Vicente-Serrano et al. 2013; Lorenzo-Lacruz et al. 2013).

The spatio-temporal variability of droughts across 
Europe is pronounced (e.g., Lloyd-Hughes and Saunders 
2002) and the time scale over which water deficits accu-
mulate is crucial for the assessment of drought impacts on 

http://www.cpc.ncep.noaa.gov/products/expert_assessment/sdo_summary.html
http://www.cpc.ncep.noaa.gov/products/expert_assessment/sdo_summary.html
http://www.cpc.ncep.noaa.gov/products/expert_assessment/sdo_summary.html
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different hydrological systems. In this sense, the SPEI has 
shown capacity to detect different drought impacts on a 
suite of hydrological, agricultural and ecological variables 
at the global scale (including Europe) better than drought 
indices only based on precipitation (Vicente-Serrano 
et al. 2012b). The influence of the SPEI on these hydro-
ecological systems occurs on different time-scales, since 
the period from the arrival of water inputs to usable water 
resources differs among systems (McKee et al. 1993). Soil 
moisture (Scaini et al. 2014), streamflow (Haslinger et al. 
2014), reservoir storages (Lorenzo-Lacruz et al. 2010), 
crop productions (Potop et al. 2012) and vegetation dynam-
ics (Camarero et al. 2013; Ivits et al. 2014) are among the 
variables correlated with SPEI and other drought indices. 
These variables are influenced by the atmospheric circu-
lation and the persistence of anomalous situations, which, 
in turn, can be summarized in several circulation indices. 
This stresses the importance of assessing the relationships 
between atmospheric circulation indices and the SPEI vari-
ability, since these relationships can be useful to identify 
different drought-related impacts.

The objectives of this study are: (1) to assess the 
response of SPEI on different time-scales to various indi-
ces that characterize atmospheric circulation variability 
over Europe for 1950–2008; (2) to compare the NAO and 
WI signals in the multi-scalar SPEI over a longer period 
(1900–2008); and (3) to determine the temporal stability 
and changes in the spatial pattern of these relationships 
over this period. We also explore the possible predictability 
of droughts in Europe by considering different lags among 
atmospheric circulation indices and drought time-scales, 
which could also open the opportunity for improving 
drought early warning across the continent.

2  Datasets and methods

2.1  Drought data

To determine drought severity across Europe, we have used 
the monthly SPEI (Vicente-Serrano et al. 2010a). The SPEI 
is especially well suited for studies analyzing the effect 
of global warming on drought severity. The SPEI consid-
ers the effect of reference evapotranspiration on drought 
severity and, different to the PDSI, enables identification 
of different drought types and impacts on diverse systems 
(Vicente-Serrano et al. 2012b, 2013). Vicente-Serrano et al. 
(2010a, b, 2011a, 2012b, 2015) and Beguería et al. (2014) 
provided complete descriptions of the physical rationale 
behind the SPEI, the computational details, and compari-
sons with other widely-used drought indicators such as 
the PDSI (Palmer 1965) and the SPI (McKee et al. 1993). 
The SPEI measures the “climatic water balance” as the 

difference between available water (i.e., precipitation, P) 
and the atmospheric water demand (or reference evapo-
transpiration, ETo), and therefore provides a more reliable 
measure of drought severity than precipitation alone. The 
climatic water balance is calculated at various time scales 
(i.e. over 1-, 2-, 3-months, etc.), and the resulting values are 
fit to a log-logistic probability distribution to transform the 
original values to standardized units that are comparable in 
space and time and at different SPEI time scales. Negative 
SPEI values represent below-normal (dry) conditions and 
positive values represent above-normal (humid) conditions.

Some authors have criticized the SPEI in relation to the 
PDSI, arguing that the SPEI does not represent soil water 
content (Dai 2011; Joetzjer et al. 2013). However, the 
SPEI represents departures from the climatological balance 
between water availability and atmospheric water demand, 
and it is therefore different from the PDSI, which rather 
estimates the soil moisture budget through a simplified 
model (Beguería et al. 2014). Moreover, the SPEI is not 
affected by problems of spatial comparability, as is the case 
of PDSI (Guttman 1998; Vicente-Serrano et al. 2010b), 
and is perfectly comparable among sites and time scales. 
In addition, the SPEI has showed better capacity than other 
drought indices to identify drought impacts in a variety of 
agricultural, hydrological and ecological systems at the 
global scale (Vicente-Serrano et al. 2012b).

The SPEI has been obtained from the global SPEI data-
base (SPEIbase, Beguería et al. 2010) at the spatial reso-
lution of 0.5° and the period 1902–2008 (http://sac.csic.es/
spei/database.html; last accessed 5 November 2014). The 
SPEI is calculated from monthly precipitation and ETo data 
(TS3.20 version) of the Climatic Research Unit (CRU) of 
the University of East Anglia. ETo is based on the FAO-56 
Penman–Monteith estimation (Allen et al. 1998), which is 
directly calculated by the CRU. To explore the multi-sca-
lar character of drought variability, we have used the SPEI 
time series for 3-, 6-, 9- and 12-month time-scales.

2.2  Atmospheric circulation indices

The WI is defined as the proportion of days in a month 
with prevailing wind direction from the west quadrant over 
the English Channel (cf. [−10, 5]°E, [48, 52]°N), and is 
the longest instrumental record of atmospheric circulation 
over the eastern Atlantic to date (1685–2008). It has been 
obtained from daily marine observations of wind direc-
tion only by using the Royal Navy ships’ logbooks for the 
1685–1850 period and the CLIWOC v1.5 and the ICOADs 
v2.1 datasets since 1851 (see Wheeler et al. 2010; Barrio-
pedro et al. 2014 for further details). In this study, we have 
used monthly time series of the WI for the period 1902–
2008. Different to other zonal circulation indices such as 
the Paris-London index or Western Europe zonal index 

http://sac.csic.es/spei/database.html
http://sac.csic.es/spei/database.html
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(Slonosky et al. 2000; Cornes et al. 2012; Luterbacher et al. 
1999), the WI is more sensitive to the direction of the true 
wind than to the strength of its geostrophic component. 
Overall the WI is more strongly related to precipitation 
anomalies mainly in northern Europe than the NAO or the 
Paris–London index (see Barriopedro et al. 2014 for further 
discussion). An advantage of the WI is that the associated 
signal (mainly in precipitation) is robust through the year, 
and also that its record can be extended further back in time 
than that of the NAO or even the one of the Paris–London 
index (which has frequent missing data in the seventeenth 
century). In addition, and different to indices based on 
pressure data, the WI does not require correction or calibra-
tion. See Barriopedro et al. (2014) for further discussion on 
this issue.

Different NAO indices are available in the literature. 
Monthly series of the NAO can be obtained as: (1) the 
pressure difference between two fixed stations located 
in the northern and southern North Atlantic area (NAOi, 
hereafter; e.g., Hurrell et al. 2003), or (2) the leading 
mode of atmospheric circulation variability, as obtained 
from a Rotated Principal Component Analysis (RPCA) of 
either sea-level pressure (SLP) or geopotential height at 
500 hPa (Z500) over the North Atlantic (NAO-PC, here-
after; e.g., Hurrell and Deser 2009). In the former defini-
tion, it is common to use observatories in Iceland (Rey-
kjavik and Stykkisholmur) as the northern node, and either 
Lisbon (Hurrell 1995) or Gibraltar (Jones et al. 1997) as 
the southern node. NAOi time series extend further back 
in time than NAO-PC indices, and hence they are preferred 
for long-term climate studies. However, different to NAO-
PC indices, the NAOi does not account for the seasonal 
changes in the spatial pattern of the NAO. Several authors 
have concluded that station-based indices do not provide 
an optimal representation of the NAO (Wallace 2000; Fol-
land et al. 2009), mainly in the warm season (Blade et al. 
2011; Pokorna and Huth 2014), because of the seasonal 
displacement of the Iceland low and the Azores anticy-
clone (Portis et al. 2001). Therefore, in this study we have 
employed both versions of the NAO. For 1902–2008, we 
used the NAOi developed by Jones et al. (1997), which is 
based on Gibraltar (southwest Iberian Peninsula) and Rey-
kjavik (southwest Iceland) stations. The NAOi was pro-
vided by the CRU (http://www.cru.uea.ac.uk/cru/data/nao.
htm; last accessed 5 November 2014). For 1950–2008, we 
have also used a monthly NAO-PC index, obtained from a 
RPCA of 3-month centered anomalies of Z500 (available 
at http://www.cpc.ncep.noaa.gov/data/teledoc/telecontents.
shtml). The WI and NAO provide different approaches to 
characterize the zonal flow over the eastern Atlantic and 
they actually record distinctive aspects of the atmospheric 
circulation (Barriopedro et al. 2014); with the exception 
of winter, the percentage of the WI variance explained by 

the NAOi is low (Fig. 1). For 1950–2008, we have also 
used other circulation monthly indices in order to establish 
comparisons with the results found for the WI and NAO. 
They have been obtained from the same RPCA that was 
employed to derive the NAO-PC (Barnston and Livezey 
1987), and they are available since 1950 at the NOAA 
website (http://www.cpc.ncep.noaa.gov/data/teledoc/tel-
econtents.shtml). The indices selected for this study were 
the East Atlantic (EA), Scandinavian (SCAN) and East 
Atlantic–Western Russian (EA–WR). Trigo and Palutikof 
(2001) showed that these patterns explain a high percent-
age of variance of the European atmospheric circulation in 
winter, spring and autumn. In addition, Sousa et al. (2011) 
found that the NAO and the SCAN patterns were the most 
important drivers of drought severity in the Mediterra-
nean region. Table 1 shows the percentage of the variance 
of WI explained by these atmospheric circulation indices 
for 1950–2008. The seasonal and annual WI variability 
explained by the different indices obtained from PCA is 
very low. Only the NAO-PC explains more than 40 % of 
the WI in winter, this confirms the fact that WI is inde-
pendent from the other indices.

2.3  Methods

The series of the atmospheric circulation indices described 
in the last section were first expressed on the same time-
scales as those used for the SPEI (i.e., 3-, 6-, 9- and 
12-months) by simply averaging their monthly values 
over the current month and also the previous 2-, 5-, 8- and 
11-months, respectively. Seasonal series of the circulation 
indices were derived for February (winter), May (spring), 
August (summer) and November (autumn). Spatial cor-
relation maps were obtained by computing Pearson’s cor-
relation coefficients between the seasonal series of the 
SPEI and each circulation index (NAOi, WI, NAO-PC, 
EA, SCAN and EA–WR) for 1950–2008. Similarly, we 
calculated seasonal correlations between the SPEI and the 
NAOi and WI for 1902–2008. These seasonal correlations 
were computed separately for each of the four time-scales 
considered (i.e., 3-, 6-, 9- and 12-months), thus account-
ing for the “direct” influence of the circulation indices on 
drought variability on different time-scales. No significant 
serial correlation beyond lag-0 at the p < 0.05 was found. 
This was expected since the maximum SPEI time-scale 
used in this study was 12 months and the correlations were 
obtained annually. It means that the drought conditions 
of past years do not affect drought indices of the current 
year (as it happens considering longer drought time-scales, 
e.g. 24- or 36-month). This was taken into account when 
designing the experimental analysis and therefore no pre-
whitening for removing any significant autocorrelation was 
applied.

http://www.cru.uea.ac.uk/cru/data/nao.htm
http://www.cru.uea.ac.uk/cru/data/nao.htm
http://www.cpc.ncep.noaa.gov/data/teledoc/telecontents.shtml
http://www.cpc.ncep.noaa.gov/data/teledoc/telecontents.shtml
http://www.cpc.ncep.noaa.gov/data/teledoc/telecontents.shtml
http://www.cpc.ncep.noaa.gov/data/teledoc/telecontents.shtml
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In addition, the predictive skill of the circulation indices 
to determine drought variability was assessed by means of 
lagged correlations between the SPEI recorded in a given 
season and the atmospheric circulation indices from the 
previous seasons. Thus, the 3-month winter SPEI was cor-
related with the 3-month winter circulation indices, which 
corresponds to a 0-month lag. The 6-month winter SPEI 
was correlated with the 3- and 6-month winter indices (0 
seasonal lag) and with the 3-month indices of the previ-
ous autumn (−1 seasonal lag). The 9-month winter SPEI 
was correlated with the 3-, 6- and 9-month winter indices  
(0 seasonal lag), with the 3- and 6-month autumn indices 

(−1 seasonal lag) and with the 3-month indices of the pre-
vious summer (−2 seasonal lag). Finally, the 12-month 
winter SPEI was correlated with the 3-, 6-, 9- and 12-month 
winter indices (0 seasonal lag), with the 3-, 6-, and 9-month 
autumn indices (seasonal lag), with the 3- and 6-month 
summer indices (−2 seasonal lag) and with the 3-month 
spring indices (−3 seasonal lag). The same approach has 
been followed with the other seasons. Significant correla-
tions were set at the level of significance of p < 0.05.

To check whether the links found between the circula-
tion indices and drought variability are robust in time we 
analyzed the temporal stability of the correlations patterns 
between the SPEI and NAOi and WI over the 1902–2008 
period. This is motivated because several studies have 
reported a non-stationary influence of the atmospheric cir-
culation on the European climate (e.g., Jung et al. 2003; 
Beranová and Huth 2008; Vicente-Serrano and López-
Moreno 2008a; Barriopedro et al. 2014), and this could 
also be the case for the NAOi and WI influence on drought 
severity across Europe. To account for non-stationary 
effects, we have computed 31-year moving window corre-
lations between the SPEI and each circulation index. The 
analysis has been applied to: (1) short-term (3-month) win-
ter drought variability, since winter is the season in which 
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Fig. 1  Evolution of standardized seasonal and annual NAOi (blue) and WI (red) from 1902 to 2008. The different plots also show the fraction of 
variance of the WI that can be explained by the NAOi evolution

Table 1  Percentage of the variance of the seasonal and annual WI 
(dependent variable) explained by each one of the five different 
atmospheric circulation indices (independent variable) for 1950–2008

Winter Spring Summer Autumn Annual

NAOi 58.79 20.37 0.09 31.57 40.58

NAO-PC 43.08 0.99 19.28 0.01 6.97

SCAN 8.80 5.60 10.63 5.28 7.48

EA 0.40 10.19 18.93 8.65 9.97

EA–WR 3.26 0.60 6.22 14.50 2.22
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atmospheric circulation is more important to explain the 
climate variability in Europe; and (2) long-term (9-month) 
summer drought variability, which is relevant given the 
natural summer dryness in Europe and common reduction 
in the available water resources. Note that the 9-month 
time-scale chosen for summer drought is often the result of 
accumulated water deficits during the rainy seasons which 
determine water uses in the summer season (irrigation, 
urban supply, etc.). On the contrary, water availability and 
water use in winter are not so dependent on precendent cli-
mate conditions.

In addition, to identify the spatial patterns of variabil-
ity affecting the stationary influence of NAOi and WI on 
drought, we applied a S-mode PCA, in which the input 
variables were the time-series of 31-year moving window 
correlations between the short-term (long-term) winter 
(summer) SPEI and the circulation index. In other words, 
the time series of moving correlations from individual 
grid-points form the columns of the input matrix for the 
PCA, which synthesizes in a small number of new uncor-
related variables a large fraction of the total variation in 

the analyzed time series. This procedure has been widely 
applied in climatological studies (see Richman 1986; Jol-
life 1986; Huth 2006). A correlation matrix was selected to 
provide an efficient representation of variance within the 
data set in the PCA (Barry and Carleton 2001). We retained 
the components (spatial patterns) that accumulated at least 
the 80 % of the total variance. The associated time series 
were represented by the original units (i.e., Pearson’s cor-
relation coefficients).

3  Results

3.1  Influence of different atmospheric circulation 
indices on SPEI variability

The top rows of panels in Fig. 2 show the seasonal correla-
tion maps between the 3-month SPEI and the concurrent 
seasonal series of the circulation indices NAOi, WI, NAO-
PC, EA, SCAN and EA–WR. Therefore, they summarize 
the “immediate” seasonal responses in short-term drought 

Fig. 2  Spatial distribution of Pearson’s correlation coefficients 
between the seasonal 3-month SPEI and the seasonal average NAO, 
WI, NAO-PC, EA, SCAN and EA–WR, and between the summer 

9-month SPEI (bottom) and the average 9-month atmospheric circula-
tion indices (right panels). Black lines represent regions with signifi-
cant correlations (p < 0.05)
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severity to the atmospheric circulation features represented 
by each index. The drought severity response shows large 
differences across Europe and among seasons. In winter, 
drought variability is well explained by a small number of 
atmospheric circulation patterns. Thus, the NAOi clearly 
determines the winter drought variability in southern 
(negative correlations) and northern (positive correlations) 
Europe, as a consequence of its control of precipitation 
in comparison to ETo (Figs. 3, 4). In southern (northern) 
Europe droughts are favored by positive (negative) NAOi. 
There are not important differences between the NAOi and 
the NAO-PC. The WI pattern is similar to the NAO, but 
it also correlates with SPEI over large regions of central 
Europe. It means that high WI values correspond to humid 
conditions in North Europe and dry in South Europe, with 
the influence limited to regions smaller than the NAO in 
southern parts of Europe. The EA pattern shows weaker 
responses in SPEI, except in the British Islands and some 
areas of Scandinavia, France and the Iberian Peninsula. 
SCAN shows an opposite pattern to that of the NAO and 
WI, but with much weaker (and positive) correlations in 

southern Europe and stronger (and negative) signals in 
Russia. They result from the blocking pattern over Scandi-
navia associated with the positive phase of this mode, and 
its effect in the storm tracks and precipitation anomalies, 
favoring drought conditions across this region. This posi-
tive phase of SCAN is also characterized by low pressures 
over western Europe, which explains that positive values 
of this circulation index favor humid conditions in Iberia 
and the Mediterranean region, also favored by a negative 
influence on ETo (Fig. 3). Thus, the SCAN modulates 
drought variability over large areas of northern Europe and 
the Mediterranean area. However, these regions also show 
significant (and even stronger) correlations with NAOi or 
WI. Similarly, and with the exception of France, the EA–
WR pattern affects European regions that are also influ-
enced by the NAOi or WI (e.g., southern Europe and the 
Balkans). The blocking pattern over central Europe associ-
ated with the positive EA–WR phase favors drought condi-
tions in this region, and explains the negative correlation 
between SPEI and EA–WR over large areas of central Eur
ope.

Fig. 3  Spatial distribution of Pearson’s correlation coefficients 
between the seasonal 3-month ETo and the seasonal average NAO, 
WI, NAO-PC, EA, SCAN and EA–WR, and between the summer 

9-month ETo (bottom) and the average 9-month atmospheric circula-
tion indices (right panels). Black lines represents regions with signifi-
cant correlations (p < 0.05)
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In spring the influence of the circulation indices on 
drought variability decreases in both magnitude and spa-
tial extension. This is particularly acute for the NAO (both 
NAOi and NAO-PC) and EA–WR, whereas the influence of 
WI and SCAN is similar to that in winter, with significant 
SPEI responses over large areas of central and southern 
Europe and Scandinavia, respectively.

In summer there are strong differences between the cor-
relation patterns of the NAOi and the NAO-PC, with the 
former showing weak signals in SPEI, and the latter dis-
playing similar (but opposite in sign) responses to those 
obtained for the WI. The differences between NAOi and 
NAO-PC are due to the seasonal changes in the centers of 
variability, which in summer are placed over the UK and 
Greenland, as captured by the NAO-PC, but not by the 
station-based NAOi. The summer WI exerts a strong influ-
ence on drought variability over large areas of central and 
northern Europe, driven by its control on precipitation 
(Fig. 4), while its influence over southern Europe weak-
ens (as compared to winter and spring), being restricted 
to the Balkans. Although the correlation between summer 

WI and NAO-PC is not strong (Pearson’s r = −0.45), the 
similarity of the WI and NAO-PC responses indicates that 
positive phases of the summer WI are associated with low 
pressures over the UK, thus resembling negative phases of 
the summer NAO. Summer short-scale droughts in south-
ern Europe are better explained by EA and SCAN, than by 
NAOi or WI. This is due to the location of a high pressure 
centre in southern Europe and the Mediterranean area cor-
responding to the EA, and a low pressure centered over the 
Iberian Peninsula for SCAN. These atmospheric configu-
rations cause that summer positive (negative) EA (SCAN) 
conditions may favor droughts in southern Europe. In these 
areas, temperature is expected to play an important role in 
SPEI by modulating the atmospheric water demand. Thus, 
the EA and SCAN signals in SPEI result from the com-
bined effect of enhancing atmospheric water demand and 
precipitation deficits, which both contribute to enhance 
drought occurrence (Figs. 3, 4). Note, however, that short-
term summer droughts are not very meaningful in some 
Mediterranean regions due to the lack of summer precipita-
tion. SCAN and EA–WR also show significant correlations 

Fig. 4  Spatial distribution of Pearson’s correlation coefficients 
between the seasonal 3-month precipitation and the seasonal average 
NAO, WI, NAO-PC, EA, SCAN and EA–WR, and between the sum-

mer 9-month precipitation (bottom) and the average 9-month atmos-
pheric circulation indices (right panels). Black lines represent regions 
with significant correlations (p < 0.05)
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with drought variability in northern Europe also by a com-
bination of the influence on ETo and precipitation, but most 
of these regions are also influenced by the WI.

In autumn there are still discrepancies in the drought 
responses to NAOi and NAO-PC. The NAOi pattern resem-
bles that of the winter in southern Europe, but not in north-
ern Europe, where its influence is negligible. On the con-
trary, the NAO-PC shows a clearer pattern, which is shifted 
to the south, as compared to that of summer. Different to 
the other circulation indices, the WI and SCAN show simi-
lar responses to those obtained in the other seasons, which 
means a high intra-seasonal stability in their influence on 
the SPEI.

The bottom row of Fig. 2 shows the correlations between 
summer long-term drought (represented here by the sum-
mer 9-month SPEI) and the corresponding 9-month circu-
lation indices, thus representing the accumulated effect of 
the atmospheric circulation on long-term drought. Overall, 
the SPEI responses resemble the average of the seasonal 
correlation patterns described above. Due to the seasonal-
changing patterns of the NAO-PC, the magnitude and spa-
tial extent of significant correlations between the NAOi and 
the SPEI are stronger and more consistent than those for 
the NAO-PC. The NAOi influence in long-term southern 
Europe drought severity is also higher than that found with 
any other index. Moreover, and with the exception of east-
ernmost Europe, the regions that do not show significant 
correlations with the NAOi are significantly correlated with 
WI (Bristish Islands, North France, Denmark, Low Coun-
tries, North Germany and large areas of Scandinavia). This 
suggests that the WI complements the NAOi signal in long-
term summer droughts in Europe, and that the combined 
use of these indices is able to better explain drought vari-
ability than any other indices across Europe.

Figure 5 shows Pearson’s correlation coefficients 
between circulation indices and different SPEI time-
scales over six representative regions. In the North of 
the British islands (region 1) the WI shows high correla-
tions (Pearsons’r >0.5) in the different seasons and time 
scales. It controls short-term droughts (3-month SPEI) but 
it also shows drought predictive capacity some months in 
advance. For example, 9-month summer SPEI shows cor-
relation with 3-month winter WI. The propagation of the 
short-term signal of atmospheric circulation patterns on 
long time-scale drought (e.g., 9- and 12-month) in the dif-
ferent regions is mainly explained by the relative impor-
tance of precipitation or reference evapotranspiration of 
each season regarding the total annual. In the region 1, the 
WI clearly improves the predictive skill of SPEI by NAOi 
and EA. In Southern Scandinavia (region 2), and Low 
Countries and North Germany (region 3), the WI correlates 
better with SPEI than the other circulation indices. In South 
France (region4), the SCAN shows best skill for drought 

prediction in spring, and the NAOi shows few differences 
with SCAN in summer. In Southern Europe the SPEI corre-
lates with different circulation indices. In Iberia (region 5), 
the SPEI correlates with NAOi, WI, NAO-PC and SCAN, 
although strongest correlations are obtained with NAOi. 
In the Balkans (region 6), drought variability is controlled 
by NAOi. Here NAOi and NAO-PC show similar correla-
tions in the four seasons and different SPEI time-scales. 
The few significant correlations found between some 
long-term averaged modes obtained from PCA (NAO-PC 
and EA–WR) and long SPEI time-scales measured in the 
different regions is probably related to the changes in the 
intra-annual position of the action centres that characterizes 
these modes. This limits their use for long-term droughts, 
since they do not reflect any circulation pattern common 
for the long periods. Nevertheless, other atmospheric cir-
culation patterns also obtained from PCA, which show few 
seasonal changes in the spatial configuration of the action 
centres (e.g., SCA), show strong correlation with SPEI 
long-time scales.

Although some of the circulation indices show high cor-
relations with the SPEI in different regions and seasons of 
the year (e.g., SCAN), the NAOi and WI show complemen-
tary signals in SPEI across most of Europe and for all sea-
sons and different time-scales. Note also that the NAO-PC 
does not add much to the explanatory capacity of drought 
encountered by the NAOi and WI in winter and summer. 
Thus, although the NAO-PC explains short-term summer 
drought severity better than the NAOi, its pattern is well 
captured by the WI. Consequently, from now on, we will 
focus on the analysis of the NAOi and WI alone. For sim-
plicity, in the remaining of this section the station-based 
NAOi index will be referred to as NAO.

Another important advantage of the NAO and WI indi-
ces is the longer periods for which they are available. It 
allows establishing more robust linkages between atmos-
pheric circulation and drought variability than those found 
in the previous section, and address the stability of their 
relationships throughout the period of data availability. 
Considering the 1902–2008 period for the NAO and WI, 
we find similar patterns to those found in the short period, 
with positive phases of the WI leading to humid condi-
tions over an area embracing UK, Scandinavia and most 
western Europe (Fig. 6). This pattern exhibits low sea-
sonal variability. The correlation is negative in most of 
southern Europe, but displays an erratic behavior through 
the year, with stronger WI signals in winter and autumn. 
During these seasons, the NAO pattern in southern Europe 
is stronger and extends over larger areas than that of WI. 
The NAO also shows significant positive correlations over 
northern Europe, but, different to the WI, they are limited 
to winter. The influence of WI and NAO on winter drought 
is similar, since in this season both indices capture similar 
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aspects of the atmospheric circulation (Fig. 1). However, 
in the transitional seasons, and more prominently in sum-
mer, their signals in drought severity are very different, as 

are their circulation patterns, with the summer WI being 
related to regional anomalous atmospheric conditions cen-
tered over the UK, rather than changes in the large-scale 



855The Westerly Index as complementary indicator of the North Atlantic oscillation in…

1 3

pressure gradient between Iceland and Azores (Barriope-
dro et al. 2014).

The long-term droughts patterns during the dry season 
are also similar to those of the short period, with a NAO 
signal in southern Europe, France, eastern UK and some 
regions of Scandinavia. The winter-to-summer mean 
of the WI shows strong positive correlations with long-
term summer droughts in most of Scandinavia, the Brit-
ish islands and large areas of central and eastern Europe. 
Again, Fig. 4 confirms the results obtained for the second 
half of the twentieth century. These results suggest that 
drought should be more predictable from WI in northern 
Europe, and from NAO in southern Europe. In summary, 
the NAO is a good indicator of short-term droughts in 
southern Europe for winter and autumn, while the WI cap-
tures better the variability of northern European droughts 
throughout the whole year. Moreover, WI also shows some 
predictive capacity of droughts in central Europe season-
ally but also for the summer long-term droughts, since sig-
nificant correlations between WI and the SPEI have been 
found in Germany, Switzerland and even regions of Poland 
and the Czech Republic. The NAO also complements WI 
in other regions of Eastern Europe, its influence reaching 
the Black Sea region in winter and autumn. This stresses 
that the complementary role of NAO and WI in explain-
ing drought variability across large regions of Europe is 
observed for the entire twentieth century and hence that the 
combined influence of these “pairwise modes” is a robust 
signature of the atmospheric circulation. This is confirmed 
by means of the pattern relationship between the NAO and 
WI correlations with SPEI. Figure 7 shows the relationship 
between the spatial correlation patterns for the different 
seasons and the summer long-term drought. In winter the 
relationship is high, although in areas with negative values 
(corresponding to Southern Europe) the magnitude of the 
correlation is higher for the NAO than for the WI and the 
opposite is found in areas with positive correlations (North-
ern Europe). For spring, summer and autumn and for the 
summer long-term droughts the spatial correlation patterns 

between the SPEI and WI and NAO are very different. This 
stresses the fact that these two atmospheric circulation indi-
ces differentially affect drought variability in Europe and 
they are complementary both spatially and seasonally.

3.2  Non‑stationary relationships

We now explore whether the NAO and WI signals on 
drought severity are stationary over the entire 1902–2008 
period. Figure 8 shows the correlation of the NAO and 

Fig. 5  1950–2008 Pearson’s correlation coefficients between the 
SPEI and the different atmospheric circulation indices in six regions 
of Europe (shown in the map). The different panels show correlations 
from the seasonal SPEI calculated at the time-scales of 3-, 6-, 9- and 
12-months (columns of each panel). The SPEI time scales were cor-
related to the six circulation indices also at the time-scales of 3-, 6-, 
9- and 12-months (rows of each panel). The values −3, −2, −1 and 
0 shown as columns for each time-scale SPEI correspond to seasonal 
lags with the atmospheric indices. E.g. for winter and a 12-month 
time-scale of the SPEI, a −3 lag corresponds to correlation of the 
long-term winter SPEI with the 3-month atmospheric indices of the 
previous spring, −2 corresponds to the correlation of the long-term 
winter SPEI with the circulation series of the previous summer at 
different (3- and 6-month) time-scales. Non-significant correlations 
(p < 0.05) are in white

Fig. 6  Spatial distribution of 1902–2008 Pearson’s correlation coef-
ficients between the seasonal 3-month SPEI and the seasonal average 
NAO and WI (left panels), and between the summer 9-month SPEI 
(bottom) and the average 9-month NAO and WI (right panels). Black 
lines represent regions with significant correlations (p < 0.05)

◂
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Fig. 7  Relationship between spatial patterns of seasonal and summer long-term correlations between SPEI and WI and NAO in Europe (1902–
2008). Solid line represents a perfect agreement between correlation patterns and the dotted line is the linear fit

Fig. 8  Spatial distribution of Pearson’s correlation coefficients 
between the short-term (3-month) winter SPEI and the 3-month win-
ter NAO and WI (two left rows of panels), and between the long-term 
(9-month) summer SPEI and the 9-month summer NAO and WI (two 

right rows of panels) for three different periods (1916–1946, 1947–
1977, 1978–2008). Black lines represent regions with significant cor-
relations (p < 0.05)
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WI with the winter short-term and the summer long-term 
SPEI for three consecutive 31-year periods: 1916–1946, 
1947–1977 and 1978–2008 (similar results were found 
for other seasons and temporal scales, not shown). The 
results show that there are noticeable temporal variations 
in the responses of European droughts to the NAO and 
WI, but the spatial patterns of correlations show important 
similarities for the three analyzed periods. In winter, the 
NAO influence on the SPEI in southern Europe was more 
important prior to 1978, although there are not large dif-
ferences between sub-periods in the magnitude of correla-
tions over the Iberian Peninsula, Italy and the Balkans. The 
differences in northern Europe are more relevant, as they 
indicate a strong NAO influence on short-term droughts 
over Scandinavia and other regions of northern Europe for 
1978–2008, but weak NAO effects before 1978. Never-
theless, the WI–SPEI relationships in northern Europe are 
more stationary than those obtained for the NAO. It seems 
that the impact of the WI on short-term winter droughts has 
also become stronger through the twentieth century over 
large parts of southern Europe, mainly over Iberia, where 
the strength of the WI signal is similar to that found for the 
NAO. Results for the long-term summer droughts show 
small differences among periods, but they also suggest that 
the WI pattern is more stationary in northern Europe than is 
the NAO pattern in southern Europe.

Figure 9 shows the spatial patterns responsible for the 
non-stationary component of the drought-circulation links 
according to the PCA analysis based on the 31-year mov-
ing window correlation series between each circulation 
index and SPEI. The first PCs (PC1) of the winter correla-
tion series of the short-term SPEI with the NAO and WI 
account for the largest percentage of variance in the mov-
ing window correlation series (47 and 45 % for the NAO 
and WI, respectively) and show an increase since the 
1950s (Fig. 9a). The associated spatial patterns (EOF1) 
show a clear southwest-northeast gradient for both indices 
(Fig. 9b). Note that the EOF1s resemble the climatological 
spatial correlation patterns of Fig. 6 and hence anomalous 
values of the corresponding PC1s denote a strengthening or 
weakening of this pattern. As PC1s indicate a positive trend 
since the 1950s, it means that the correlations between the 
winter SPEI and the winter NAO and WI have reinforced, 
with the last decades showing more negative relationships 
in southern Europe, and more positive relationships in 
northern and eastern Europe. In particular, the strengthened 
influence of the WI on winter drought variability has been 
more important over Iberia and France.

The rest of the components represent lower percentages 
of the variance but some of them show clear spatial pat-
terns. PC2 for the winter NAO shows a change from neg-
ligible values at the beginning of the twentieth century to 
strong negative values in the 1940s and relatively smaller 

importance thereafter. Its spatial pattern is associated with 
more positive NAO correlations in the mid latitudes of 
western Europe and the Balkans, where the climatological 
influence of the NAO shows meridional gradients (i.e., a 
transition from negative to positive correlations) and nega-
tive correlations, respectively (Fig. 6). Thus, the prevailing 
negative values of PC2 in the mid of the twentieth century 
are indicative of strengthening of the winter NAO influence 
on the Balkans and a northward shift of the zero correlation 
line in western Europe. Similarly, PC3 for the winter WI 
shows stronger winter WI–SPEI correlations since 1980, 
affecting mainly to central France and the Low Countries.

PC1 of the long-term summer correlations between the 
NAO and the SPEI displays a trend towards negative values 
through the twentieth century, which means a reinforce-
ment of the negative correlations in southern Europe and 
of the positive correlations in northern Scandinavia, similar 
to the PC1 of the short-term winter correlations, but also a 
weakening (and even a reversal of the correlation signs) in 
central and western Europe. The observed changes in the 
long-term summer WI–SPEI relationship are more com-
plex. In Iberia and France there was a reinforcement of 
the WI influence (PC1) between 1950 and 1980. In central 
Europe and the Balkans the first period (1902–1950) was 
characterized by an increase of the WI influence (negative 
correlation) but since 1950s it has returned to near normal 
values.

Finally, it should be stressed that, despite the lack of 
stationarity in the SPEI responses to the circulation indi-
ces, the magnitude of the PCs is often below 0.4 (Fig. 9a), 
which implies relatively small changes in the correlation 
coefficients over many European areas (Fig. 9b), as com-
pared to those obtained for the entire 1902–2008 period in 
regions of northern (>0.7) and southern Europe (<−0.7). 
Therefore, the results found herein reinforce the main con-
clusion of Sect. 3.1, i.e., that the NAO and WI effects on 
European drought severity are robust over large regions 
of Europe through the twentieth century on different sea-
sons and time-scales, and that their combined information 
is able to explain (and provide some predictive skill of) 
drought variability across Europe.

4  Discussion and conclusions

Several studies have shown that different atmospheric cir-
culation patterns may play a role in explaining European 
drought variability. For example, Van der Schrier et al. 
(2006) found that the summer PDSI is correlated with win-
ter NAO and EA patterns in different regions of Europe. 
Kingston et al. (2014) used 6-month SPEI data to stress the 
influence of the EA–WR pattern on drought severity over 
western and central Europe in spring, as a consequence of 
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Fig. 9  a Principal components obtained from the 31-year time series 
of moving window correlations between the short-term (3-month) 
winter SPEI and the 3-month winter NAO and WI, and also between 
the long-term (9-month) summer SPEI and the 9-month summer 

NAO and WI. b Spatial distribution of loadings corresponding to 
the above mentioned components; left/right panels display winter 
(3-month)/summer (9-month) loadings. The percentage of the total 
variance explained by the different PCs is also shown in each plot
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the weaker maritime influence during the positive phase 
of this pattern. Using 3-month SPEI data, Ionita (2014) 
reported that the winter EA–WR pattern also explains 
drought variability of large regions of central Europe and 
the Balkans, and shows some predictive capacity for spring 
drought conditions. On the other hand, Sousa et al. (2011) 
found a major influence of NAO and SCAN on PDSI vari-
ability over the Mediterranean region, with winter values of 
these circulation indices being correlated with PDSI values 
of the same and the following seasons. On the contrary, 
they stressed that EA–WR and EA patterns do not have 
robust influence on Mediterranean drought conditions. The 
results obtained in our study mostly agree with these previ-
ous assessments of the atmospheric circulation impacts on 
drought severity across Europe. Nevertheless, by includ-
ing different SPEI time-scales and seasonal lags, we have 
found that the signal of the EA and EA–WR patterns on 
drought is weaker than that obtained with other circulation 
indices (e.g., NAO and SCAN). This is because correla-
tions of the SPEI with EA and EA–WR show strong sea-
sonal differences in magnitude and the spatial patterns, and 
with the exception of the winter EA–WR, they do not show 
a large control of droughts in Europe, when compared to 
the other indices. On the contrary, the SCAN pattern shows 
strong seasonal stability in modulating short-term (3-month 
SPEI) and long-term (9-month SPEI) droughts over north-
eastern and southern Europe.

The influence on the NAO on drought severity across 
Europe has been confirmed by different studies and 
drought indices (e.g., Van der Schrier et al. 2006; López-
Moreno and Vicente-Serrano 2008; Sousa et al. 2011). 
Using the SPEI, we have shown that drought variability in 
large regions of Europe is clearly controlled by the NAO. 
Vicente-Serrano et al. (2011b) also showed that the NAO 
exerts a strong control on SPEI variability over southern 
Europe and some regions of North Africa. Nevertheless, 
here we have reported that the NAO influence on northern 
Europe drought variability is small, and limited to winter. 
Although lagged relationships between aggregated drought 
time-scales and the NAO show some predictive skill of the 
NAO to determine drought conditions in regions of south-
ern Europe, the same ability is not observed in northern 
Europe, where NAO influence is restricted to few areas.

The poor performance of the NAO to explain drought 
variability in northern Europe partially depends on the 
choice of the NAO index. As stated above, the pressure 
centers that characterize the NAO experience a natural 
seasonal displacement. For this reason, the NAO index 
based on two fixed stations (here the Reykjavic-Gibraltar 
NAOi) could not represent the dominant mode of variabil-
ity in summer and in transient seasons (Folland et al. 2009; 
Blade et al. 2011). We have shown that using a PC-based 
NAO index that accounts for the seasonal displacement 

of pressure centers (NAO-PC), the NAO influence on 
short-term (3-month SPEI) drought variability enhances 
over northern Europe (mainly during the warm season), 
but decreases over southern Europe (mainly in transient 
seasons), as compared to the station-based NAOi. The 
same result is observed for long-term droughts (summer 
9-month SPEI). The reason of the weaker NAO-PC influ-
ence on long-term droughts is related to the definition of 
the index itself, since positive phases of the NAO-PC mean 
enhanced westerly flows over western Europe in winter, but 
anticlyclonic conditions over the same region during sum-
mer. On the contrary, and despite its weaker signals in the 
warm season, the NAOi shows stronger responses in long-
term drought severity than the NAO-PC, since it represents 
a spatially coherent atmospheric configuration through the 
year, namely, the intensity of the zonal flow over the east-
ern North Atlantic.

From the above discussion, it follows that the NAOi 
and the SCAN pattern could be used to explain most of the 
drought variability across Europe at the short (seasonal) 
and long-term time-scales. However, based on the results 
of this study, we recommend using the WI instead of the 
SCAN pattern. Several arguments support this conclusion: 
(1) similar to SCAN, the WI influence on drought sever-
ity is seasonally stable (both spatially and in the magnitude 
of correlations) and hence is not affected by changes in 
the correlation pattern with the short-term SPEI (as it was 
observed with the NAO-PC); (2) different to SCAN (or to 
NAOi), the WI accounts for much of the atmospheric sig-
natures associated with the dominant mode of variability in 
the summer season. In fact, the magnitude and the spatial 
signatures of the WI signal on short-term summer drought 
are similar to those obtained with the summer NAO-PC; (3) 
except for eastern Europe, the WI is able to explain sea-
sonal short-term drought variability over northern Europe 
(including Scandinavia), as does the SCAN, but it also 
influences drought severity over large areas of central and 
western Europe, for which SCAN shows non-significant 
signals; (4) the WI signal complements the spatial NAOi 
signatures in drought better than does the SCAN. In particu-
lar, both SCAN and NAOi lead to significant responses in 
southern Europe, and this “redundant” information affects 
long-term droughts and short-term seasonal droughts of 
most of the year. On the contrary, the WI and NAOi pro-
vide complementary spatial information of short-term and 
long-term droughts, except during the winter season; and 
(5) finally, the WI is available since the seventeenth cen-
tury, which makes this index more useful than SCAN to 
explore droughts and their low-frequency variability in a 
long temporal context, as explained below. In summary, 
the variability of short-term seasonal drought severity over 
northern Europe and most of the British Islands is better 
explained by the WI than by other atmospheric circulation 
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indices. In what concerns longer SPEI time-scales, which 
are relevant to assess drought severity in a variety of hydro-
logical systems (e.g., López-Moreno et al. 2013), the WI 
also provides good predictability of long-term drought con-
ditions over large regions of northern and central Europe. 
This is highly relevant, given the strong influence of evapo-
transpiration processes on determining long-term summer 
drought severity (Ciais et al. 2005).

On the other hand, our results indicate that the NAOi 
and WI together are able to explain drought severity across 
most of Europe. The more stable seasonal behavior of 
the WI in comparison to the NAOi could be explained by 
the different nature of these two atmospheric circulation 
indices. The NAOi is obtained from the pressure gradi-
ent between two stations that are situated in the centre of 
main pressure centres of the North Atlantic region, which 
are not geographically stable and show seasonal displace-
ments. This affects the magnitude and direction of associ-
ated large-scale flows (Portis et al. 2001), and the sources 
of moisture fluxes into the European continent. On the con-
trary, the WI is based on the frequency of westerly flows 
in a single site (i.e., the English Channel), which enhances 
stable relationships between seasons. Therefore, the differ-
ent patterns of correlations between the NAOi and WI and 
the SPEI across Europe suggest their spatial complementa-
rity in terms of determining drought variability across the 
entire continent.

Overall, the spatial responses in drought to NAOi and 
WI resemble their respective signals in precipitation, 
which show a north–south dipole, with enhanced precipi-
tation to the north and reduced precipitation to the south 
(e.g., Trigo et al. 2002; Barriopedro et al. 2014). These 
rainfall responses are in turn associated with the respec-
tive atmospheric circulation patterns, which modulate the 
storm tracks entering the continent. As expected, this sug-
gests that the SPEI responses to atmospheric circulation 
are largely controlled by precipitation anomalies. This con-
clusion is supported by the following results: (1) for both 
NAO and WI, the signatures in drought severity resemble 
those in precipitation; (2) similar to the seasonal SPEI pat-
terns, the precipitation responses to WI are similar through 
the whole year, while the WI signals in temperature vary 
with season, showing cold temperatures in UK during sum-
mer, and warm temperatures in northern and central Europe 
during the rest of the year. Thus, an increased frequency of 
westerlies (positive WI) leads to enhanced precipitation and 
humid SPEI conditions over the UK, despite the occurrence 
of cold temperature.

The lagged correlations between the SPEI and NAOi 
and WI also suggest some skill of these indices to deter-
mine drought severity in different systems some months 
ahead. This capacity could be further improved from 
current physical models trying to predict European 

atmospheric circulation (Kushnir et al. 2006) and statisti-
cal models based on sea surface temperature and other vari-
ables (Santos et al. 2014). Moreover, the results obtained 
from moving window correlations between the NAOi and 
WI and the SPEI have indicated that drought predictabil-
ity based on these indices has increased over southern and 
northern Europe during the last decades. Although the pre-
dictive skill should be considered carefully given the rela-
tive level of non-stationarity shown in Fig. 6, some studies 
have suggested that under increased greenhouse gas emis-
sions the stability of the NAO-climate correlations may be 
enhanced due to the lower variability in the spatial pattern 
of the NAO dipole (Vicente-Serrano and López-Moreno 
2008b). This would involve more predictable drought peri-
ods in southern Europe for this century. Further research 
is required to model the WI variability and its response to 
future climate change scenarios.

Our results have also implications from a paleoclimatic 
perspective. The availability of long instrumental series 
for the WI (since 1685, Barriopedro et al. 2014) and NAOi 
(from 1821, Jones et al. 1997) and their complementary 
role in droughts, make possible to infer both short-term 
and long-term drought variability in northern, southern 
and large areas of western and central Europe for the last 
centuries. The added value of the WI to improve drought 
reconstructions for long periods comes from the following 
facts: (1) the WI has a significant signal in drought severity 
through the year; (2) many climate proxies are sensitive to 
drought for specific seasons of the year; (3) the WI is the 
longest available instrumental-based record of atmospheric 
circulation, thus providing long targeting periods for proxy 
calibration; and (4) the WI is a better index to calibrate 
drought/precipitation proxies of northern Europe than the 
NAO. Therefore, a reassessment of proxies including the 
WI information could refine our picture of drought vari-
ability in the last centuries (back to 1685), particularly over 
northern Europe. This information could be complemented 
with that of the NAO to provide a more detailed description 
of drought variability across Europe during the instrumen-
tal period.

We note in closing that different studies have provided 
multi-proxy European reconstructions of temperature and 
precipitation (e.g., Luterbacher et al. 2004; Pauling et al. 
2006; Casty et al. 2007), from which droughts could be 
inferred, and there are also summer drought estimates since 
1750 for central Europe using long instrumental series 
from sparse terrestrial sites (Briffa et al. 2009). Given the 
scarcity of historical records and the uncertainties of multi-
proxy reconstructions (e.g., Jones et al. 2009), any instru-
mental observation would largely benefit current drought 
estimates of the last centuries. More specifically, current 
studies often lack data from the ocean, mainly before 1850, 
and hence they miss key atmospheric circulation features 
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over the North Atlantic, which are the main driver of the 
European climate, including drought variability. Account-
ing for instrumental marine observations, as those provided 
by ships’ logbooks, has shown to largely improve current 
reconstructions (e.g., Küttel et al. 2010). Therefore, the WI 
provides direct knowledge on the atmospheric circulation 
of the last three centuries that can be used to improve cur-
rent European reconstructions and to explore drought vari-
ability on very long (multidecadal) time-scales.
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