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Introduction

Sergio M. Vicente-Serrano and Ricardo M. Trigo

This book is a collection of the main contributions in a thematic workshop devoted
to the hydrological, socioeconomic, and ecological impacts of the NAO in the
Mediterranean area that was held in Zaragoza (Spain), in May 2010, in the frame-
work of the European Science Foundation (ESF) Mediterranean Climate Variability
and Predictability (MedCLIVAR) program (http://www.medclivar.eu/).

According to the latest IPCC report, the Mediterranean basin represents one
of the most important “hot spots” of climate change in the world, with recent
trends towards a hotter and drier climate being related to changes in atmospheric
circulation patterns. Previous work has shown that the interannual variability of
Mediterranean climate is mostly associated to changes in certain relevant atmo-
spheric circulation patterns (Dünkeloh and Jacobeit, 2003; Zorita et al., 1992;
Xoplaki et al., 2003, 2004; Pauling et al., 2006; Trigo et al., 2006). Such changes
can have significant impacts in the climate of this region but also on the natural
environment and several socioeconomic activities. Among these patterns, the North
Atlantic Oscillation (NAO) is the only one which shows a clear signal throughout
the whole year, although with stronger intensity and extension during winter due to
the stronger meridional gradients (Lamb and Peppler, 1987; Hurrell et al., 2003).
During this season changes in the NAO phase lead to shifts in the location of the
centers of action and in the associated storm tracks (Trigo, 2006).

The NAO is responsible for most of the climatic variability in the North Atlantic,
modifying direction and intensity of the westerlies, the track of the polar depressions
and the location of the anticyclones (Hurrell, 1995; Wanner et al., 2001). During the
positive phases, the Azores subtropical high is reinforced, leading to sunny and dry
weather in the Mediterranean region (Trigo et al., 2002). On the contrary, during the
negative winters, cyclones move southward increasing precipitation on the western
Mediterranean (Hurrell and Van Loon, 1997; García-Herrera et al., 2001; Moses
et al., 1987). Cloudiness, temperature and solar radiation are also highly modulated
by the NAO index (Trigo et al., 2002).

S.M. Vicente-Serrano (B)
Instituto Pirenaico de Ecología, Spanish National Research Council (CSIC), Zaragoza, Spain
e-mail: svicen@ipe.csic.es
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2 S.M. Vicente-Serrano and R.M. Trigo

The NAO behavior is characterized by a remarkable interannual variability,
which is evident in long instrumental (Jones et al., 1997) but equally in paleo
records (Cook et al., 2002; Luterbacher et al., 2002). In the instrumental period,
the NAO has shown important decadal variability and a decreasing trend between
1940 and 1970. Nevertheless, the most unusual period was observed between the
1970s and 1990s when the NAO showed an increasing tendency towards posi-
tive phases (Osborn et al., 1999), coincident with severe drought conditions in the
Mediterranean (López-Moreno and Vicente-Serrano, 2008; Sousa et al., 2011) and a
reinforced NAO influence on climate (Vicente-Serrano and López-Moreno, 2008a).
High variability has been recorded during the first decade of the twenty-first cen-
tury, including extreme seasonal values of the NAO index. As usual, extreme winter
NAO values are at the root of large climate impacts on different natural hazards
(e.g. floods, droughts, landslides) but also several important socio-economic areas
such as agriculture, renewable energies production, water resources. Thus the win-
ter 2001 (2005) was characterised by several monthly negative (positive) values
of NAO inducing an abnormally wet (dry) year in western Mediterranean (García-
Herrera et al., 2007). However, the recent winter 2010 was characterised by the
most negative NAO winter value ever recorded, and it has caused notable climate
anomalies and impacts namely a colder than usual central Europe (Cattiaux et al.,
2010) and a wetter than usual Western Mediterranean region (Vicente-Serrano et al.,
2011).

The complexity of the NAO behaviour and their impact has attracted the attention
of a wide variety of scientific communities, with more than 3800 papers pub-
lished on different NAO features during the last decade (SCOPUS database, visit:
15/11/2010). The association between the NAO and the Mediterranean climate vari-
ability has been well documented, showing that it is one of the main forcing factors
in the region. Its impact on extreme events such as droughts, severe precipitations
or heat and cold waves has been well established (e.g. Gallego et al., 2006; Garcia-
Herrera et al., 2007; Della-Marta et al., 2007; López-Moreno and Vicente-Serrano,
2008). These changes have also an impact on the availability of water resources
throughout the entire basin, affecting, not only river flows but also storage avail-
ability in lakes and reservoirs and snow cover (Trigo et al., 2004; Karabörk et al.,
2005; López-Moreno et al., 2007; Küçük et al., 2009). The ecological dynamics of
the region is also greatly affected, as has been shown through satellite imagery and
tree rings (Gouveia et al., 2008; Vicente-Serrano and Heredia, 2004; Roig et al.,
2009). This has an impact on the quality and quantity of crops and in the migra-
tion and welfare of animal populations (Gimeno et al., 2002; Rubolini et al., 2007).
The marine environment is also affected by NAO through changes in sea level and
fisheries dynamics (Woolf et al., 2003; Lloret et al., 2001; Maynou, 2008). Other
reported impacts are landslides (Zêzere et al., 2008), air pollution and human health
(Dayan and Lamb, 2008).

Current climate change scenarios obtained with state-of-the-art General
Circulation Models (GCMs) predict large modifications in the NAO behaviour in
the next decades, however a clear change towards more positive or negative NAO
values has not been yet universally established (Solomon et al., 2007). Nevertheless,
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the majority of the GCMs indicate as the most probable outcome an increase of the
NAO values, with a decreased gradient of the Sea Level Pressures and more frequent
positive NAO phases (Osborn et al., 1999; Osborn, 2004; Demuzere et al., 2009).
However, the increase likelihood of positive NAO mode does not eliminate the high
inter-annual variability, thus the possibility of occurrence of extreme negative val-
ues, which can trigger large impacts (Vicente-Serrano et al., 2011). In addition,
GCMs predict a more robust and stable link between NAO and surface climate vari-
ables (Raible et al., 2006; Vicente-Serrano and López-Moreno, 2008b), suggesting
that future climate variability, and their related impacts in the Mediterranean region
might be controlled even more by the NAO pattern under a warmer world.

The NAO impacts on Northern Europe have been well reviewed and compiled
(Hurrell et al., 2003), but no similar work has been attempted for the Mediterranean,
which is the other key area impacted by NAO (Trigo et al., 2006). The aim of the
book “Hydrological, socioeconomic and ecological impacts of the North Atlantic
Oscillation in the Mediterranean region” is to serve as an updated reference text
that covers the wide range of evidences on the NAO impacts in the Mediterranean
regions and from a multidisciplinary perspective. We hope that this volume con-
stitutes a unique document to present the state of the art of the numerous studies
undertaken on the Hydrological, Socioeconomic and Ecological impact of the NAO,
collecting the expertise of researchers from several complementary earth science
fields (Geography, Hydrology, Remote-sensing, Climatology, Agriculture, Energy),
but that have been lacking a common ground.

The first book chapter provides an updated overview on the internal spatial and
temporal variability of the NAO and how external forcing factors may affect the
future NAO pattern. Tim J. Osborn shows how multi-model ensemble of simulations
under increasing anthropogenic forcing strengthens earlier findings of a shift in the
mean state of the winter atmospheric circulation towards positive NAO conditions,
but he indicates that if a shift towards positive NAO conditions is a realistic response
to increasing anthropogenic forcing, then this signal has not yet emerged from the
natural variability. He discuss that anthropogenic forcing could be altering the tem-
poral or spatial character of the interannual NAO variability, though only relatively
small changes in pattern are evident when considering a multi-model ensemble.

Some of the book chapters focus on the NAO impacts on climate extreme events,
like droughts, which will also have subsequent environmental, hydrological and
socioeconomic impacts. The paper by Sergio M. Vicente-Serrano and co-authors
show the influence of the NAO on droughts in the entire Mediterranean region,
focussing on the use of the Standardized Precipitation Evapotranspiration Index, a
multi-scale drought indicator that allows to determine how the effects of the win-
ter NAO are propagated for further months when long time scales of drought are
analysed.

In terms of the hydrological impacts of the NAO, Ricardo M. Trigo presents
that the strong control exerted by NAO on precipitation is very significant between
October and March, being extensive to the river flow of major Iberian rivers, such
as Douro/Duero, Tejo/Tagus and Guadiana. Correlation coefficient values computed
between Iberian winter river flow and contemporaneous (and lagged) winter NAO
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index show that the large inter-annual variability of the rivers flow is largely mod-
ulated by the NAO phenomena. In fact this mode controls inter-annual and decadal
variability of both precipitation and river flow of large sectors of Iberia. In the
East of the Mediterranean region the hydrological variability of river discharges
and lake levels is also determined by the NAO. Ercan Kahya documents the impact
of the NAO on the hydrology of eastern Mediterranean countries, such as Turkey,
Iran, Kuwait, Oman, and Israel from a general perspective. Patterns of precipita-
tion, streamflow, and lake levels in Turkey are discussed to show the NAO impacts.
He devotes special attention to the NAO influences on the formation of stream-
flow homogeneous region and on the probability distribution functions of critical
droughts. The results of his analyses clearly shows that the NAO signals are quite
identifiable in various hydrologic variables in Turkey.

The NAO also affects the water stored in the form of snow with evident
hydrological but also tourist implications, since the winter snow tourism repre-
sents an important income source for several mountain chains located around the
Mediterranean basin. Juan I. López-Moreno and collaborators analyse the influence
of NAO on the interannual evolution of winter temperature, precipitation and snow-
pack in these Mediterranean mountains. They show that the snow cover response
to winter NAO may differ spatially as a consequence of the different influence of
winter NAO on precipitation and temperature. In Switzerland, they show how the
influence of NAO on snow is significant at the lowest elevation areas, where tem-
perature is the main control on snowpack accumulation, but in the Pyrenees the
highest correlation with snow is found at high elevations where precipitation con-
trols mainly the accumulation of snow related to the NAO control of the interannual
variability of precipitation.

Primary activities over land and sea are also being largely affected by NAO. On
the one hand, several Mediterranean fisheries reveal inter-annual variations closely
related to the NAO variability. Francesc Maynou shows that the NAO explains a
large part of the variability in population abundance of red shrimp Aristeus antenna-
tus in the western Mediterranean Sea, with a lag of 2–3 years. Moreover, the stocks
of hake also respond to the NAO since positive NAO years enhance hake fishery
production through increasing the individual size of recruits, as well as the individ-
ual weight and abundance of adult hake. The NAO signal is also observed in the
crop productions as Simone Orlandini and collaborators illustrate. They stress that
besides common meteorological information supplied by local stations, the use of
the NAO may allow to forecast agricultural yields and production quality in regions
of the Mediterranean basin.

The dynamic of ecosystems of the Mediterranean region is also largely deter-
mined by the NAO. In their chapter, Célia Gouveia and Ricardo Trigo analyse the
relationship between NAO, vegetation dynamics and carbon absorption over Iberian
Peninsula. They provides strong evidence that positive (negative) values of win-
ter NAO induce low (high) vegetation activity in the following spring and summer
seasons. These features are mainly associated with the impact of NAO on winter
precipitation, together with the strong dependence of the spring and summer veg-
etation activity on water availability during the previous winter. Jesus J. Camarero
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quantified the tree growth responses to NAO index across a climatic gradient in
Northeastern Spain, considering ten tree species with contrasting habitats and plau-
sibly different growth responses to climate. He shows that climatic variables and
NAO indices explained on average 40.1 and 15.9% of the growth variance, respec-
tively. He also shows how the growth responses to climate and NAO also changed
through time, illustrating how long tree-ring chronologies of different species may
serve as valuable monitors of the responses of forests to winter NAO. In terms of
animal communities, Oscar Gordo and collaborators review more than 60 stud-
ies that have demonstrated the effects of the NAO on both terrestrial and aquatic
Mediterranean ecosystems. They show how the NAO affects the condition and diet
of mammals and disease-related mortality in amphibians and how the birds com-
munities are affected by NAO impacts on the availability and extent of their habitat
and by influencing dispersal decisions of individuals. Thus, they illustrate how the
NAO plays an essential role in the migration of birds throughout the Mediterranean
basin, and it is probably a reason for the observed advance of arrival dates during
the spring in Europe.

Moreover, the environmental NAO impacts are also evident in terms of air quality
and contaminants dispersion. Uri Dayan presents simulations of transport of anthro-
pogenic CO for high and low phases of the NAO. He shows the different spatial and
temporal influence played by the positive and negative phases of the NAO mode
when controlling the dust tranport to the Mediterranean: the positive phase dur-
ing summer over the western region and the negative one regulating dust transport
over the Eastern Mediterranean in winter. He indicates that positive phases imply a
reduced import of European trace gases, an enhancement of long range transport of
air pollutants from North American sources and conditions in favor of mobilization
and transport of North African dust mainly to the western part of this fragile basin.

Geomorphological processes in the Mediterranean region are also being largely
affected by the NAO. The erosive capacity of rainfall is the factor that triggers dif-
ferent surface processes that finally determine soil erosion. Marta Angulo-Martínez
and Santiago Beguería illustrate in a western Mediterranean area how the erosive
power of rainfall is stronger during the negative phase of NAO and weaker dur-
ing positive NAO conditions, a finding very useful in the implementation of soil
conservation strategies. In addition, soil intensity and magnitude also triggers mass
movements and landslides. José Luís Zêzere and Ricardo Trigo show that NAO have
an impact on the landslide events that have occurred in the region located just north
of Lisbon between 1956 and 2010. Thus, they show how many months with land-
slide activity are characterized by negative average values of the NAO index and
high values of average precipitation (above 95 mm/month).

The volume ends showing the influence of the NAO on a key economic sector that
at present is increasing its economic importance. David Pozo-Vazquez and collabo-
rators explore the influence of the NAO on the solar and wind energy resources in
the Mediterranean area, in particular, and over the whole North Atlantic area, in gen-
eral. They show that interannual variability of the solar and wind energy resources
in the Mediterranean area can reach values above 20% in winter and 10% in the
annual case associated with changes in the NAO phase. They results are of interest
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regarding the estimation of the expected interannual variability of the wind farms
and solar plants production in the study region.

The set of chapters of this books provides the most complete overview about
the impacts of the NAO in the Mediterranean region, highlighting the importance
of this phenomenon not only in terms of the understanding of climate processes
in the region, but also to know in depth the derived impacts that are affecting our
environment, economy and natural resources.

Acknowledgements The scientific workshop that made possible this book was supported by the
European Science Foundation, in the framework of the Mediterranean Climate Variability and
Predictability (MedCLIVAR) program, the Spanish Ministry of Science and Innovation and the
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Abstract Most – or perhaps even all – of the observed variations in the winter
North Atlantic Oscillation (NAO) index can be explained as internally-generated
climate variability. The influence of external forcing factors on the observed NAO
behaviour is still an open question. Two sea level pressure datasets yield different
results for the strength of the winter NAO trend from the 1960s to the 1990s, though
these trends from both datasets lie outside the 90% range of trends generated by the
internal variability of climate models, and the latter is more precisely known now
that over 8000 years of simulation under constant forcing is available for analysis.
Similarly, a much expanded, multi-model ensemble of simulations under increas-
ing anthropogenic forcing strengthens earlier findings of a shift in the mean state
of the winter atmospheric circulation towards positive NAO conditions. There is
considerable inter-model spread in both the magnitude of this response to increased
forcing and in its regional structure, but of the 21 climate models analysed here,
none showed an overall decrease in the mean level of the NAO index. If a shift
towards positive NAO conditions is a realistic response to increasing anthropogenic
forcing, then this signal has not yet emerged from the natural variability: observa-
tions since the 1990s show a return to lower values, and the 2009/2010 winter had
the record negative NAO index in a record lasting almost two centuries. It is possi-
ble that anthropogenic forcing could be altering the temporal or spatial character of
the interannual NAO variability, though only relatively small changes in pattern are
evident when considering the multi-model ensemble as a whole and there is only
weak evidence for an increase in the interannual variance.
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1 Introduction

The interannual variability of the North Atlantic Oscillation (NAO) represents
between 20 and 30% of the Northern Hemisphere winter atmospheric sea-level
pressure (SLP) variance, and an even greater part of the variance in the Atlantic-
European sector (e.g. Hurrell and Deser, 2009). For example, defining the NAO
index as the leading principal component of winter (December to February or
December to March, as here, are typically used) SLP in the domain 15–90◦N and
110◦W–70◦E represents around 40% of the variance in this domain (Figs. 1a and
2a), updated from Osborn (2004). Taking instead a station-based index – simply
the difference between standardised or raw SLP records near the Azores High and
Iceland Low pressure systems can yield a longer record, but captures slightly less
variance (because the principal component was optimised to maximise the variance
captured). The Gibraltar minus Iceland record first developed by Jones et al. (1997)
and updated here (Fig. 1b) now contains 187 complete winters (only those since
1887 are shown here).

This is all well established, as are the links between the NAO and some aspects of
surface climate (Trigo et al., 2002; López-Moreno and Vicente-Serrano, 2008; and

Fig. 1 Two alternative observed timeseries of the winter NAO index. (a) The leading principal
component timeseries of Atlantic-European SLP, using the HadSLP2r dataset (Allan and Ansell,
2006). (b) The difference between Gibraltar and southwest Iceland SLP observations. The values
represent the absolute pressure difference (hPa) between winter-mean values (a) from the maxima
and minima of the EOF pattern, and (b) from Gibraltar and Iceland
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many others). More recent research, coupled with longer observational records that
enable empirical relationships to be better established, is increasing this knowledge
and also extending it to new areas such as the consequences of NAO variability for
various natural and societal systems. See the rest of this volume for many exam-
ples. What is considerably more uncertain is the link between internally-generated
variability and externally-forced change, and whether the signature of the latter is
evident in the observed record. The positive trend in the NAO index from the 1960s
to the 1990s, evident in Fig. 1, has been a particular focus of such work (Osborn
et al., 1999; Gillett et al., 2003; Osborn, 2004), though more general changes in the
mean level of the NAO index have also been considered (Selten et al., 2004).

Others have investigated changes in the spatial structure of the NAO pattern
(Fig. 2a). For example, a tendency for an eastward shift or extension of the NAO
signature is apparent during part of the observed record (1978–1997 compared
with 1958–1977; Jung et al., 2003) and also in the response to increased green-
house gas concentrations simulated by some climate models (Ulbrich and Christoph,
1999). Multi-model analyses (Osborn, 2004; Kuzmina et al., 2005) suggest that
such a result is model dependent, though the multi-model mean response in both
cases did show a small north-eastward shift (Fig. 2b–d). A reconsideration of this
is worthwhile using more recent climate models that typically have finer resolu-
tion and increasingly sophisticated representations of some physical and dynamical
processes.

In addition to possible shifts in the mean level of the NAO index – i.e. corre-
sponding to a change in the mean atmospheric circulation that has a structure that
correlates positively with the NAO pattern (Fig. 2a) – or in the pattern of interannual
NAO variability, it is feasible that external forcing could influence the amplitude of
temporal variability. This is of topical interest because the winter 2009–2010 NAO
index had a record low value in the 187-year record (Osborn, 2011). Though this
could simply be a random event arising from internal variability, it is also important
to assess the evidence for externally-forced changes in NAO variance which could
alter the likelihood of such extreme events.

This chapter is structured as follows: Section 2 provides a brief description of the
observed and climate model simulated datasets used in this study, while Section 3
compares the observed record with the range of internal variability simulated by the

�
Fig. 2 Spatial patterns of SLP variability associated with the winter NAO, estimated from the
regression coefficients between local SLP and the NAO principal component index. (a) Observed
pattern using HadSLP2r (Allan and Ansell, 2006). (b) Average simulated pattern from 7 older
climate models used by Osborn (2004), using pre-industrial or twentieth-century control runs.
(c) As (b), but using the 2050–2099 period under a scenario with increasing CO2 concentrations
(1% year–1). (d) Difference (c) minus (b). (e) Average simulated pattern from 22 CMIP3 climate
models, using the 1922–1999 period under historic forcing (anthropogenic only or anthropogenic
and natural). (f) As (e), but using the 2050–2099 period under the SRES A1B scenario of increasing
anthropogenic forcing. (g) Difference (f) minus (e). Note that the contour interval is 4 times smaller
in panel (d) than in panels (b) and (c), and is 10 times smaller in panel (g) than in panels (e) and (f)
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Fig. 2 (continued)
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climate models. Then the simulated response to increasing greenhouse gases and
other anthropogenic forcings is described, for the mean circulation (Section 4), the
pattern of interannual variability (Section 5) and the amplitude of temporal variance
(Section 6), before some concluding remarks in Section 7.

2 Observed and Simulated Data

2.1 Observed Data, NAO Pattern and NAO Index

Monthly-mean SLP fields from 1850 to 2010 from the HadSLP2r dataset (Allan
and Ansell, 2006) were used. These consist of fields on a 5◦ latitude by 5◦ longitude
grid based on ship and weather station observations till 2004, with near-real-time
updates from 2005 to 2010 using NCEP/NCAR reanalysis data adjusted so that its
climatological average matches the observed data. The EOF analysis used to define
the NAO index was applied to the period from 1922 to 1999, because 1922 is the first
year in the record when at least 20% of the Northern Hemisphere grid boxes contain
at least 30 observations per month (Allan and Ansell, 2006). Note that the HadSLP2r
dataset falls back below this threshold from 1941 to 1948; the dataset is spatially
complete because it is based on interpolation from the available observations, but
nevertheless the values of the NAO index prior to 1922 and between 1941 and 1948
should be considered with more caution.

The spatial pattern of the NAO (Fig. 2a, the leading EOF of the December-to-
March seasonal mean SLP) is similar to the pattern found by Hurrell and Deser
(2009) who used a longer period, a smaller spatial window focussed on the North
Atlantic, and a different SLP dataset (Trenberth and Paolino, 1980, dataset with
updates). One difference is in the relative strengths of the northern and southern
parts of the dipole, which are more equal in Hurrell and Deser’s pattern (bottom
panel of their figure 8) compared with that shown in Fig. 2a here, perhaps because
the EOF has not been calculated with area-weighting of the SLP data here. Hurrell
and Deser (2009) also show that using the shorter December-to-February season
(compare the top-left panel of their figure 6 with their figure 8) results in stronger
loadings over the North Pacific – which is of interest because most climate models
show an EOF pattern with that feature.

The observed NAO index obtained by projecting the HadSLP2r seasonal mean
data fields onto the leading EOF is quite similar to the Gibraltar minus Iceland index
(Fig. 1). This is in contrast to the earlier analysis of Osborn (2004), where the trend
from the 1960s to the 1990s was more pronounced and the early 1990s values were
distinctly higher than the preceding century. Osborn (2004) used SLP data based on
the UK Met Office analyses, updated from Jones (1987). Hurrell and Deser (2009)
use the leading EOF of the Trenberth and Paolino (1980) SLP data to obtain an NAO
index that shows a more intermediate result. Although these NAO indices are highly
correlated, they do have different characteristics (e.g. the strength of multi-decadal
variations compared with shorter term variability) that can influence the statistical
significance of trends. Further investigation is needed of the differences between



14 T.J. Osborn

these SLP datasets (e.g. whether the reduced-space optimal interpolation algorithm
used for HadSLP2r affects the amplitude of long-term variations).

2.2 Simulated Data and NAO Patterns

Osborn (2004) reported an analysis of the NAO as simulated by seven climate mod-
els whose primary references were published between 1997 and 2000 (table 1 of
Osborn, 2004). Here, I report results of similar analyses applied to models that have
been developed or improved more recently, using 22 models from the World Climate
Research Programme’s (WCRP’s) Coupled Model Intercomparison Project phase 3
(CMIP3) multi-model dataset (Meehl et al., 2007). The focus is on the multi-model-
mean results; detailed results from individual models will be presented elsewhere.
The 22 models used here are listed in Table 1. The simulations used are control runs
under constant pre-industrial forcings, those under historic transient forcing, begin-
ning between 1850 and 1900 and extending to between 1999 and 2003, and those

Table 1 CMIP3 simulated data used in the analyses presented here

Model
Control
run (year)

Historic
forcing Runs

Future forcing
(SRES A1B) Runs

bcc_cm1 – 1871–2003 4 – –
bccr_bcm2_0 250 1850–1999 1 2000–2099 1
cccma_cgcm3_1 1001 1850–2000 5 2001–2200 5
cccma_cgcm3_1_t63 350 1850–2000 1 2001–2200 1
cnrm_cm3 390 1860–1999 1 2000–2200 1
csiro_mk3_0 380 1871–2000 3 2001–2200 1
gfdl_cm2_0 500 1861–2000 3 2001–2200 1
gfdl_cm2_1 500 1861–2000 3 2001–2200 1
giss_aom 502 1850–2000 2 2001–2100 2
giss_model_e_h 400 1880–1999 5 2000–2099 4
giss_model_e_r 500 1880–2003 9 2004–2200 5
iap_fgoals1_0_g 150 1850–1999 3 2000–2199 3
inmcm3_0 331 1871–2000 1 2001–2200 1
ipsl_cm4 – 1860–2000 1 2000–2100 1
miroc3_2_hires 100 1900–2000 1 2001–2100 1
miroc3_2_medres 500 1850–2000 3 2001–2200

2001–2100
1
2

mpi_echam5 506 1860–2000 3 2001–2200
2001–2100

3
1

mri_cgcm2_3_2a 350 1851–2000 5 2001–2200
2001–2100

1
4

ncar_ccsm3_0 830 1870–1999 8 2000–2199
2000–2099

1
3

ncar_pcm1 350 1890–1999 3 2000–2200
2000–2099

2
2

ukmo_hadcm3 341 1860–1999 2 2000–2199 1
ukmo_hadgem1 – 1860–1999 2 2000–2099 1
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under the SRES A1B future scenario of increasing greenhouse gas concentrations
and other anthropogenic forcing to 2100. For most models, the SRES A1B simula-
tions are extended beyond 2100 with fixed forcings, and model output up to 2200 is
used here.

Multiple simulations under the same forcing, but different initial conditions and
hence different realisations of internal variability, are available in some cases. These
initial-condition ensembles are used by analysing the individual ensemble members
separately, and then averaging the results to produce an ensemble mean. Table 1
indicates the availability of simulations, including the size of initial-condition
ensembles, for each of the models used here.

Osborn (2004) explained the advantages of regridding all datasets to a common
grid prior to analysis, so here all simulated data are regridded to the grid of the
HadSLP2r observational data. The same methods described in Osborn (2004) for
calculating and scaling the principal component NAO index time series from an
EOF analysis of each model simulation are used here – refer to that paper for a
detailed description.

The simulated spatial pattern of the NAO, when averaged across the 22 climate
models with twentieth century simulations (Fig. 2e), bears a very close resemblance
to the observed NAO pattern (Fig. 2a). As with the earlier models (Fig. 2b), the
teleconnection between the NAO and the North Pacific is stronger than observed,
resembling the Northern Annular Mode more closely (Miller et al., 2006). Note
that the NAO is defined here from an EOF analysis of only the Atlantic half of the
hemisphere, but the pattern shown in the maps is from the pattern of regression
coefficients between the principal component NAO index and SLP from across the
entire northern hemisphere. With this exception, the similarity with the observed
pattern provides some justification for using these model experiments to investigate
NAO behaviour.

3 Comparing the Observed Record with Internally-Generated
Climate Variability

The detection of climate changes that might be caused by some external forcing
requires the comparison of an observed record with an estimate of the varia-
tions that might typically be expected to arise from internal variability. In most
cases, the amplitude of internal variability increases with decreasing timescale, so
that even where a real climate change is present the likelihood of detecting it is
rather small within a short (e.g. sub-decadal) record. But longer-term trends must
be compared with an estimate of internally-generated variability on multi-decadal
timescales, and a multi-century record is required to provide an adequate sample
of such variations. The instrumental record is not long enough and is also “con-
taminated” by any responses to natural or anthropogenic forcings, rather than being
a “pure” representation of internal variability. In most detection studies, therefore,
the internal climate variability is estimated from climate model simulations, using
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a multi-century control run (i.e., a simulation in which the external forcings are
constant).

Detection results are thus completely dependent on whether the climate model(s)
adequately simulate climate variability on the timescale of interest (e.g. multi-
decadal fluctuations). These simulations can be evaluated by comparison with the
observational record, but the focus is of course on the shorter timescales that are
sampled within the limited length of the observations. Studies that go beyond detec-
tion and include an attempt to attribute some of the observed changes to particular
external forcings also check for consistency between the observed changes and a
combination of internal variability and attributed external effects. Although this can
identify instances where the internal variability simulated by the climate model is
inconsistent with the observed evidence, the power of the test is again limited for
the crucial multi-decadal timescales.

Osborn (2004) compared the sub-decadal variance of simulated and observed
NAO indices and found that three of the models had variances that were significantly
higher than observed, while the other four were similar. Detection analyses were
repeated, therefore, after scaling the simulated NAO indices to have the same sub-
decadal variance as observed. This scaling step profoundly alters the meaning of the
detection exercise, as noted by Osborn (2004), because the climate models are then
only being used to estimate the spectral shape of the NAO indices, rather than the
absolute magnitude of NAO variability.

The analysis of Osborn (2004) is repeated here using the CMIP3 pre-industrial
control runs (Table 1), together with the NAO index from the HadSLP2r dataset.
The 30-year trends evident in this observed NAO index, calculated using a sliding
window, are compared with the distributions of 30-year trends simulated by these
climate models with fixed, unchanging forcings (Fig. 3). These distributions are cal-
culated from all the 30-year trends in the simulated NAO indices from the 19 climate
models with pre-industrial control run data. The 5–95% ranges of these simulated
trends are then determined either for each climate model separately (Fig. 3b) or after
all the trends have been pooled together over the multi-model ensemble (Fig. 3a).
This represents a considerable extension to the analysis of Osborn (2004), with 19
rather than 7 models, and total simulation time of over 8000 years rather than under
3000 years; in addition, many of the models are more sophisticated or have higher
spatial and temporal resolution.

The results show that when the simulated NAO indices are scaled to have the
same sub-decadal variance as the observed winter NAO index, the 30-year trends
centred around 1980 (e.g. 1965–1994) lie outside the 90% range of internal variabil-
ity simulated by these climate models. The result is the same whether the models
are pooled together (Fig. 3a) or whether they are considered separately (Fig. 3b),
even for the models with the strongest multi-decadal variability (relative to their
sub-decadal variance). Note that Osborn (2004) showed the 95% range (from 2.5
to 97.5%) of the control run variability, whereas here I have used the 90% range
(from 5 to 95%) because previous analysis of multi-model ensembles (e.g. Osborn,
2004; Kuzmina et al., 2005) now yields the a priori expectation of an increase in the
NAO index, and thus 95% confidence in detecting an externally-forced trend can be
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Fig. 3 Thirty-year trends in the observed NAO index, calculated in a sliding window and plotted
against the central year of each window (black dashed curve), compared with the 5 and 95 per-
centiles of 30-year NAO index trends arising from the internal variability simulated by 19 climate
models (horizontal lines). (a) The 5 and 95 percentiles of the overall multi-model ensemble; (b)
the 5 and 95 percentiles of the individual model pre-industrial control runs (see legend). All NAO
indices are calculated from the leading EOF pattern of each dataset; all simulated NAO indices
were scaled to have the same sub-decadal variance as the observed NAO index; 30-year trends are
expressed as a trend in standard deviations per decade

assessed using a one-tailed test. The observed trend also exceeds the 97.5 percentile
(not shown) of the CMIP3 control run variability (for all individual models as well
as for the multi-model ensemble), so this difference in choice of range is not critical.

The degree to which the observed trend exceeds the simulated internal variability
is less in this study than found by Osborn (2004). This is mostly because the NAO
index obtained from the HadSLP2r dataset has a considerably weaker trend than
that found by Osborn (2004); the former peaks just above 0.6 standard deviations
per decade, whereas the latter peaked just over 1.1 standard deviations per decade.
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This was noted in Section 2.1. As a result, the behaviour of the observed NAO index
might be compatible with the internal variability of the models, since we would
expect the 95 percentile to be exceeded 5% of the time purely by chance. The lower
NAO values since 1995 also suggest that any contribution to the earlier increase in
the winter NAO index from continuing greenhouse gas forcing is likely to be small
(see the discussion in Osborn, 2004). The most recent 30-year trend (1981–2010)
is still comfortably within the range of internal variability, but analysing 15- or
20-year trends in the same way (not shown) shows that the most recent trends
over these shorter periods fall below the 5 percentile of the climate model internal
variability.

4 Changes in the Mean Circulation and the Mean NAO Index

The response of the Northern Hemisphere atmospheric circulation in winter to
increasing anthropogenic forcing is quite varied between different climate models,
though a feature common to all but one (GISS AOM) of the CMIP3 models analysed
here is that SLP decreases over most of the Arctic. Most of these climate models also
simulate an increase in SLP over parts of the subtropics, though there is less consis-
tency in the location of these increases. The multi-model average change in winter
SLP (Fig. 4) displays these consistent or semi-consistent features: decreases in SLP
over the Arctic and surrounding high latitudes, and increases over parts of the sub-
tropics, especially the Mediterranean, but also the Pacific and Atlantic. This is in
agreement with Miller et al. (2006), who examined the behaviour of the Northern
Annular Mode in these models. The multi-model mean pattern of SLP change is
stronger and more consistent in the CMIP3 models than in the earlier ensemble
analysed by Osborn (2004), and indicates strengthened mean westerly circulation
around the mid-latitudes, including across the Atlantic and into northern Europe.

Fig. 4 Differences in
long-term mean
December-to-March SLP
(hPa) simulated during the
1950–1999 period of the
historic simulations and the
2050–2099 of the simulations
under the SRES A1B
scenario, averaged across all
available model simulations
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Fig. 5 Timeseries of observed (black dashed line) and simulated December-to-March NAO index,
smoothed with a 30-year low-pass filter. Only the mean and estimated 5–95% range of the ensem-
ble of individual climate model results are shown, indicated by the thick black line and the grey
shading. The simulations are driven by historic forcing estimates up to around 2000, then by the
increasing anthropogenic forcing of the SRES A1B scenario to 2100, followed by constant forc-
ings to 2200. The NAO indices are calculated from the leading EOF pattern of each dataset, and
then scaled to represent the change in absolute pressure difference (hPa) between the maximum
and minimum of the EOF pattern

There are also strong changes in the western North Pacific, though they are not
relevant to the current paper.

Given this multi-model pattern of SLP change, and some consistency between
models in the large-scale structure (though not in the regional details for individual
models – not shown here), it is not surprising that the simulated NAO indices show
a long-term shift towards positive values (Fig. 5). The individual model results (not
shown) provide a large range of future projections, from almost no change up to
values in excess of a 5 hPa increase in the pressure difference between the locations
of maximum and minimum of the EOF patterns (note that these do not correspond
exactly with the maximum and minimum in the present-day SLP in this region). The
GISS AOM model simulates the lowest NAO index during the twenty-first century,
but even for this model there is no statistically significant decrease in the NAO index.
The inter-model spread is used to estimate a 5–95% range of NAO projections from
the CMIP3 ensemble, and this is shown in Fig. 5. The observed NAO index is also
shown, though it is not strictly comparable because some of the model results are
based on the mean of an initial-conditions ensemble (Table 1), which reduces the
spread arising from internal variability.

5 Changes in the Pattern of Interannual NAO Variability

Previous work (summarised in Section 1) identified the possibility that the spatial
pattern of interannual variability represented by the NAO might change when the
mean climate changes (e.g. Jung et al., 2003; Ulbrich and Christoph, 1999; Osborn,
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2004; Kuzmina et al., 2005). In particular, an eastward (or possibly north-eastward)
shift or extension of the main centres of action, especially the northern anomalies
associated with the Iceland Low pressure system, might accompany an increase in
the mean state of the NAO. Hurrell and Deser (2009) also discuss how this might
be related to circulation regimes on shorter timescales, with regimes associated with
positive NAO conditions tending to extend further eastward in the subpolar region.

Here, I have only considered the CMIP3 models as a whole ensemble (i.e., they
have not been stratified or selected according to the strength of the shift in the mean
NAO index, which might have led to different results). For the whole ensemble,
the EOF patterns calculated from the last 50 years of the twentieth century and the
twenty-first century (under the SRES A1B scenario) are compared in Fig. 2e, f.
There is very little difference between the multi-model average of the individual
EOFs during the two periods. The difference between the EOF patterns (Fig. 2g)
shows some minor differences (note that the contour interval in Fig. 2g is ten times
smaller than in 2e and 2f). The small negative changes (shaded) in the loadings
over Scandinavia and north-west Russia, coupled with the small positive changes
(unshaded) south of Iceland, represent a minor eastward shift in the northern centre
of action. The change in the multi-model mean EOF pattern is, however, consider-
ably smaller than obtained by Osborn (2004) from the smaller ensemble of older
climate models (Fig. 2b–d).

6 Changes in the Amplitude of Interannual NAO Variability

Few changes in the amplitude of NAO variability simulated by individual CMIP3
climate models are statistically significant. This is not surprising, however, because
higher-order statistics, such as the temporal standard deviation, are associated with
greater sampling variability and changes in those statistics are, therefore, more “dif-
ficult” to detect than changes in the mean climate (i.e. even when a real change
in variability is present, the likelihood of detecting it is smaller than for an equiv-
alent change in the mean). Treating them as a multi-model ensemble can help to
identify relatively small changes, providing the changes are consistent across mod-
els. In this case, however, there is little consistency between models. Comparing
the intradecadal standard deviations of the simulated NAO indices during the last
50 years of the twentieth century with the last 50 years of the twenty-first cen-
tury (under the SRES A1B scenario), seven models show an increase of at least
10%, three show a decrease of at least 10%, and 11 show changes of less than
10%. Averaging across all 21 models shows a minor increase of 4% in the standard
deviation of the NAO index under the SRES A1B scenario.

Another measure of interest is the fraction of overall SLP variability that is asso-
ciated with the NAO. Within the Atlantic half of the hemisphere, and over the same
periods used above, there is also little change under increased anthropogenic forc-
ing. Averaged across all 21 models, the SLP variance associated with the leading
EOF increases from 39 to 41%. However, when assessed for individual models,
there are nearly as many that show a decrease in the variance explained as show an
increase.
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7 Conclusions

Fluctuations in atmospheric circulation related to the North Atlantic Oscillation are
an important driver of climate variability over Europe and the Mediterranean region.
Yet it is rather uncertain whether anthropogenic forcings might cause a shift in the
mean atmospheric circulation that resembles the NAO, or in some way alter the
characteristics of the internal variability of the NAO (e.g. the spatial pattern or the
temporal variance). This cannot be confidently determined solely from an empirical
analysis of the observed record, due to difficulties in separating the response to indi-
vidual external forcings from internal variability within the available observational
record. Other approaches to learning more about NAO behaviour include exam-
ining processes within the atmosphere (e.g. stratosphere-troposphere interactions,
Perlwitz and Harnik, 2004) that might influence the NAO.

An alternative approach, taken in this study, is to analyse ensembles of mul-
tiple climate models (based on general circulation models of the atmosphere and
oceans). Here the CMIP3 ensemble of around 20 climate models shows that increas-
ing anthropogenic forcings (principally greenhouse gases) might drive a shift of the
mean circulation towards positive NAO conditions, with enhanced westerly flow
across the Atlantic and into northern Europe. The magnitude of the simulated shift
is very model dependent, and whether such an externally-forced response is needed
to explain the observed NAO record is uncertain. The observed increase in the win-
ter NAO index from the 1960s to the 1990s is large compared with the models’
internally-generated variability, but the dependence of the magnitude of this trend on
the sea level pressure dataset used, plus the return to lower values of the NAO index
since the early 1990s, reduce the likelihood that a strong influence of greenhouse
gas forcing is already evident in the observed NAO record. This study significantly
extends earlier multi-model analyses of NAO behaviour (Osborn, 2004; Kuzmina
et al., 2005) by using many more climate models, including some with finer reso-
lution and more sophisticated representations of physical and dynamical processes.
It also complements multi-model studies of related atmospheric circulation features
such as the annular modes (Miller et al., 2006).
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The NAO Impact on Droughts
in the Mediterranean Region
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Abstract This chapter shows the influence of the North Atlantic Oscillation (NAO)
on droughts in the entire Mediterranean region between 1901 and 2006. The anal-
ysis has been based on identification of positive and negative NAO winters and
also detection of the anomalies of drought severity by means of the Standardized
Precipitation Evapotranspiration Index (SPEI). The analysis is focussed on the win-
ter NAO. Nevertheless, given that the SPEI drought indicator can be obtained at
different time-scales, the study shows how the effects of the winter NAO on droughts
are propagated for the following months when long time scales are considered.
In general, during the positive phases, the negative SPEI averages are recorded in
Southern Europe (the Iberian Peninsula, Italy and the Balkans), areas of Turkey and
northwest Africa. On the contrary, the SPEI averages are found positive in north-
east Africa. The opposite configuration, but with some differences in the spatial
patterns and the magnitude of the SPEI averages, is found during the negative NAO
years. The findings of this study should be of great applicability in terms of devel-
oping early warning systems. The established relationships between NAO phases
and drought indices seem appropriate for drought prediction over large areas of the
Mediterranean basin.

Keywords Standardized Precipitation Evapotranspiration Index (SPEI) · Drought
index · Drought trends · Time-scales · Potential evapotranspiration · North Atlantic
Oscillation (NAO)

1 Introduction

Droughts are first-order hazards of high frequency and intensity in the
Mediterranean region. They are one of the main natural causes of agricultural, eco-
nomic and environmental damage (Burton et al., 1978; Wilhite, 1993). In contrast
to other extreme events such as floods, which are typically restricted to small
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regions and well-defined temporal intervals, droughts are difficult to pinpoint in
time and space. In particular, droughts can affect wide areas over long periods
of time. It is also very difficult to determine the beginning of a drought event
until human activities, or the environment, are affected. Moreover, the influences
of a drought can persist over longer periods after it has ended (Changnon and
Easterling, 1989). Although droughts are complex phenomenon related to a multi-
tude of factors (Wilhite and Glantz, 1985), they always have a climatic origin. This
has promoted scientific research to investigate the behaviour and characteristics of
climatic droughts in the Mediterranean region, including their driving mechanisms
(Van del Schrier et al., 2006).

In the Mediterranean region, droughts are a climatic risk that have severe con-
sequences for agriculture and natural vegetation (Austin et al., 1998; Lázaro et al.,
2001; Reichstein et al., 2002; Iglesias et al., 2003), increasing the frequency of fires
(Colombaroli et al., 2007; Pausas, 2004) and significantly reducing water availabil-
ity for urban and tourist consumption (Morales et al., 2000). Droughts are frequent,
but not spatially uniform in the Mediterranean region (Briffa et al., 1994; López-
Moreno and Vicente-Serrano, 2008), with significant spatial differences, even at
regional scale (Vicente-Serrano et al., 2004; Vicente-Serrano, 2006).

The North Atlantic Oscillation (NAO) is the primary atmospheric circulation
mode that determines the climate of the Mediterranean region (Hurrell et al., 2003),
with large and well known impacts on temperature, precipitation, cloudiness, etc.
(e.g., Hurrell et al., 2003; Hurrell and Van Loon, 1997; Trigo et al., 2002). Different
studies have focused on analysing the role of the NAO on droughts in South
of Europe and the Mediterranean region (Briffa et al., 1994; Lloyd-Hughes and
Saunders, 2002; Van del Schrier et al., 2006). These studies made significant con-
tributions to literature in terms of analyzing the spatial and temporal patterns of
drought using one of the most widely used drought indices: the Palmer Drought
Severity Index (PDSI; Palmer, 1965).

In addition, drought is widely accepted as a multi-scalar phenomenon. McKee
et al. (1993) clearly illustrated this essential characteristic of droughts through
consideration of usable water resources including: soil moisture, ground water,
snowpack, river discharges, and reservoir storages. The time period from the arrival
of water inputs to availability of a given usable resource differs considerably. Thus,
the time scale over which water deficits accumulate becomes extremely impor-
tant, and functionally separates hydrological, environmental, agricultural and other
droughts. For example, the response of hydrological systems to precipitation can
markedly vary as a function of time (Changnon and Easterling, 1989; Elfatih et al.,
1999; Pandey and Ramasastri, 2001). This is determined by the different frequen-
cies of hydrologic/climatic variables (Skøien et al., 2003). For this reason, drought
indices must be associated with a specific timescale to be useful for monitoring
and management of different usable water resources. Thus, the 9–12-month fixed
time scale considered by the PDSI (Guttman, 1998) limits the ability of the user
to analyze certain characteristics of droughts. This is mainly because the response
of different water sources to drought is very sensitive to the chosen time scale.
López-Moreno and Vicente-Serrano (2008) used the Standardised Precipitation
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Index (SPI; McKee et al., 1993) to determine the impact of the NAO on drought con-
ditions, quantified at different time-scales, in Europe. They found that the response
of droughts to the NAO varies spatially, and differs largely according to the month
of the year and the time scale of the analysis.

At present there is no study that analyses the role of the NAO on droughts at
different time scales across the entire Mediterranean region. In this regard, the
study conducted by López-Moreno and Vicente-Serrano (2008) only focussed on
the Mediterranean Europe employing the SPI, which neglects the role of other vari-
ables different to precipitation, to determine drought severity. Different empirical
studies have shown that temperature rise markedly affects the severity of droughts
and their derived impacts (e.g., Abramopoulos et al., 1988; Breshears et al., 2005;
Ciais et al., 2005; Cai and Cowan, 2008; Gerten et al., 2008). Owing to its gen-
eral increase in the Mediterranean region (0.5–2◦C) during the last past 150 years
(Jones and Moberg, 2003), it is reasonably expected to have adverse consequences
of temperature on drought conditions, with an increase in water demand due to
evapotranspiration (Sheffield and Wood, 2008). For this purpose, and to analyse
the NAO impact on drought at different time-scales, we have used a new drought
index (the Standardized Precipitation Evapotranspiration Index; SPEI). This index
is advantageous in that it is sensitive to changes in evaporation demand and can also
be obtained at different time-scales.

The objective of this chapter is to show the influence of NAO phases on drought
conditions in the Mediterranean region both spatially and temporally, and also to
include the influence on different time-scales of drought.

2 Methods

To analyse the NAO impact on droughts throughout the Mediterranean basin,
we used the SPEIbase, which is based on the Standardised Precipitation
Evapotranspiration Index (SPEI). The data set covers the period 1901–2006 con-
sidering time-scales of drought from 1 to 24 months at a spatial resolution of 0.5◦,
which represent the variability of a variety of water usable sources (Szalai et al.,
2000; Sims et al., 2002; Vicente-Serrano and López-Moreno, 2005; Patel et al.,
2007; Khan et al., 2008; Lorenzo-Lacruz et al., 2010) and may have very differ-
ent impacts on natural ecosystems and crops (Ji and Peters, 2003; Vicente-Serrano,
2007; Quiring and Ganesh, 2010). More details about the SPEI and the correspond-
ing data set can be found in Vicente-Serrano et al. (2010), Beguería et al. (2010) and
Vicente-Serrano et al. (2010b). From the SPEIbase we selected the area comprised
between 25.5–48.5◦N and 10◦W–45.5◦E.

The analysis of the NAO impact on droughts was based on a composite pro-
cedure by means of the selection of the positive and negative NAO winters. In
the present study, we used the NAO index calculated from the difference between
the standardized pressure anomalies measured at Gibraltar (south of Spain) and
Reykjavík (Iceland). The advantage of using these stations is discussed in depth by
Jones et al. (1997), who noted that Gibraltar appears to better represent the southern
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part of the NAO dipole than other commonly used stations, such as Lisbon or Ponta
Delgada in the Azores. The NAO index was compiled by the Climate Research Unit
(CRU), University of East Anglia (http://www.cru.uea.ac.uk/cru/data/nao.htm). We
calculated the average wintertime NAO index for months from December to March
(DJFM) because the NAO has higher activity at this time of the year (Hurrell et al.,
2003). Interdecadal variability of the NAO appears to be the most coherent when
the December–March season is used, rather than using other months (Osborn et al.,
1999). Since the NAO index is calculated by the CRU using data from the beginning
of the nineteenth century and using the period 1950–1980 as reference, the average
of the winter NAO index for the period 1901–2006 is not 0. Therefore, in order
to have the same number of positive and negative winters and a magnitude com-
parable, the resulting winter NAO series obtained from the average of the monthly
values was standardised to have an average of 0 and a standard deviation equal to 1.
Based on the obtained series, we identified the positive and negative NAO winters
as those with values that differed from the average by at least ±σ. Consequently,
16 years were identified as having positive phases and 16 as having negative phases.
The positive phases are found in 1903, 1905, 1910, 1913, 1920, 1925, 1957, 1961,
1967, 1983, 1989, 1990, 1992, 1994, 1995, and 2000; while the negative phases
occur in 1917, 1936, 1940, 1941, 1947, 1955, 1956, 1963, 1964, 1965, 1969, 1971,
1977, 1979, 1996 and 2006.

For both positive and negative phases of the NAO, we calculated the average
values of the SPEI at different time scales for each 0.5◦ series. We then used the
Wilcoxon–Mann–Whitney rank-sum test (Siegel and Castelan, 1988; Wilks, 2006)
to determine whether contrasted NAO phases (positive/negative) lead to statistically
significant differences in SPEI averages (dry/humid conditions) at different time
scales. 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 SPEI is a normal-
ized 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
SPEI values during positive and negative years). For this reason, the use of a non-
parametric test is more convenient. The sample that comprised SPEI values for
each of the months of the positive/negative years was compared with the values
of SPEI for months of normal years (those years within the rank +σ > NAO <−σ)
and months of years with the opposite sign. The significance level was established
at α < 0.05.

Given that SPEI anomalies for the positive and negative NAO years were
obtained for a range of time scales and months for each 0.5◦ series, we summarised
the information by means of Principal Component Analysis (PCA) applied to the
matrix of month/time-scale SPEI anomalies for each series. PCA has been widely
used to determine the general temporal and spatial patterns of climatic variables.
It allows common features to be identified and specific local characteristics to be
determined (Jolliffe, 1990). In this case, the purpose was to identify the general
patterns of the month/time-scale SPEI anomaly matrixes for the positive and nega-
tive NAO phases. The areas represented by each mode (component) were identified

http://www.cru.uea.ac.uk/cru/data/nao.htm
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by mapping the factorial loadings. The number of components was selected in
accordance with the criteria of an eigenvalue larger than 1.

3 Results

Figure 1 shows, as a representative example, the evolution of the SPEI at the time
scales of 3-, 6-, 9-, 12-, 18- and 24-month in a region of central France (46.5◦N,
8◦E). Negative SPEI index values indicate higher severity of droughts. On the
shorter time scales (3 or 6 months), the dry and humid periods are short and occur
with high-frequency. At a time scale of 12 months, droughts were less frequent, but
they lasted longer. At longer time scales (18 or 24 months), droughts lasted longer,
but were less frequent, with very few dry or humid periods recorded. The index
allows to identify the main drought periods affected this region in the decades of
1940, 1990 and 2000.

Figure 2 shows the SPEI anomalies corresponding to the entire Mediterranean
region from the average Mediterranean SPEI series in the positive and negative
NAO phases. The pattern is very different among both phases, with general neg-
ative (positive) SPEI anomalies across time scales and months during the positive
(negative) NAO phases. The most negative anomalies recorded for the positive

Fig. 1 Evolution of the 3-, 6-, 9-, 12-, 18- and 24-month SPEI in central France (46.5◦N, 8◦E)
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Fig. 2 Average SPEI anomalies for the entire Mediterranean region corresponding to the positive
and negative years of the NAO. The month 1 corresponds to December of the NAO phase and the
month 24 is November of two months after

NAO phases is observed at the time scales of 2- to 5-month considering the period
between February and June. Nevertheless, although not so intense as observed in
late winter and early spring, the negative anomalies are propagated throughout
longer SPEI time-scales several months further. On the contrary, the negative NAO
phases show general positive SPEI anomalies in most of the months and time-
scales, even at the longest time-scales (e.g., 24 months). We should also remark
that although both phases show opposite pattern, the magnitude of SPEI anoma-
lies are not so high, probably due to the large spatial variability existing in the
role of NAO on the precipitation and temperature across the Mediterranean basin.
Figure 3 shows the average SPEI at various time-scales in different months of the
year during the year of the NAO event and the following year for the positive NAO
phases. It also shows the standard deviations of the SPEI values recorded during
the events. The first relevant conclusion is the important spatial differences in the
impact of the NAO positive phases across the Mediterranean basin. As expected,
when the time-scale is higher, the effects of the positive NAO events are smoothed.
Nevertheless, independently of this pattern, it is clearly observed that the strongest
negative SPEIs are recorded in the Iberian Peninsula, Morocco, Algeria, Italy and
the Balkans. The negative anomalies have a lower magnitude and a patchy config-
uration in Turkey and South France. Moreover, in the Northeast Africa the SPEI
anomalies are positive, and the difference of the SPEI values in relation to the
negative and normal years is statistically significant for most of the months and
time-scales.

Figure 3 shows how at short time scales (3- and 5-months) during the spring
immediately after the winter NAO, the SPEI averages are very strong: negative in
the north and southwest and positive in the southeast of the basin. In most of the
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basin these averages show statistically significant differences regarding to the SPEI
averages recorded during the negative or normal years. Thus, in most of the Iberian
Peninsula and large regions of the Balkans the anomalies indicate very strong dry
conditions. On the contrary, very humid conditions, on average, are identified in
northeast Africa during the positive NAO winters. Droughts quantified at longer
time-scales also show how the effect of the positive winter NAO propagates several
months after. Thus, in August negative 9-month SPEI values are still recorded in
large areas, whereas positive values are identified in Northeast Africa. Even during
the summer of the following year (see the chart of August of the following year
considering the time-scale of 21 months), the same pattern is identified, and large
areas show significant differences in the average SPEI values regarding negative and
normal years. Therefore, the results show how the NAO signal may be evident in the
drought conditions several months after the winter.

Figure 3 also shows the standard deviation values of the SPEI calculated for
the 16 positive NAO years. Low standard deviations would indicate low variabil-
ity among the positive years. Independently of the time scale and the month of
the year, regions with strong SPEI anomalies commonly show low variability. The
Iberian Peninsula, Northwest Africa and areas of the Balkans show, in general, a
low variability among events. On the contrary, Turkey and the eastern sectors of the
Balkans, the Iberian Peninsula, and of Italy show very high variability of the SPEI
values corresponding to the positive years.

Figure 4 shows the spatial distribution of the SPEI average and standard deviation
for the negative NAO years. In the majority of the region, and independently of the
time-scale and the month of the year, the SPEI anomalies tend to be positive. Thus,
the magnitude of the average anomalies, regardless of their sign, tends to be much
higher for the positive than for the negative NAO years. Moreover, the effect of
the negative phases is propagated for longer, with a stronger magnitude, than the
observed for the positive phases. The two regions with droughts during positive
NAO phases are the Northeast Africa and the near East. In these areas, the NAO
effects are recorded for several months further, showing significant differences with
the SPEI values of the positive and normal years. The standard deviations of the
SPEI values are, in general, lower than the observed for the positive phases, which
indicates that the humid conditions associated with the negative phases show a low
variability among events.

The different average values of the SPEI found between the positive and the neg-
ative NAO years clearly indicate a very different risk in the occurrence of drought
conditions across the Mediterranean basin. Figure 5 shows the percentage of years
in which negative SPEI values, associated to dry conditions, have been found for
the positive and negative NAO years. The analysis covers the same months and time
scales shown in Figs. 3 and 4. During the positive phases, high probabilities of dry
conditions occurrence are recorded in most of South Europe, Turkey and Northwest
Africa, mainly during the spring and summer of the positive winters. In March,
at a time scale of 3 months, the majority of the Iberian Peninsula, Italy, western
Turkey, the Balkans and Morocco show a percentage higher than 90% of dry condi-
tions during positive NAO winters. In France, northern Italy, Turkey and Algeria the
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probability is lower but still relatively high (> 65%). On the contrary, in Northeast
Africa the probability of having dry conditions at this time scale is close to 0. In
April, and at the time-scale of 5-months, the spatial pattern of probability is similar
to March. Thus, until June the probability of having dry conditions is higher than
80% in the Iberian Peninsula and North of Morocco considering a time-scale of 7
months. During the negative NAO years (Fig. 5 left) the probability of having dry
conditions is very low in the majority of the basin; thus in some areas of southwest-
ern Iberian Peninsula the value is close to 0 during the spring and summer. Only in
the Northeast Africa and the Near East the probability is high (>80%) for most of
the months of the year and time-scales.

We have summarised the information of the entire Mediterranean region by
means of a principal component analysis (see methods) for the positive and the neg-
ative NAO years. The purpose was to determine the most general time-scale/month
matrices of the SPEI anomalies corresponding to both phases, in addition to
the regions represented by each pattern. The results of the matrix are shown in
standardised units (PC-scores), comparable to the SPEI magnitudes.

Figure 6 shows the results for the positive phases. Three PCs were extracted,
which account for 69.3% of the total variance. The component 1 shows some resem-
blance with the average pattern indicated in Fig. 2: negative SPEI anomalies at
the time scales of 2–6 months between January and August of the positive year.
Moreover, the negative values, indicative of dry conditions, propagate for further
months and are dominant until, at least, 24 months after the positive NAO winter.
According to the loadings of the first PC, this pattern of time-scale/month anoma-
lies mainly represents the entire Iberian Peninsula, the southern coastland of France,
most of Italy, the majority of the Balkans, the Anatolian Peninsula and the north-
west Africa. Therefore, in these regions the positive NAO years are associated with
a propagation of the dry conditions for most of the months and SPEI time scales.
In northeast Africa the PC-loadings are dominantly negative and close to –1, which
indicates that these areas are represented by the inverse of the obtained matrix during
the positive NAO years. The second and third components represent the northern-
most areas of France, Italy, the Balkans; and the northern basin of the Black Sea, and
the near East and parts of North Africa, respectively. They contribute to a lower por-
tion of the total variance (15.5 and 9.7%, respectively). In the northernmost areas of
the basin (Component 2) the positive NAO phases are also related to the generalised
negative SPEI values during the winter and spring, but there is no clear propagation
throughout time-scales and months.

For the negative NAO years, the first PC explains 49.2% of the total variance, and
represents most of the Iberian Peninsula, south of France, Italy, Morocco, south of
the Balkans and western Turkey (Fig. 7). The pattern of the time-scale/month SPEI
anomalies reveals the first pattern of the positive NAO phases, but with opposite
signs to SPEI values. Thus, the negative NAO phases tend to cause humid con-
ditions, which are propagated to the SPEI values several months after the winter.
This pattern shows negative loadings in northeast Africa and the near East, suggest-
ing the opposite behaviour in these areas: a propagation of the dry conditions. The
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components 2 and 3 represent a lower percentage of the total variance, including
areas in which the influence of the negative NAO phases is lower than the observed
for the component 1.

4 Conclusions

The results of this study have demonstrated that the response of droughts to positive
and negative phases of the NAO varies spatially and also depends greatly on the
time scale of drought. In general, during the positive phases, negative SPEI aver-
ages are recorded in southern Europe (mainly in the Iberian Peninsula, Italy and the
Balkans), parts of Turkey and northwest Africa. On the contrary, in northeast Africa
the SPEI averages are positive. The opposite configuration, but with some differ-
ences in the spatial patterns and the magnitude of the SPEI averages, is found for the
negative years. This observation is in agreement with the general and widely known
behaviour of the effects of the NAO on precipitation and temperature throughout the
Mediterranean region (e.g., Hurrell and Van Loon, 1997; Trigo et al., 2002).

This study highlights the outstanding influence of positive and negative phases
of the wintertime NAO on drought conditions during the succeeding months, quan-
tified by means of a multi-scalar drought indicator. This index gives indication of
the important role of positive and negative phases of the wintertime NAO on usable
water sources throughout the year. We have found that there is a prevalence of either
maximum or minimum values of the SPEI along the diagonal that summarised the
principal component analysis in Figs. 6 and 7, with some differences depending
on the regions. This fact is related to the importance of winter climate in terms of
the total annual amounts. In the Mediterranean region, where the bulk of the pre-
cipitation comes mostly during winter, differences in winter precipitation between
positive and negative phases are very important, and this behaviour has a noticeable
impact on drought condition during the succeeding months.

Previous studies have shown that the time scales of droughts have a direct rela-
tionship with usable water sources, such as soil moisture, river discharge, and
reservoir storage (Vicente-Serrano and López-Moreno, 2005; Lorenzo-Lacruz et al.,
2010). In general, long time scales of the SPI are related to reservoir storage and
river discharge, whereas short time scales are connected with variability in soil
moisture. Therefore, positive phases of the NAO could lead to drought conditions in
terms of soil moisture during winter and spring and hydrological droughts (reduc-
tion in river discharge and the levels of reservoir storages) in summer and autumn
over southern Europe and northwest Africa. On the contrary, in northeast Africa and
the near East the deficits will be mainly driven by the negative phases of the NAO.
The above results are in agreement with the observed response of hydrological sys-
tems to the NAO in different Mediterranean regions. Trigo et al. (2004) documented
a lag time of 2–3 months in the response of river discharge to NAO positive and neg-
ative phases in the Atlantic basins of the Iberian Peninsula. Also, in a study of the
Tagus basin within the Iberian Peninsula, López-Moreno et al. (2007) reported that
the impact of positive and negative phases of the NAO on river discharge and levels
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of storage in 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 next summer and autumn, whereas
in winter and spring the amount of stored water is similar to that of normal years.

Nevertheless, the expected impact is not only restricted to the direct usable
water resources since different natural systems and crops show a response to longer
drought time scales. Vicente-Serrano (2007) found a high correlation between the
vegetation activity in semi-arid regions of northeast Spain and drought time-scales
between 6 and 12 months. Within dry-lands of this region, crop production of early
summer responded considerably at time-scales between 6 and 12 months (Vicente-
Serrano et al., 2006). Therefore, in these regions the NAO variability will have a
great impact on the vegetation activity, directly driven by the soil moisture avail-
ability (Vicente-Serrano and Heredia-Laclaustra, 2004; Gouveia et al., 2008). In
this way, in the coastland areas of Egypt and the near East, where large agricul-
tural areas depend on winter rainfall, crop productions will be driven by drought
variability, which is highly conditioned by the NAO positive phases.

Finally, we must highlight that although teleconnection indices such as the NAO
have been widely used to predict drought conditions with a high degree of relia-
bility (e.g., Rodwell, 2003), they may be useful only in those regions in which a
general stability of the SPEI values for the positive or negative SPEI phases is found
(Figs. 3 and 4). In other areas (mainly in Turkey and South France), the large vari-
ability among events observed during the positive NAO phases does not make the
prediction and management of droughts an easy task, particularly those based solely
on the wintertime NAO index. Given that the NAO configurations and the NAO-
climate connectivity have had large changes in the last decades (Vicente-Serrano
and López-Moreno, 2008), the regions less affected by the direct influences of the
NAO dipole show a large variability among events (Massei et al., 2007).

The findings reported here should be of great use in the development of early
warning systems and in mitigating the effects of drought in an area that is especially
prone to such phenomena. The development of measures for drought planning and
preparedness is a priority to reduce drought hazards (Wilhite, 1996; Wilhite et al.,
2007; Prabhakar and Shaw, 2008). A critical component in drought planning is the
provision of timely and reliable climate information on which management deci-
sions are made (Svoboda et al., 2004). Hence, drought monitoring is crucial for the
implementation of drought plans and the use of the results found here, in terms of the
lagged impacts of NAO events throughout different time-scales and months, offers
a unique mechanism for drought prediction. The established relationships between
NAO phases and drought indices therefore seem appropriate for drought prediction
over large areas of the Mediterranean basin.
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The Impacts of the NAO on Hydrological
Resources of the Western Mediterranean

Ricardo M. Trigo

Abstract The present study analyses the impact of the North Atlantic Oscillation
(NAO) on the precipitation and river flow regime of the western Mediterranean
region. The spatial pattern of the NAO impact over western Europe and the
Mediterranean is evaluated on a monthly basis showing that the NAO impact is well
apparent and significant between December and March, and not so well defined
between October and November. I have focused the attention on the impact of
the NAO pattern on the river flow regimes for the three largest transboundary
Iberian river basins, namely the Douro (north), the Tejo (centre) and the Guadiana
(south). Results show that the large inter-annual variability of these three rivers
flow is largely modulated by the NAO phenomena. Moreover, the magnitude of
the relationship between NAO and river discharges increases substantially for the
last period considered (1973–1998), with values being statistically significant at the
1%. Major changes in the precipitation regime of Iberia have occurred in the last 5
decades, with an outstanding decrease in precipitation being noticed in March since
the 1960s, which is significantly associated with increasing probabilities of posi-
tive values of the NAO index. It is also shown that this decline of precipitation is
inducing a significant decrease of river flow for the three Iberian river basins consid-
ered. Finally, it is well known that the precipitation and river flow regimes in Iberia
present large values of inter-annual variability, being characterised by large dispar-
ities between wet and dry years. These characteristics will probably exacerbate in
the coming decades as, according to modelling results, the entire Mediterranean
basin is bound to become hotter and drier under an increased frequency of posi-
tive NAO winters. Therefore, if we consider the rising use of water in both Iberian
countries (Portugal and Spain) for agricultural, touristic, hydroelectricity production
and urban purposes, one can foresee an increasing stressed situation for the water
resources management in the region directly driven by the NAO conditions.
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1 Introduction

The western Mediterranean region is roughly positioned at the southern edge of the
North Atlantic storm tracks. Thus this sector is particularly susceptible to interan-
nual shifts in the trajectories of mid-latitude cyclones and associated fronts that can
lead to remarkable anomalies of precipitation and, to a lesser extent, of temperature
(Trigo et al., 2006). Given the seasonal characteristics of the Atlantic storm-tracks,
this is particularly true in winter when the influence of mid-latitude variability is
at its greatest. Storm-track variability impacts primarily the western Mediterranean,
but it has also a signature clearly present in the eastern Mediterranean (e.g. Türkeş
and Erlat, 2003; Xoplaki et al., 2004). The Iberian Peninsula orography has a strong
influence on the way that most low pressure systems affect the climate at a more
local scale, as mountain ranges shield regions from oceanic moisture advection
(Gimeno et al., 2010). Thus the precipitation regime in the northern and western
sectors of the Iberian Peninsula is mostly controlled by the mean annual cycle of
the location of the Atlantic storm track, while the interior and the eastern sectors
of Iberia are partially affected by large-scale synoptic systems with Atlantic ori-
gin, but also by convective precipitation with Mediterranean influence (Trigo et al.,
1999, 2000). The amount and distribution of precipitation in the Iberian Peninsula
is highly irregular in both the spatial and temporal dimensions (Esteban-Parra et al.,
1998; Serrano et al., 1999; Trigo and DaCamara, 2000).

The variability of precipitation over large sectors of Iberia are known to be
closely connected to the large-scale atmospheric circulation modes, including the
North Atlantic Oscillation (von Storch et al., 1993; Serrano et al., 1999; Trigo
and Palutikof, 2001; López-Moreno et al., 2007). The North Atlantic Oscillation
(NAO) has been described since the pioneering works of Walker (1924) in the
early twentieth century and corresponds to one of the major patterns of atmospheric
variability in the Northern Hemisphere (Wallace and Gutzler, 1981; Barnston and
Livezey, 1987). This important circulation mode was poorly studied in the fol-
lowing decades until relatively recently when it has been characterised in more
detail (e.g., Wallace and Gutzler, 1981; Barnston and Livezey, 1987; Hurrell, 1995;
Hurrell et al., 2003). In simple terms, the NAO corresponds to a large-scale merid-
ional oscillation of atmospheric mass between the subtropical anticyclone near the
Azores and the subpolar low pressure system near Iceland (Hurrell, 1995; Trigo
et al., 2002). Recently, a number of different studies have shown the relevance
of the NAO to the winter surface climate of the Northern Hemisphere in gen-
eral and over the Atlantic/European sector in particular (Hurrell, 1995; Hurrell
and van Loon, 1997; Trigo et al., 2002). Furthermore several studies have estab-
lished links between different NAO modes and changes in the associated activity
of North-Atlantic storm tracks (Osborn et al., 1999; Trigo et al., 2006). The
existence of two contemporaneous and possibly related winter-time trends over
the last 3 decades: a trend towards the positive phase of the NAO and a trend
towards warmer Northern Eurasian land temperatures has now been established
(Hurrell and van Loon, 1997). Nevertheless it should be noted that the influence
of the NAO pattern in the Mediterranean is considerably higher for precipitation
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than for temperature, where it plays a relatively minor role (Castro-Díez et al.,
2002).

The strong control exerted by the NAO on precipitation over the Mediterranean
basin is bound to be reflected in the seasonal flow of rivers across the region. It
should be noted that the river basin system acts as an effective spatial and temporal
integrator of precipitation (rain and snow), temperature, and related evapotranspira-
tion over a specific region. Therefore, seasonal to interannual streamflow variability
in many river-basins can be controlled by corresponding changes in large scale
atmospheric circulation patterns. The relationship between these climatic regimes
and its hydrological response, through its streamflow, presents different grades of
complexity according to the physical characteristics of the basin (e.g. topography,
land cover, soil types, lithology, etc.). Thus, the spatial variability in the response
of river discharges to the NAO can be very high, with strong differences between
neighbour rivers as a consequence of the basin characteristics (Morán-Tejeda et al.,
2011).

During the last decade several works have been published focusing on the impact
of the NAO pattern on river flow regimes of many Mediterranean river basins (e.g.
Struglia et al., 2004; Trigo et al., 2004; López-Moreno et al., 2007) but also for adja-
cent Middle Eastern rivers, including the Tigris, Euphrates and Jordan (Cullen and
deMenocal, 2000; Cullen et al., 2002), and the large central European river Danube
(Rîmbu et al., 2002). While the statistical significance of results varies among river
basins, these studies show that river flow tends to be lower (higher) when the NAO
index is in its positive (negative) phase.

The main objective of this chapter is to summarize different impacts of the NAO
investigated by the author in the last decade, namely on the European/Mediterranean
climate (Trigo and Palutikof, 2001, 2002, 2004, Trigo et al., 2006), with a particular
emphasis on the Iberian water resources (Trigo et al., 2004; Trigo, 2008), but also
on changes of precipitation and river flow regime (Paredes et al., 2006; Trigo et al.,
2008).

2 Results

2.1 Impact in Large-Scale Circulation and Precipitation

There are a number of NAO indices available in the literature and provided
by researchers that have implemented different methodological approaches (e.g.
Barnston and Livezey, 1987; Hurrell, 1995; Jones et al., 1997). Results presented
here were based on the NAO index developed at the Climatic Research Unit
(University of East Anglia, UK) and defined, on a monthly basis, as the differ-
ence between the normalized surface pressure at Gibraltar (southern tip of Iberian
Peninsula) and Stykkisholmur in Iceland (Jones et al., 1997). Taking into account
that the NAO index for winter months presents a positive trend during the last 3
decades of the twentieth century its distribution is dominated by positive values,
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with monthly averages above zero (Jones et al., 1997). Therefore it is advisable
to normalize the entire winter NAO index (average of DJFM values) so it has
zero mean (for the normal period 1961–2000) and standard deviation one. Finally,
we defined the seasonal high NAO composite to be a combination of all winters
with NAO index greater than 0.5, while the low NAO composite corresponds to all
winters characterised with an NAO index value smaller than –0.5.

Following the approach adopted in Trigo et al. (2004), we show the large-scale
impact of winter NAO on atmospheric circulation and precipitation for the North
Atlantic and European sector (Fig. 1). This is performed using monthly average
values of sea level pressure (SLP) and precipitation rate fields obtained from the
NCEP/NCAR (National Centers for Environmental Prediction/National Center for
Atmospheric Research) reanalyses dataset (Kalnay et al., 1996) for the period span-
ning between 1961 and 2000. Anomaly fields of SLP and precipitation rate for
winter (DJFM) months characterized by high (NAO index > 0.5) and low (NAO
index < –0.5) values are shown in Fig. 1a, b, respectively. The spatial signature
of the NAO is given by the difference in SLP between composites (Fig. 1c). The
corresponding precipitation rate anomalies are also represented (grey scale), wher-
ever those anomalies are significantly different (at the 5% level) from climatology
(Fig. 1a, b) or between composites (Fig. 1c). Several aspects in this figure are worth
to be mention, namely:

(a) The typical NAO pattern can be recognised in the SLP anomalies obtained for
both the positive (Fig. 1a) and negative (Fig. 1b) composites that reveal the
expected dipole between the Iceland and the Azores regions so well depicted
when the difference between composites is computed (Fig. 1c). However, it
should be noted that the southern centre of action is not located over the strait
of Gibraltar (where the station used for computing the NAO index is placed),
because the variance of SLP is lower there than over the Azores, and thus the
magnitude of the composite anomaly is greater over the Azores (Trigo et al.,
2002);

(b) The impact of the NAO on the North Atlantic winter precipitation field, for both
phases of the NAO index, is not restricted to the European continent but extends
considerably over large sectors of the, mostly uninhabited, North Atlantic. In
fact Fig. 1c shows quasi-zonal bands of opposite anomaly signs, with large pos-
itive differences concentrated in the northern latitudes, extending from eastern
Greenland to Scandinavia. At lower latitudes, a significant band of negative dif-
ferences extends from south of Newfoundland crosses the Azores archipelago
and extends throughout the northern Mediterranean basin until Turkey, with
larger differences located west of Iberia.

Interestingly, the vast majority of works that have been published evaluating the
impact of NAO in Europe/Mediterranean have been performed on a seasonal basis,
usually confined to the winter months (e.g. DJF of DJFM). Following the approach
adopted in Trigo et al. (2008) the monthly spatial correlation pattern between the
European precipitation and the corresponding monthly NAO pattern is presented
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Fig. 1 Precipitation rate anomaly fields (mm/day) from the NCEP/NCAR reanalysis for winter
months with (a) high NAO index > 0.5, (b) low NAO index < –0.5 and, and, (c) their difference.
Precipitation anomalies are represented only if significant at the 5% level. Positive (solid) and
negative (dashed) isolines of the sea level pressure anomaly field (hPa) are also represented



46 R.M. Trigo

here (Fig. 2). This assessment is obtained using the high resolution (0.5◦) dataset
from the Climate Research Unit – CRU – of the University of East Anglia (Mitchell
and Jones, 2005), between 1961 and 2000, and only restricted to those grid boxes
that present a correlation value statistically significant at the 10% significance level.
Naturally, no precipitation information is available over the oceans as this data set

Fig. 2 Spatial pattern of correlation values between monthly European precipitation (CRU data
set) and the corresponding monthly value of NAO index for the period 1961–2000
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is constructed with precipitation values observed in rain gauges. The typical win-
ter NAO-precipitation pattern shown in Fig. 2 confirms that the most prominent
correlations can be observed between the core winter months that span December
and March, with large negative values over Iberia (r < –0.7), northern Africa and
central Mediterranean, while positive values dominate over northern Europe, albeit
with a smaller magnitude (r < 0.6). A slightly different pattern emerges between
October and November with weak, but still statistically significant, negative correla-
tion values covering most of Europe between Iberia and southern Scandinavia, while
positive values remained confined to small-scattered patches of UK and Scandinavia
and most of northern Africa.

2.2 Impact in Western Mediterranean Water Resources

As stated in the introduction, it is expectable that the strong impact of the NAO on
the precipitation regime over the western and central sectors of the Mediterranean
should be also observed on the stream flow of rivers located within these sectors.
This section focuses on three large transboundary Iberian rivers (Douro, Tejo and
Guadiana) that correspond almost to 50% of the entire Iberian surface (Fig. 3)
and flow westwards, i.e. from Spain to Portugal. It should be stressed that water
resources in this south-western European region are characterised by present and
future challenges, namely:

• As a consequence of high interannual precipitation variability most Iberian
rivers show relatively high coefficients of interannual stream flow variation, that
decrease from rivers located in the north (∼50% for Douro) to those in the
southern sector (∼100% for Guadiana).

• There has been a steady decline of Iberian precipitation in late winter (February)
and early spring (March) since the 1960s (González-Hidalgo et al., 2010). This
decrease is driven by latitudinal shifts of storm-tracks over the Atlantic that are
ultimately associated with an increasing trend of the NAO index (Paredes et al.,
2006; Trigo et al., 2008). This trend in precipitation is noticeable in river flow in
March and April and diminishes the soil water moisture available in the following
spring and summer seasons.

• Both Iberian countries present an increasing demand of water supply in recent
decades. Besides hydroelectricity production, the touristic (e.g. golf courses)
and agricultural sectors correspond to the two main socio-economic activi-
ties responsible for this increment. The strong socio-economic impacts of the
recent extreme drought observed during the 2004/2005 hydrological year further
emphasises the necessity to develop long-term planning tools (García-Herrera
et al., 2007).

• The latest IPCC report (Solomon et al., 2007) confirms what many studies
based on global and regional climate models have been suggesting in the last
decade; i.e. that the Mediterranean area will register a general trend towards
less precipitation during the twenty-first century (e.g. Giorgi and Lionello, 2008;
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Fig. 3 Location of the three Iberian river basins considered. Small vertical lines show the location
of river flow gauges used in each basin

López-Moreno et al., 2009). The combined effects of this future precipitation
decrease and the widely accepted future increment in the surface temperature
on the Mediterranean will bear important changes in the region’s water cycle
(Mariotti et al., 2008).

Following the work developed in Trigo et al. (2004) and updated in Trigo (2008)
we used monthly river flow data for the three rivers depicted in Fig. 3, namely the
Guadiana, the Tejo (Tagus or Tajo) and the Douro (or Duero). The datasets were
kindly provided by the Portuguese Institute of Water (INAG). The location of the
river gauges, corresponds to large dams located within the Portuguese section of
the rivers as shown in Fig. 3. Monthly river flow anomalies during and follow-
ing winters with high (low) NAO index values are represented by black (grey)
bars in Figs. 4a, 5a and 6a for the Douro, Tejo and Guadiana rivers, respectively.
Taking into account the very dry months that characterize Iberia between July and
September we show results using the hydrological year, i.e. between October and
September of the following year. It is clear that all three cases are characterized by a
clear separation of river flow between the high and low winter NAO composites
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Fig. 4 (a) Monthly river flow anomalies (hm3/month) of river Douro at Pocinho during and fol-
lowing winters with high NAO index (black bars) and winters with low NAO index (grey bars),
(b) Interannual variability of the mean winter (JFM) river flow (solid curve), for river Douro at
Pocinho, and the lagged winter (DJF) NAO index. Both curves have been normalised

Fig. 5 The same as in Fig. 4 but for river Tejo at Fratel

Fig. 6 The same as in Fig. 4 but for river Guadiana at Pulo do Lobo



50 R.M. Trigo

and that such impact is not restricted to the winter months but extends consid-
erably to the following seasons. Moreover, these changes increase as we move
southwards with successive larger ranges of positive (black) and negative (grey)
bars size. Thus for river Douro these differences are significant (at the 5% signif-
icance level) only between January and April, while for rivers Tejo and Guadiana
these differences are significant between January and September. Lagged and non-
lagged correlation coefficients were computed between winter river flow (DJF) and
contemporaneous winter NAO index, using the full period of data available for
each river.

The 1-month lagged correlation values were computed considering the NAO
index for DJF and the river flow for JFM. In order to evaluate how stationary results
are correlation coefficients were computed for three consecutive sub-periods; 1923–
1947, 1948–1972 and 1973–1998 for rivers Tejo and Douro rivers while, due to
shorter time series availability, results for Guadiana have to be restricted for the
two most recent sub-periods (Table 1). The inter-annual variability of winter (JFM)
river flow against the winter (DJF) NAO index is represented in Figs. 4b, 5b and
6b for the Douro, Tejo and Guadiana rivers, respectively. Sub-periods are delimited
by vertical dotted lines, additionally both curves (river flow and NAO index) were
normalized (for the total period of available data for each river) and represented
between 1920 and 2000 to facilitate comparisons between all three rivers. These
figures (and correlation values shown in the companying Table 1) provide some
considerations:

(1) Generally speaking the 1 month-lagged correlation coefficient values are
consistently higher than the corresponding non-lagged ones. In fact, when
considering the entire period of data available for all three rivers, the corre-
lation coefficient values increase when the NAO index is lagged by 1 month.
Considering the last sub-period (i.e. 1973–1998) the 1-month lagged correlation

Table 1 Seasonal 1-month lagged (lag 1) and simultaneous (lag 0) correlation coefficients
between winter NAO index and river flow in Pulo do Lobo (Guadiana), Fratel (Tejo) and Pocinho
(Douro). Statistically significant results at the 5% level are highlighted in bold

River flow Lag 1
NAO (DJF), flow (JFM)

River flow Lag 0
NAO (DJF), flow (DJF)

Guadiana 1948–1972 –0.60 –0.45
1973–1998 –0.79 –0.67
1948–1998 –0.69 –0.57

Tejo 1923–1947 –0.56 –0.54
1948–1972 –0.37 –0.25
1973–1998 –0.77 –0.61
1923–1998 –0.52 –0.45

Douro 1923–1947 –0.48 –0.27
1948–1972 –0.29 –0.10
1973–1998 –0.76 –0.58
1923–1998 –0.55 –0.35
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coefficients achieve very significant values, namely; –0.76 for Douro, –0.77 for
Tejo and –0.79 for Guadiana. These results have opened promising prospects for
the use of these relationships for constructing monthly to seasonal forecasting
models.

(2) The longer time series available for the Douro and Tejo rivers allow further
insight on the long term behavior of these link between NAO and river flow.
Interestingly, both rivers reveal a certain decrease between the first and the
second sub-periods that is followed by a major increment between the sec-
ond and third sub-periods. The long term evolution of this relationship can
be also appreciated by the change in coherence between both time series
(Figs. 4b, 5b and 6b).

The increase in the strength of the impact of NAO in the river flow since the
1970s reflects most probably two different aspects that contribute to such an out-
come. On the one hand the link between precipitation and the NAO patterns is
not stationary, but changes at decadal scale, having increased significantly between
the mid-twentieth century to the last few decades (e.g. Trigo et al., 2004; Vicente-
Serrano and López-Moreno, 2008). Additionally, it has been suggested that part of
this increment in strength is related to the increase in water storage volume asso-
ciated with the construction of major dams in the 1950s and 1960s (Trigo et al.,
2004), given that there are evidences that variability in the water stored by reser-
voirs of the Tagus basin is more determined by NAO than river discharges, both in
the duration and magnitude of the anomalies (López-Moreno et al., 2007). In fact,
results obtained in Table 1 show that the correlation increase is larger at 1-month
lag than it is for simultaneous correlations.

2.3 Precipitation and River Flow Trends Associated with the NAO

A number of studies has shown that winter (DJFM) precipitation has been decreas-
ing steadily since the 1960s over western Mediterranean, particularly for the month
of March (e.g. Trigo and DaCamara, 2000; Paredes et al., 2006; González-Hidalgo
et al., 2010), with latter analysis showing that such decline is becoming to be
extensive to the month of February (Trigo et al., 2008). These authors show that
March monthly-accumulated precipitation for the central and western regions of
the Iberian Peninsula presents a very significant decline of circa 50% during the
1960–2000 period. Naturally these changes are not confined to Iberia but cor-
respond to the most visible aspect of a larger phenomenon affecting the entire
North-Atlantic/European sector. In fact, while Iberia and the majority of the western
sector of the Mediterranean experiences this decreasing trend in March, the northern
regions of Scandinavia and British Isles present a remarkable increase (Trigo et al.,
2008). It should be notice that the significance of these trends varies according to
the period of data considered.

As expected such trends are bound to be connected with changes of the atmo-
spheric circulation over the North Atlantic and European sectors. In this regard a
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number of different approaches were used to quantify the links with large-scale and
smaller scale features (Paredes et al., 2006; Trigo et al., 2008). Based on the Iberian
Weather Types (WTs) classification developed by Trigo and DaCamara (2000) it
was shown that, at the synoptic scale, the major contributors towards the March
decline are associated with a corresponding decrease in the frequency of a few spe-
cific WTs. These “wet” WTs are characterized by higher than average values of
daily precipitation and include the cyclonic (C), the western (W) and south-western
(SW). On the contrary, March is also characterized by a notorious increment in
the frequency of “dry” anticyclonic (A) type. In contrast the corresponding “wet”
WTs for the British Isles display increasing frequencies justifying the increment
of Precipitation observed in England and Scotland (Paredes et al., 2006). Within
a larger context, a Lagrangean approach, based on the analysis of storm-tracks
over the entire North Atlantic region, reveals dramatic changes in the location of
cyclones since the early 1960s that coincides with the corresponding precipitation
trends in Europe (Trigo et al., 2008). It is of no surprise that the NAO is some-
how related with both phenomena, i.e. changes in the preferred path of most low
pressure perturbations and contemporaneous changes of monthly precipitation totals
for March. In fact, for Iberia, the region displaying the maximum correlation val-
ues between NAO and March precipitation is almost exactly coincident with the
region presenting the largest decreases in precipitation. Using data for the 1960–
2000 period the spatially averaged series of precipitation shows a correlation value
of –0.60, that decreases to –0.48 when computed with the detrended series (Paredes
et al., 2006).

It should be emphasised that the region with significant NAO induced decline of
precipitation in March encloses the three major international Iberian river basins
referred in the previous section, i.e. rivers Douro (North), Tejo (Center) and
Guadiana (South). Thus, it is highly expectable that such a significant change in
precipitation must have an imprint on the long-term evolution of monthly river flow
for these rivers. That is precisely what can be seen for rivers Douro and Guadiana
(Fig. 7), with both cases exhibiting very strong declines (significant at 1%) of river
flow in March, computed between 1956 and 2000, similar results were obtained
for river Tejo (not shown). Moreover, this decline is not restricted to the month of

Fig. 7 Inter-annual variability of March river flow for Douro and Guadiana rivers. The corre-
sponding linear regression trend is also represented
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March but can be observed also in the following months of April and May (albeit
less pronounced) due to the relatively high values of persistence that characterize
river flow time series.

Finally it must be stressed that these changes can have significant socio-economic
impacts for both Portugal and Spain economies. Large amounts of water from these
three rivers are used for various economic activities as well as for water supply to
urban areas. As an example, these three rivers together account for a very significant
amount of hydroelectric production in both Iberian countries, with roughly 55%
(70%) of Spanish (Portuguese) annual average (Trigo et al., 2004).

3 Conclusions

Western Mediterranean precipitation regime is strongly influenced by the NAO pat-
tern with roughly 40% of the winter precipitation being related to the NAO index.
Because this large-scale atmospheric circulation phenomenon is characterized by
a marked interannual variability, it implies that the Iberian Peninsula is particu-
larly prone to large inter-annual variability of precipitation. Therefore NAO is a key
component of the relatively high frequency of wet and drought periods observed in
Iberia (Vicente-Serrano, 2006; Sousa et al., 2011). Two recent extreme years exem-
plify perfectly this dichotomy, the extreme dry hydrological year of 2004/2005 and
the wet winter of 2009/2010. The year of 2004–2005 was considered the driest for
many stations in Iberia (including Lisbon and Madrid) since the beginning of the
twentieth century (García-Herrera et al., 2007). This extreme event was induced by
several favoring atmospheric circulation anomalies including positive values of the
NAO index between November 2004 and February 2005. On the contrary the win-
ter of 2009/2010 was characterized by record breaking negative values of the NAO
index at the monthly and seasonal scales (Cattiaux et al., 2010; Wang et al., 2010).
This anomalous circulation triggered particularly cold temperatures over central and
northern Europe (Cattiaux et al., 2010) and simultaneously, large parts of the Iberian
Peninsula (including Gibraltar and Lisbon) have registered the highest amounts of
winter precipitation since the beginning of regular measurements in the second half
of the nineteenth century (Vicente-Serrano et al., 2011).

As shown here the influence of NAO on the winter Iberian precipitation is exten-
sive to the river flow of major Iberian rivers. Moreover it is possible to state that the
magnitude of the NAO impact is considerably larger for Iberian rivers than what has
been obtained by other authors for rivers Tigris and Euphrates (Cullen and deMeno-
cal, 2000) and the Danube (Rîmbu et al., 2002). In fact, according to the results
obtained by Struglia et al. (2004) for many river basins in the Mediterranean there
are very few European rivers presenting a seasonal correlation coefficient value with
– either with NAO or other large-scale circulation mode – similar to the values
obtained here (~0.75). Recent results obtained by Spanish colleagues have extended
the results presented here to many more gauges of Douro and Tejo, including sev-
eral subsidiaries (López-Moreno et al., 2007; Morán-Tejeda et al., 2011). These
authors showed that the impact of positive and negative phases of the NAO on river
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discharge and levels of storage in reservoirs is neither instantaneous nor restricted
to the winter months, extending well into the rest of the year. Thus, the decrease
in the amount of water stored in the reservoirs during positive phases of the NAO
is especially severe during the following summer and autumn, whereas in winter
and spring the amount of stored water is similar to that of normal years. In this
regard it is now clear that the NAO during winter months holds a significant capac-
ity to constrain the observed river flow and water capacity for most of the year in
most Iberian rivers, thus representing an important factor to be accounted for all
water resources managers in general, and by agricultural and hydroelectric power
production companies in particular.
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The Impacts of NAO on the Hydrology
of the Eastern Mediterranean

Ercan Kahya

Abstract The impacts of the NAO on the hydrology of eastern Mediterranean
countries, such as Turkey, Iran, Kuwait, Oman, and Israel, are documented here
from a general perspective. Results for the eastern Mediterranean countries differ
from one location to another in terms of consistent NAO signal. Patterns of pre-
cipitation, streamflow, and lake levels in Turkey are discussed to show the NAO
impacts. A special attention is devoted to the NAO influences on the formation of
streamflow homogeneous region and on the probability distribution functions of
critical droughts. The results of all these analyses clearly showed that the NAO sig-
nals are quite identifiable in various hydrologic variables in Turkey. For example,
the NAO during winter was found to influence precipitation and streamflow pat-
terns. In contrast temperature patterns appeared to be less sensitive to the NAO. The
results of wavelet analysis showed that the Tuz, Sapanca, and Uluabat lakes reflect
strong NAO influences. In southwest Iran, the October–December season is influ-
enced mostly by the NAO in both dry and wet spells. Positive significant correlation
values were found between the NAO and the total rainfall in the centre and southern
Israel and with some of the rainfall categories. High correlations between the winter
mode of the NAO and temperature and sea level pressure in Israel were also noted.
In conclusion, current evidences have shown that the NAO has detectable influences
on the hydrology of eastern Mediterranean countries with different magnitudes.

Keywords NAO · Eastern Mediterranean · Middle East · Hydrology · Climate

1 Introduction

The intensification hypothesis of the hydrologic cycle at the global scale was
reported by climate modellers; however, knowledge of these changes will provide
little guidance for developing long-term strategies in water resources management
from a water resources perspective. Most water resources issues are regional in
nature, and decisions are often made at river basin to catchment scales. Therefore,
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it is import to note that future climate impacts are appropriately observed and
studied at regional scales to make relevant and accurate information available for
decision-making purposes (Sorooshian et al., 2003).

Studies in recent decades have shown that the North Atlantic Oscillation (NAO),
a dominant mode of Atlantic sector climate variability, has the far-field influence on
interannual to decadal variations of main climate and hydrological variables (i.e.,
temperature, precipitation and streamflow) in the eastern Mediterranean region. The
Middle East (ME) region is commonly neglected in North Atlantic studies because
of its proximity to the monsoonal region and the relatively scarceness of hydrolog-
ical data. However the form of the NAO signature, with enhanced precipitation in
the western Europe during its high index phases, and in the eastern Mediterranean
during its low index phases, has been noted. A relationship between the eastern
Mediterranean and Atlantic sector is expected since the NAO controls Atlantic heat
and moisture fluxes into the Mediterranean region. In this context, it was shown that
the first principal component of December through March streamflow variability
reflects changes in the NAO using a sea surface temperature (SST) based index of
the NAO and available streamflow data from some Middle Eastern rivers (Cullen
et al., 2002).

A summary of climate characteristics of the ME where a complicated relation
between land and climate exists is worthwhile to mention here. The ME region is
known to experience a Mediterranean climate type (Csa in the Köeppen classifica-
tion) with wet winters and dry summers in most parts; however, spatial gradients
in climate are sharper than in the broad prototype Csa region to the west (Evans
et al., 2004). That is, northward transition from desert through steppe to cool high-
land climate all take places within 400 km along the 40◦N meridian. Presence of
many coastlines and mountain ranges function in the modification of local climates
in the ME elsewhere. Specifically speaking, upslope seasonal precipitation occurs
in mountain ranges of southern the Black and Caspian Seas, and eastern coast of
the Mediterranean Sea. Similarly orographic precipitation in the Taurus and Zagros
Mountains feeds the Euphrates and Tigris Rivers, a source integrated watershed
system for the Mesopotamia region. As prevailing sources of water vapour, the Red
Sea and Persian Gulf activate little precipitation locally owing to descending air
mass in the Hadley cell. Interior steppe and deserts extending Syria, Iraq, Jordan
and Saudi Arabia, cause drier climate conditions by means of surrounding mountain
ranges. Dry summers render only winter rainfall (which is highly changeable) pos-
sible for source of renewable water in the eastern Mediterranean region. Developing
economies in the region heavily depend upon water, so they are extremely vul-
nerable to droughts. Krichak et al. (2002) proclaimed that the NAO and the East
Atlantic-West Russian oscillation (EA-WR) have a combined effect, so that when
they are both in their positive phase, a rainy season occurs in the southeastern region,
and vice versa.

For regional atmospheric patterns governing rainfall in Israel, Ziv et al. (2006)
explained that the synoptic-scale system affecting the eastern Mediterranean that
is responsible for most of the annual rainfall is an extratropical cyclone, known as
the Cyprus Low. Rainfall is formed within cold air masses originated from Europe,
entering the region from the northwest. Air masses gain moisture from warm water
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and become conditionally unstable. The strong thermal affects significantly cyclone
dynamics over this region, in turn, resulting in intensive rainfall over Israel.

A relationship between the eastern Mediterranean and Atlantic sector is to
be expected since the NAO controls Atlantic heat and moisture fluxes into the
Mediterranean region (Türkes, 1996). Since these winter cyclones are the domi-
nant source of Middle Eastern rainfall and streamflow, changes in Atlantic westerly
heat/moisture transport and Atlantic/Mediterranean SSTs in relation to the NAO
are expected to influence the ME climate (Cullen et al., 2002). Thus both fun-
damental climatic processes and their critical socio-economical consequences are
manifested in the eastern Mediterranean region, and offer the motivation for this
chapter. Presentation of typical pictures of the NAO impacts on the country and
regional scales in the eastern Mediterranean region is the purpose of this chapter.

2 Results

In the last 2 decades, climate modelling studies have been undertaken to simu-
late the climate of the Middle East/eastern Mediterranean region. For example,
Evans et al. (2004) had the same aim and showed that processes controlling the
seasonality of precipitation differ in different subregions and are often different
from the processes controlling interannual variability in the Middle East. More
recently, in a regional climate modelling study of the winter climate of Central–
Southwest Asia (CSWA), focusing on the mean model climatology of temperature
and precipitation, Syed et al. (2010) analysed the simulated storm characteristics
and the effects of ENSO and NAO on storm activity and precipitation. Their detailed
storm analysis demonstrated that they are mostly associated with an intensification
of western disturbances originating in the eastern Mediterranean and Middle East
regions and moving eastward across a mid-troposphere (500 hPa) trough situated
over the CSWA during the positive NAO and warm ENSO phases. The NAO and
ENSO signals are reinforced by enhanced moisture sources from the Mediterranean,
Caspian and Arabian Seas.

To overview the NAO signals on two essential hydrologic variables (precipita-
tion and streamflow) in the eastern Mediterranean region, it would be reasonable to
address the issue at both regional and country scale under the lights of some major
studies. For the first scale, we prefer to rely on our review on two diagnostic studies
by Cullen and her colleagues in this section. For the second scale, the order of nam-
ing country in the region is selected according to clockwise direction starting from
the north.

2.1 Regional Scale Review: NAO Impacts on the Hydrology
of Middle East Region

2.1.1 Precipitation Variability Associated with the NAO

Cullen et al. (2002) described the influence of the NAO on interannual to
decadal precipitation variability in the Middle East by computing composite
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precipitation anomalies using the 21-year CMAP monthly data set over the region
(90◦W–60◦E; 20◦N–70◦N) extending from the east coast of the U.S. to the Middle
East for months with positive and negative values of the NAO index for the complete
period 1979–1998. Their composite analysis clearly showed evident appearance
of the expected signature of the NAO in the form of enhanced precipitation in
north Europe during high index periods and in the Mediterranean region during
low index periods (Fig. 1). Another important clue visualised in this figure is
said to be an axis of enhanced monthly wintertime precipitation that is clearly
observable during low index periods extending from southeastern U.S. across the
Atlantic to the Iberian Peninsula having negative anomalies more or less paral-
lel to the north and south. In contrast a reversed pattern with departures from
strict linearity is virtually evident during high index periods. More specifically
this pattern comprises of the enhanced precipitation axis during low index months
extending across the northern Mediterranean nearly to the Caspian Sea with an
enhanced secondary maximum along the west coast of Spain and Portugal and
over Turkey.

Fig. 1 (a) Composite of the most negative quartile of NAO index years (negative NAO phase)
and (b) the most positive quartile of NAO index years (positive NAO phase) (adopted from Cullen
et al., 2002)
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2.1.2 Streamflow Variability Associated with the NAO

Cullen et al. (2002) examined streamflow data in relation to the NAO from five
Middle Eastern rivers, namely Ceyhan (Turkey), Euphrates (Turkey), Karun (Iran),
Tigris (Iraq), and Yarmouk (Jordan). They demonstrated that the first principal com-
ponent of December through March streamflow variability reflects changes in the
NAO. The hydrology of these rivers revealed two primary flooding periods: the first
due to rainfall-driven runoff from December through March, regulated on inter-
annual to decadal timescales by the NAO, and the second period due to spring
snowmelt from April through June, contributing in excess of 50% of annual runoff.
They also noted that the latter witness no significant NAO teleconnection and a less
direct relationship with local climatic factors.

2.2 NAO Impacts on the Hydrology of Turkey

Climate response in Turkey to variability of the NAO, in particular, has been a major
concern in last decade. The results of Türkeş and Erlat (2003) indicated that neg-
ative correlation coefficients between Turkish precipitation and the NAO indices
were stronger in winter and autumn, and weaker in spring and almost non-existent
in summer. They stated that annual and seasonal composite precipitation means
were mostly characterized by wetter than longterm average during the weak NAO
phase, whereas the strong NAO responses mostly exhibited drier than long-term
average annually and in all seasons except summer. Spatially coherent and statisti-
cally significant changes in precipitation amounts during the extreme NAO phases
were more evident in western and middle Turkey.

Henceforth this section will emphasize on the findings of the author and his col-
leagues’ earlier and current works in regard to the NAO impacts on hydrological
surface variables in Turkey. As a first start of presenting our results based upon basic
statistical analyses, we examined Turkish climatic variables (precipitation, stream-
flow and maximum and minimum temperatures) in association with the NAO using
correlation analysis with various lag combinations (Karabörk et al., 2005). In this
study, we used monthly precipitation totals (compiled from 94 climate stations with
a period 1951–1993), monthly streamflow (compiled from 76 streamflow gauging
stations with a period 1964–1994) and monthly maximum and minimum temper-
ature (compiled from 54 climate stations with a period 1951–1994) observations.
In general, simultaneous and lag cross-correlation analyses showed that precipita-
tion, streamflow, maximum temperature and minimum temperature patterns over
Turkey have significant negative correlations with the NAO index. The results of
some lag correlations also indicated a considerable prediction potential for precip-
itation and streamflow variables. A portion of this potential for streamflow could
be readily explained by the carry-on effects of catchments, nevertheless there is a
need for further investigation to elucidate the NAO and precipitation relationship
that has been identified to be valid for the time lag of several months in some cases.
Correlation analysis revealed less sensitive characteristics of Turkish temperature
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patterns against the NAO. The consequences of the present study verify far reach-
ing influences of the NAO in eastern Mediterranean basin and the Middle East
region. Moreover, we stated that the SOI series was negatively correlated with both
Turkish precipitation and streamflow patterns; however, these correlations were not
as significant when compared with those between the NAO and precipitation and
streamflow separately.

Of particular interest in Hurrell (1996) is said to be the contribution of the NAO
variability to the recent trend in global hemispheric mean wintertime temperature.
It was shown that both the NAO and SO extremes are linearly related to the climate
trend, with the NAO dominating a larger land area than the SO. When he used only
the NAO and the SO indices in his regression models, more confidence was observed
in the estimated coefficients and 44% of the variance of the extra-tropical Northern
Hemisphere temperatures was explained.

This diagnosis also appeared, to some extent, in the results of our next inves-
tigation (Kalayci and Kahya, 2006), involving the systematic modes of spatial and
temporal variation in monthly streamflow records in Turkey using the principal com-
ponents (PCs) analysis. The PC1 reproduces 38.2% of the total variance of the entire
streamflow data set. In other words, 142 of 372 observed anomaly map patterns
during the study period 1964–1994 have a similar map pattern to that of PC1 load-
ings (Fig. 2), illustrating only positive sign across the study domain. It represents
a basic streamflow anomaly pattern having above-normal streamflow anomalies
everywhere when the PC1 scores are positive or below-normal streamflow anoma-
lies everywhere when the scores are negative values. The homogeneous appearance
of PC1 is a common feature of the PC analysis. The contoured values in Fig. 2 are
the PC1 loadings, corresponding to the values of correlation coefficients between
streamflow and the PC values. It is important to note that strongest loadings indicate
greatest departures from the mean streamflow (Lins, 1985). We then targeted sea-
sonal correlations between the PC scores and the indices of large-scale atmospheric
circulation (i.e., the NAO and SO) to elucidate the physical meaning of the com-
ponents. For this purpose, we carried out various correlation analyses between the
scores of each PC and the series of the NAO index at the annual and seasonal bases.
The relation between PC1 scores and NAO index was witnessed as –0.491 (signif-
icant at 99% level) for annual average; –0.424 (significant at 95% level) for DJF
seasonal average; –0.387 (significant at 95% level) for MAM seasonal average; and
–0.506 (significant at 99% level) for JFM seasonal average. There were no similar
significant correlations for other PCs. For the JFM season, Karabörk et al. (2005)
also found a highly significant relation in conjunction with the NAO in the western
Turkey. These indications clearly imply the sensitivity of the Turkish streamflow
climatology to the NAO variations.

More recently we considered the NAO impacts on the hydrology of Turkey using
different variables through new but uncommon perspectives and arrived to follow-
ing interesting results. Let’s consider first drought variables, representing complex
events which may impair social, economic, agricultural, and other activities in a
society. We were concerned in Şarlak et al. (2009) with a hydroclimatological study,
which shed light on the NAO impacts on regional drought characteristics in Turkey,
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Fig. 2 The map pattern of the first component loadings and time series of the first component
scores (adopted from Kalayci and Kahya, 2006)

consisting of three stages: first a Markov chain model based on annual flows at
Göksu river (located in the mid-southern Turkey); second a critical drought anal-
ysis; and third the influences of the NAO on the probability distribution functions
(PDFs) of critical droughts. Drought duration was taken as a key parameter in our
Markov chain model. It is noteworthy to recall that the critical drought duration is
the possible maximum duration likely to occur over the economic life of any water
resources system. The expectations of the critical drought duration are provided for
different transitional probabilities. We examined the influences of NAO on the PDFs
of critical droughts for two opposite phases; namely, the period dominated by neg-
ative NAO index values (1936–1971) and the period controlled by positive NAO
index values (1972–2000). The analysis of results clearly indicated that the NAO
mode has quantifiable influences on the transition probabilities and expectation of
the critical drought duration for annual flows at Göksu River. For example, the prob-
ability P(d/d) corresponding to the characteristic of negative anomaly followed by
another negative anomaly, takes on a remarkably high value of 0.81 for the period
of positive NAO index phase causing dry conditions in Turkey. It is striking that this
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value resided at a magnitude as low as 0.40 for the period of negative NAO index
phase causing wet conditions in Turkey.

Currently it is not certain as to whether this conclusion can be generalized
for other rivers in Turkey. It would not be illogical to expect similar results with
varying spatial and temporal response for the other parts of the country. A justifi-
cation for such expectation can be made through the indications of López-Moreno
and Vicente-Serrano (2008) who studied droughts using the standardized precipi-
tation index at different time scales for Europe over a period of a century. They
stated that the responses of droughts to the phases of the NAO vary spatially; how-
ever, the response depends on the month of the year and the time scale of the
analysis.

In our other study we were concerning lake-level variations in relation to the
NAO using the wavelet transform technique. The use of this approach is rather
limited in the literature, therefore we investigated the variability of lake levels
in seven lakes mostly scattered around western Turkey using continuous wavelet
transforms and global spectra methods (Küçük et al., 2009). In their analysis, long
winter (DJFM) lake-level series and the NAO index series were subjected to the
wavelet transform. In most cases, the global wavelet spectrum (energy spectrum
of periodicities) of lake levels and winter NAO index anomalies revealed a signif-
icant correlation. It was shown that Tuz, Sapanca, and Uluabat lakes reflect much
stronger influences of the NAO than the other four lakes. In contrast, weak correla-
tions were found in the coastal areas of the Mediterranean and eastern Turkey. The
periodic structures of Turkish lake levels in relation to the NAO revealed a spec-
trum between the 1-year and 10-year scale level. They stated that the periodicities
of more than 10-year scale levels were detected; however, explanation of such sig-
nificant relations between the NAO and these long-term periodicities still remains a
challenging task.

Since we were curious about different aspects of the NAO impacts on different
hydrological variables in Turkey and have been releasing the relevant results from
our previous studies, we later wondered whether or not it is possible to discover
a noticeable difference due to the NAO forcing on hydrological regionalization in
Turkey. This might be thought as an aggregate hydrologic response to the NAO;
consequently we have started to conduct a research based on cluster analysis of
streamflow data in order to depict maps related to positive and negative phase of
the NAO. Following a similar logic used by Şarlak et al. (2009) and after rigorous
inspection of available continuous streamflow series, we were able to form two dif-
ferent data sets; one with a period 1962–1971 and other with a period 1970–1997.
Needless to say, the former period represents the negative phase period of the NAO
whereas the latter stands for the opposite phase. The number of stations included for
the analysis of each case is not the same; that is, 40 stations come out for the negative
phase period as 83 stations were selected for the positive phase period. The results of
analysis for monthly streamflow means are illustrated in Fig. 3. Differences between
the two maps could be highlighted as follows: (i) elongated regions in the mid-
dle and east Turkey for the negative phase of the NAO and (ii) additional small
region appearance (located in western Black Sea coast shown by pink colour) and
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Fig. 3 The map patterns of hydrological regionalization based on the positive phase of NAO (top
panel) and the negative phase of NAO (lower panel)

patchy form of Marmara region for the positive phase of the NAO. As a result this
comparison shows a potential of the NAO in controlling mechanisms for hydrologic
regionalization in Turkey.

2.3 NAO Impacts on the Hydrology of Iran

The influence of the NAO on historically observed rainfed crop yields of both bar-
ley and wheat in the northeast of Iran was investigated by Bannayan et al. (2010a)
for the period 1983–2005. In central part (Mashhad), the NAO provided a firm basis
for a measurable teleconnection between crop yields and climate factors. They noted
significant correlation between the NAO and wheat only during October, but no such
significant relationship for barley was detected for any month in Mashhad. During
the period of positive NAO index, yields increased whereas the reverse happened
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during the opposite phase. In other words, it is likely to expect a higher wheat yield
in Mashhad when the NAO index is negative. Moreover Bannayan et al. (2010b)
studied that the relationship between aridity index (AI) and detrended crop yield of
selected crops (wheat and barley) and the influence of three climate indices (AO,
NAO and NINO-3.4) were assessed for Khorasan province in northeast of Iran.
They observed a significant correlation between the NAO and NINO-3.4 with AI.
Precipitation is one of the components of AI, in turn; the AI response to the NAO
and NINO-3.4 can be related to the observed association between this index and
precipitation. It seems that these climate indices could be used to construct useful
tools to monitor drought patterns and subsequent yield variability in some regions
of Khorasan province. Owing to the importance of reference evapotranspiration
(ETo) in determining crop water demand, some studies were conducted to assess
the impacts of different climate factors that are known to account for important
fraction of climate variability in many areas of the world. For example, Sabziparvar
et al. (2010) stated the following two important points: (i) the teleconnection impact
of El Nino/Southern Oscillation (ENSO) phenomenon on ETo in warm arid regions
(southern parts of Iran), in general, was more significant than that in warm humid
regions, and (ii) the modulation of the ENSO impacts by the NAO variability might
also cause complex interactions on ETo process in some sites in the north coasts
of Iran.

Besides analyzing recent trends in streamflow, precipitation and temperature in
mountainous, semiarid Karkheh River basin (which is located in the western part of
Iran), Masih et al. (2010) studied also the relationship between the NAO index with
the local climate variable (e.g., precipitation and temperature). Some earlier stud-
ies for the Middle East have demonstrated the NAO influences on temperature and
precipitation regime during winter and early spring (e.g. Cullen et al., 2002; Mann,
2002; Evans et al., 2004). Following these works Masih et al. (2010) examined
the magnitude of correlation values between monthly NAO index and the monthly
precipitation and temperature during the winter months from December to March.
Their findings regarding precipitation appeared to be different than those of Cullen
et al. (2002) who found strong impact of changes in the NAO on the streamflow, pre-
cipitation and temperature during December–March for the Euphrates-Tigris River
system. However, the results of Masih et al. (2010) confirmed those of Evans et al.
(2004) who indicated that the NAO index alone could not be a predictor of the local
climate in the Zagros Mountains, Iran.

In order to make more reliable decisions in water resources management, infor-
mation on regional characteristics of drought duration and intensity is thought to
provide critical insights in arid and semiarid regions. In this regard, determination
of appropriate predictors for seasonal rainfall is important in regional analyses of
meteorological droughts, since rainfall is the sole variable to quantify the char-
acteristics of such drought. Dezfuli et al. (2010) concerned the regional rainfall
relationships with the SOI and NAO at the seasonal time scale to find the appro-
priate regional drought predictors over southwest Iran. They found that the NAO is
negatively correlated with autumn rainfall such that it is least likely for an extreme
autumn drought to occur when June–August NAO is negative. A spring drought
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is usually preceded by an October–December NAO greater than 0.5. In contrast
winter droughts were not lag-correlated with either NAO or SOI. In addition to
the findings for droughts, these indices considerably influenced wet seasons. A wet
autumn tends to occur when either May–July SOI is less than −0.5 or June–August
NAO is less than about −0.3. It is also noted that the extreme wet springs were
absent during positive October–December NAO. This season is influenced most
by NAO in both dry and wet spells. Finally, Defluzi et al. concluded that, sim-
ilar to droughts, the wet winter seasons were not in association with either SOI
or NAO.

Ghasemi and Khalili (2006), who studied the impact of the Arctic Oscillation
(AO) on the winter surface air temperature (SAT) over Iran, found a significant rela-
tionship between the NAO index and the winter SAT for about 53% of 51 stations in
Iran. Significant correlation coefficients between the NAO index and the winter SAT
vary from –0.34 in Tabriz to –0.58 in Abadan. Using seasonal average of the NAO,
there were some attempts to develop a forecasting model for climate variables in
Iran. A model developed by Setoodeh et al. (2004) was able to predict rainfall and
temperature one season ahead with reasonable error based on neural network-based
models in Shiraz.

2.4 NAO Impacts on the Hydrology of Kuwait, Oman and Israel

Because of small geographical extent and limitation in data coverage and length
country wise, there is no ample amount of studies that could reflect different aspects
of NAO signals in Oman and Kuwait. However recent results introduced by Marcella
and Eltahir (2008) may shed light on possible teleconnection between the NAO
and Kuwait’s hydrology. Kuwait, surrounded by the Syrian and Arabian Deserts to
the west and the Persian Gulf to the east, is located in a semiarid climate zone.
Its location lies in a transitional area between the tropics and midlatitudes; hence,
the contributions of both climate zones to Kuwait’s rainfall intrigues for answer to
how sensitive the country and the surrounding region’s rainfall is to large-scale cir-
culation indices. Among other issues in their study, Marcella and Eltahir (2008)
attempted to explain changes in the strength of the NAO in affecting Kuwait’s
annual rainfall. Nevertheless their investigation revealed no significant correlation
on a monthly or yearly time scale for the relationship between Kuwait rainfall and
NAO. These results are similar to those of Evans et al. (2004), who did not find a
significant correlation between the NAO and rainfall in the Middle East. As far as
it can be seen from their paper, the authors have used normalized annual rainfall
anomalies in Kuwait from CRU (Climate Research Unit: 1976–2001) and GPCP
(Global Precipitation Climatology Project: 1979–2001). The use of gridded datasets
(that have used with few original stations in their assemblage) casts some doubts
on the significance of these results and might explain why these are fundamen-
tally different from the relatively well established impacts of NAO over Turkey, Iran
and Oman.
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A recent work by Charabi and Al-Hatrushi (2010) provides some evidence for
Oman, having studied the relation between winter rainfall in Oman and the large-
scale circulation as well as synoptic activity on a monthly basis. Their investigation
focused on wet and dry spells that occurred during the period 1984–2007 based
on composite analysis and the role of the main Eurasian oscillations; the EA/WR
and the NAO in controlling the Oman winter rainfall. Charabi and Al-Hatrushi
obtained the best results for the NAO in such a way that the wet spells are neg-
atively correlated with NAO. The negative NAO phase corresponds to enhanced
westerly flow (850-hPa up to 200-hPa), bringing moisture from the Atlantic ocean
across the Mediterranean area towards Oman. However, the correlation detected
between dry spells and positive phase of the NAO was relatively weak. The tele-
connection showed that the extreme wet spells in northern Oman during winter
correspond to the extreme negative index of NAO. Such prominent examples were
noted in December 1989 (regional rainfall index = 1.45 vs. NAO index = −1.15)
and in December 1995 (regional rainfall index = 3.32 vs. NAO index = −1.67).
It is also worth to note that the influence of a weak NAO in winter precipitation
may tend to cause a widespread wet event rather than an expected widespread
drought condition in northern Oman during some winter months (e.g., December
1991, December 1992, January 1998, January 2001, February 1993, and March
1987). The bulk of rainfall in northern Oman occurs in the winter seif season from
November/December to April and accounts for 58–83% of the average annual rain-
fall. These are caused by midlatitude westerly depression by polar front jet stream
(Andy et al., 2009). An essential conclusion drew by Charabi and Al-Hatrushi
(2010) was that the winter rainfall in Oman showed, in general, some linkages with
the negative phase of NAO.

Israel is located on a climatic border, between the temperate and the arid regions.
There have been extensive studies to put forward detailed aspects of the NAO
impacts on hydrology and climatology of Israel and some major works in the con-
text of this section are reviewed here. Ziv et al. (2006) aimed to find a linkage
between the interannual variations of the rainfall measured in twelve stations in
the northern half of Israel (the southern Levant) and regional to global scale atmo-
spheric circulations. For the relation between the southern Levant rainfall and NAO,
they pointed out that weak correlation found between the rainfall and the NAO by
Ben-Gai et al. (2001) and in this study is inconsistent with Eshel and Farrell (2000,
2001), who found that the rainfall variability over the EM is explained through the
modulations of a North Atlantic/Mediterranean teleconnectivity. Other than rainfall
variable, Ben-Gai et al. (2001) showed high correlations between the winter mode
of the NAO and temperature and sea level pressure (SLP) in Israel with a magni-
tude of –0.8 and +0.9, respectively. However, none of these studies witnessed any
significant correlation between NAO and the rainfall over the southern Levant.

Categorized rainfall intensity in different regions of Israel could be put on the
table for searching the NAO signals. Yosef et al. (2009) examined rainfall intensity
trends and searched NAO signals at the same time. Their results included that a
positive significant correlation was found with the total rainfall in the centre and
south and with some of the rainfall categories.
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3 Conclusions

The findings in terms of consistent NAO signal for the eastern Mediterranean coun-
tries differ from one location to another. The following aspects are the articled
highlights of the NAO signals in the eastern Mediterranean countries.

Highlights for Turkey;

1. The results of some lag correlations indicated a considerable prediction potential
for precipitation and streamflow variables.

2. Correlation analysis revealed less sensitive characteristics of Turkish tempera-
ture patterns with the NAO.

3. The relation between the NAO index and streamflow PC1 scores (representing
a basic streamflow anomaly pattern in the entire Turkey) was determined highly
significant for annual average and various seasonal averages.

4. The NAO has quantifiable influences on the transition probabilities and expecta-
tion of the critical drought duration for annual flows at Göksu River.

5. Tuz, Sapanca, and Uluabat lakes demonstrated much stronger influences of the
NAO than the other four lakes.

6. The NAO was shown as a factor affecting the form of hydrological regionaliza-
tion depending on its positive and negative phases.

Highlights for Iran;

1. In the central part of Iran (Mashhad), the NAO provided a firm basis for a mea-
surable teleconnection between crop yields and climate factors. It is likely to
expect a higher wheat yield in Mashhad when the NAO index is negative.

2. Aridity index series compiled from Khorasan province in northeast of Iran
revealed significant correlations between the NAO and NINO-3.4.

3. The NAO index alone could not be a predictor of the local climate in the
Zagros Mountains, Iran. Similar to droughts, the wet winter seasons were not
in association with the NAO in the same area.

4. In southwest Iran, the October–December NAO season was influenced most by
the NAO in both dry and wet spells.

5. Significant relationship between the NAO index and winter surface air tempera-
ture was found in about 53% of 51 stations throughout Iran.

Highlights for Kuwait, Oman and Israel;

1. No significant correlation on a monthly or yearly time scale for the relationship
between the NAO and Kuwait rainfall was noted.

2. During the period 1984–2007, the wet spells in Oman winter rainfall were
negatively correlated with the NAO.

3. Extreme wet spells in northern Oman during winter corresponded to the extreme
NAO negative index.
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4. Poor correlation was found between the NAO and rainfall in the northern half of
Israel.

5. High correlations were detected between the winter mode of the NAO and
temperature and sea level pressure in Israel.

6. Positive significant correlation was found with the total rainfall in the centre and
south and with some of the rainfall categories.

It will be a good practice to close this chapter by a rare NAO related indication
for Iraq. Recalling preliminary research showing that the band of drying and cool-
ing during the positive NAO phase extends from Spain through northern Africa and
Italy to Turkey and the Middle East, this signal for temperature in Iraq was excep-
tionally strong, with the NAO explaining nearly 50% of the variance in wintertime
temperatures according to the study by Sorooshian et al. (2003). Such a strong sig-
nal level is not common among climate studies, therefore it provides a potential for
accurate seasonal forecasts.
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Abstract This work analyses the influence of NAO on the interannual evolution
of winter temperature, precipitation and snowpack in the Mediterranean mountains.
Due to lack of snow data in many mountain areas, the occurrence of four differ-
ent winter modes are used as a proxy of the amount of accumulated snow. Winter
modes are defined on the basis of combined precipitation and temperature thresh-
olds: warm and wet (WW), warm and dry (WD), cold and wet (CW), and cold
and dry (CD). The study focuses on 15 relevant mountain areas located in the
Mediterranean Europe, Morocco, Turkey and Lebanon. Moreover, we present the
relationship between winter NAO and snow depth data in the Swiss Alps and the
Spanish Pyrenees. It has been demonstrated that snowpack accumulation in a given
year is closely related to the occurrence of these winter modes. However, such rela-
tionship is variable among mountain areas and also there are differences depending
on elevation in a particular mountain range. Results show that occurrence of dif-
ferent winter modes is strongly related to the winter NAO for the majority of the
mountain chains under study, although these relationships are weaker in the east-
ernmost part of the Mediterranean basin. Moreover, it has also been proven that the
snow cover response to winter NAO may differ spatially as a consequence of the
different influence of winter NAO on precipitation and temperature. In Switzerland,
NAO is correlated more with temperature than with precipitation. Therefore, the
influence of NAO on snow is significant at the lowest elevation areas, where tem-
perature is the main control on snowpack accumulation. On the other hand, over the
Spanish Pyrenees the NAO mainly controls the interannual variability of precipi-
tation. In this region, the highest correlation with snow is found at high elevations
where the interannual variability of temperature does not significantly influences
snowpack, whereas precipitation controls mainly the accumulation of snow.
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1 Introduction

In the Mediterranean mountains snow cover exerts a strong control over ecology,
agriculture, availability of water resources, feasibility of a diverse range of economic
activities, and associated risks in mountainous and high-latitude regions (Beniston,
2003; Breiling and Charamza, 1999; López-Moreno and García-Ruiz, 2004; López-
Moreno, 2005; De Jong et al., 2009). The climate in the Mediterranean region is
markedly characterized by a strong seasonality, with relatively low annual precip-
itation and high interannual variability (Lionello et al., 2006). Winter is the most
humid season of the year, with a large proportion of the annual precipitation. Thus,
climate anomalies during winter may have major implications for the annual water
budget (López-Moreno et al., 2008).

Previous research has identified the North Atlantic Oscillation as one of the main
atmospheric circulation modes that determines the temporal evolution of winter pre-
cipitation and temperature in the Mediterranean area (Hurrell, 1995; Corte-Real
et al., 1995; Hurrell and van Loon, 1997). Thus, it can be expected to exert a
strong control on snowpack variability in many mountain areas. However, such a
hypothesis is difficult to verify owing to the scarcity of snow data in most of the
Mediterranean mountain ranges. In this study, we investigated the possible effects
of the NAO on winter precipitation and temperature in 15 mountain ranges in the
Mediterranean Europe, Morocco, Turkey and Lebanon during the period 1950-2005
Moreover, snow data from the Swiss Alps and the Spanish Pyrenees has also enabled
to analyze the direct influence of the NAO on the variability of snow depth in two
contrasted regions in terms of winter NAO influences on climate. In this context,
a special emphasis was given to analyze the effect of NAO on combined win-
ter precipitation and temperature modes. Winter modes were identified according
to possible combinations of cold-warm and dry-wet conditions. The occurrence
of different winter modes is closely related to the amount of accumulated snow;
although such a relation is highly determined by the elevation of the mountainous
area. Thus, Beniston et al. (in press) concluded that cold and wet years in the Swiss
Alps significantly favor the development of a thick snow pack in mountain areas,
although during warm and wet years the potential for snow accumulation is essen-
tially restricted to high altitude sites. On the other hand, the association between
warm and dry years often results in low snow accumulation at all elevations, and
particularly on the lowest slopes.

Although the effect of the NAO on precipitation and temperature has been widely
analyzed in the Mediterranean area (e.g. Hurrell and van Loon, 1997; Krichak and
Alpert, 2005; López-Bustins et al., 2008), there have not been previous studies
focusing on the main mountain areas, and only a few studies have considered the
local influence of the NAO on combined temperature and precipitation modes or
snow depth.
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2 Data and Methods

The CRU TS3.0 monthly gridded (latitude/longitude resolution = 0.5◦) precipita-
tion and temperature database was used for the entire Mediterranean region for the
period 1950-2005. It was compiled by the Climate Research Unit at the University
of East Anglia (http://www.cru.uea.ac.uk; Mitchell and Jones, 2005). In addition,
climate and snow data was provided for the Alps by the national meteorological
service (Meteoswiss). The climate data of the Spanish Pyrenees was also provided
by the Spanish Meteorological Agency (AEMET). Snow depth data in the Pyrenees
was obtained from 106 snow poles placed in the area since 1985. The poles and the
collection of data are managed by the ERHIN Programme (Estudio de los Recursos
Hídricos INvernales: Study of winter water resources), run by the Spanish Ministry
of Environment. Measurements are taken regularly three times each year, although
weather conditions slightly modify the measurement dates. In this study, only snow
depths measured in March were considered. Snowpack at this time is determined by
the climate of the previous winter (López-Moreno, 2005) and, hence, it adequately
determines the accumulated role of the winter NAO conditions. The snow depth
series for the period 1985–2005 showed a high correlation with the winter precipi-
tation and temperature. These high correlations allowed the prediction of a regional
series for snow pack in March between 1950 and 1999. More details about snow
measurements and the methodology of building the snow depth series is found in
López-Moreno (2005).

From the CRU database, only those series corresponding to the grid cells that
cover the 15 selected mountain areas (see Fig. 1), were used in the study. All
the mountain ranges selected for the current analysis experience some level of
Mediterranean climatic influence, or drain to the Mediterranean Sea (or the Caspian
Sea in the case of northern Turkey and the Caucasus). This included four mountain
systems in the Iberian Peninsula (the Pyrenees, the Cantabrian Range, the Central
System and the Sierra Nevada); the Atlas Mountains in Morocco; the Apennines in
Italy; the Alps, the Carpathian, the Balkan and the Pindos mountains, and Dynaric
Alps in the Balkan Peninsula; the Taurus and northern mountains in Turkey; the
Caucasus in Armenia and Georgia and the Lebanese mountains.

We used the NAO index defined by Jones et al. (1997), which is based on the dif-
ference in anomalies of the sea level pressure measured at the Gibraltar (southwest
Iberian Peninsula) and Reykjavik (southwest Iceland) stations. The NAO index was
compiled by the Climatic Research Unit, University of East Anglia (http://www.
cru.uea.ac.uk/cru/data/nao.htm) for the period 1821 to the present. Prior to corre-
lating series of winter temperature and precipitation (from December to March;
DJFM) with the winter NAO (DJFM), we linearly de-trended the time series for
autocorrelation. This approach minimized the influence of time series trends and
multi-year to decadal signal variability on the strength and significance of the
computed correlations and the deduced NAO predictability.

To assess the impact of the winter NAO on combined precipitation and tempera-
ture, we used the joint quantile approach described by Beniston and Goyette (2007).
New insights on statistics that integrate mutual feedbacks between temperature and

http://www.cru.uea.ac.uk
http://www.cru.uea.ac.uk/cru/data/nao.htm
http://www.cru.uea.ac.uk/cru/data/nao.htm
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Fig. 1 Study area

moisture are possible when temperature and precipitation records are combined
(Beniston, 2009). The 40 and 60% joint quantiles were used to define particular
winter modes: (i) cold/dry (CD; when the joint quantiles were equal to or below
T40p40; the subscript refers to the quantile threshold); (ii) cold/wet (CW; T<40p>60);
(iii) warm/dry (WD; T>60p<40); and (iv) warm/wet (WW; T>60p>60). The winter
NAO values for individual years belonging to each of the four winter modes were
analyzed and compared with the other three modes. The 40 and 60 percentiles were
selected, as opposed to the more restrictive percentiles used in previous research
(Beniston, 2009). This was principally done to have a sufficient number of years for
each winter mode to assess if differences in NAO among winter modes were statis-
tically significant. The non-parametric Wilcoxon-Mann-Whitney rank test (Siegel
and Castelan, 1988) was applied to determine whether differences in the NAO
during the various winter modes were significant (α < 0.05).

3 Results

3.1 Effects of the Winter Modes on Snow Accumulation
in Mountain Areas

As an example, Fig. 2 shows how the occurrence of different winter modes affects
the annual patterns of snow accumulation at four different locations in the Swiss
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Fig. 2 (a) Mean snow accumulation (in cm) in four locations of the Swiss Alps during years that
belong to different winter modes: warm and wet (WW), warm and dry (WD), cold and wet (CW)
and cold and dry (CD). (b) Snow accumulation and melting patterns on Château d’Oex (b, 980 m
a.s.l.) and Saentis (c, 2500 m a.s.l.). Day 1 is October 1st

Alps. Although this example is only based on data collected within the Swiss Alps,
the results can be considered to be representative of the other mountainous areas
because it depicts the absence of temperature influences on snow accumulation as
elevation increases. This behavior can typically be expected in all mountain regions.
Thus, the relation between winter modes and snow accumulation varies noticeably
according to the elevation of the observatory. Figure 2a indicates the variability
in mean snow accumulation from December to March according to different win-
ter modes. Snow amounts have been standardized according to the value of their
percentile, thereby enabling comparison between the impacts of the occurrence of
winter modes on snow accumulation, independently of the magnitude of snowpack
in each site. At high elevation sites (e.g. Saentis [2500 m a.s.l.] and Arosa [1850
m a.s.l.]), the occurrence of high accumulation is mainly related to the occurrence
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of wet winters regardless of whether conditions are warm or cold. While warm and
dry winters record a thinner snow pack, cold and dry winters record a low snow
accumulation. As elevation declines, temperature plays a greater role in terms of
snow accumulation. A typical example is Davos (1560 m a.s.l.), where cold and wet
winters accumulate the deepest snowpack, whereas in contrast warm and dry years
record the least amount of snow. Warm and wet and cold and dry years exhibit a sim-
ilar amount of accumulated snow. At the lowest elevation site (Chateau d’Oex, 980
m a.s.l.), cold/wet and warm/dry years exhibit the largest differences between the
highest and lowest snow accumulation respectively, while warm/wet winters show
intermediate snow accumulation.

To assess whether there are significant differences in snow accumulation among
years with different winter characteristics, the mean daily snow evolution in Château
d’Oex (980 m a.s.l.) and Saentis (2500 m a.s.l.) for years belonging to different
winter modes is presented in Fig. 2b. In Château d’Oex (980 m a.s.l.), years of warm
winters are mainly characterized by very irregular snow cover during the whole sea-
son, with possibility to have melting events in any time of the snow season. On the
contrary, snow remains constant over the ground for several months during cold and
wet winters. This long period of snow accumulation is likely followed by a month of
steady melting of snowpack. In Säntis (2500 m a.s.l.), the high elevation reduces the
possible influence of winter type on snow accumulation. In particular, differences
are mainly related to the amount of precipitation. Thus, during warm and wet years
snow depth is practically the same to the observed during cold and wet years.

3.2 Influence of Winter NAO on Winter Precipitation, Temperature
and Combined Modes in the Mediterranean Mountains

Figure 3 shows the correlation between the winter NAO (DJFM) and average tem-
perature and precipitation for the 1950–2005 period in the Mediterranean region.
It demonstrates that the NAO exerted marked control over both climate variables
in the Mediterranean basin, with large areas with high and statistically significant
correlation (α < 0.05). Clearly, winter precipitation was negatively correlated with
the NAO index over most of the Mediterranean basin. In particular, statistically sig-
nificant negative correlations were found over large areas of Morocco and Tunisia,
most of the Iberian Peninsula, southeastern France, Italy, the Balkan Peninsula, and
large areas of central and northern Turkey. Nevertheless, exceptions were found
along the coastal areas of Egypt and Libya, where the correlations were positive.
With respect to temperature, a general positive correlation pattern was evident in the
European Mediterranean. In contrast, a negative correlation was found in large areas
of Turkey and the Middle East, whereas a non-significant correlation prevailed in
north Africa (from Morocco to Egypt). The greatest positive correlations were found
in northern Europe (r-values approximately 0.8); the correlations tended to decrease
southward and eastward. Nonetheless, significant correlations were found over most
of the Iberian Peninsula, France and the northernmost areas of Italy and the Balkan
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Fig. 3 Pearson’s correlation coefficients between the winter (DJFM) NAO and precipitation and
temperature for the period 1950–2005

Peninsula. In contrast, southern Italy, Greece and western Turkey exhibited low
and non-significant correlations. These results are in good agreement with previ-
ous works describing the overall impact of NAO in European and Mediterranean
temperatures (e.g. Trigo et al., 2002).

Table 1 presents the mean, the 25th and 75th percentiles and the coefficient of
variation in the correlation of winter temperature and precipitation with the NAO
index in each mountain area. In the Iberian Peninsula, the influence of the NAO
on precipitation and temperature was evident for the four analyzed mountain areas.
The correlation with mean temperature is statistically significant (α < 0.05) in the
Cantabrian Mountains, the Central System and over most of the Pyrenees. The
Sierra Nevada, southeast the Iberian Peninsula, was the only mountain area with
statistically non-significant correlation between the NAO and temperature. On the
other hand, winter precipitation was negatively correlated with the NAO in the four
mountain areas. Temperature in the Atlas Mountains in Morocco was negatively
but not significantly correlated with the NAO. However, precipitation over most
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Table 1 Mean correlation, 25th and 75th percentiles (C25 and C75) and coefficient of varia-
tion between precipitation, temperature and NAO in the 15 mountain areas. Average significant
correlations (α < 0.05) are in bold

Precipitation Temperature

Mean C25 C75 CV Mean C25 C75 CV

Cantabrian M. –0.61 −0.65 −0.54 −0.11 0.39 0.38 0.39 0.02
Central S. –0.63 −0.66 −0.62 −0.06 0.39 0.34 0.44 0.17
Pyrenees –0.53 −0.60 −0.50 −0.17 0.31 0.27 0.31 0.17
S. Nevada –0.72 −0.72 −0.71 −0.02 0.14 0.10 0.17 0.42
Atlas –0.45 −0.57 −0.37 −0.38 0.15 −0.28 −0.04 1.03
Alps –0.3 −0.44 −0.24 −0.74 0.52 0.47 0.57 0.14
Apenines –0.39 −0.48 −0.32 −0.24 0.17 0.11 0.23 0.46
Carphatians –0.37 −0.46 −0.31 −0.22 0.29 0.27 0.31 0.1
Dinaric Alps –0.62 −0.66 −0.59 −0.09 0.22 0.17 0.26 0.25
Pindos –0.61 −0.66 −0.58 −0.10 0.04 −0.10 0.02 2.03
Balkan M. –0.49 −0.57 −0.42 −0.18 0.20 0.15 0.25 0.25
Taurus –0.29 −0.36 −0.23 −0.28 0.41 −0.45 −0.37 0.13
N. Turkey –0.19 −0.26 −0.14 −0.60 0.25 −0.31 −0.22 0.45
Caucasus 0.01 −0.11 0.08 3.2 0.11 −0.07 0.18 0.94
Lebanon –0.12 −0.15 −0.11 −0.43 0.43 −0.46 −0.40 0.09

of this area showed a statistically significant correlation with the NAO, but with
high spatial variability. Although the Alps exhibited statistically significant posi-
tive correlations with the mean temperatures, precipitation showed marked spatial
variability, but on average there was a significant negative correlation. Nonetheless,
coefficients of correlation were noticeably lower than those found for the Pyrenees,
which is a consequence to be an area between Southern and Northern Europe where
NAO correlations with temperature goes increasingly south or north of the Alps.
The Apennines exhibited a positive but non-significant relationship with tempera-
ture, and a negative correlation with precipitation. A similar pattern was evident for
the Dynaric Alps and the Carpathians. However, for the Carpathians, the correlation
with temperature was close to or exceeded the significance threshold. There was no
clear correlation between the NAO and temperature in the Pindos and Balkan moun-
tains although showed a marked influence on the interannual variability of winter
precipitation. For the Taurus Mountains, the NAO was significantly and negatively
correlated with both precipitation and temperature. The correlation for the moun-
tains of northern Turkey was similar to that observed for the Taurus Mountains,
but the α-coefficients were slightly above the statistical significance threshold.
The NAO had not a significant influence on winter precipitation or temperature
in the Caucasus. In the Lebanon Mountains, the NAO only showed a statistically
significant negative correlation with temperature.

In the mountains of the Iberian Peninsula, the winter NAO values were clearly
distributed according to the joint quantiles of precipitation and temperature. In par-
ticular, the WD winters were associated with the highest NAO values (Fig. 4), while
the WW and CW winters accompanied to the lowest NAO values. Also, the CD
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Fig. 4 Boxplots of the winter NAO values recorded during each winter mode in mountain areas
of the Iberian Peninsula, Atlas, Alps, Apenines and the Carphatians. In each panel is depicted
the pairs of winter modes in which NAO values has exhibited statistically significant differences
according to the Mann-Whitney rank test

winters were related to the intermediate NAO values. The Mann-Whitney ranking
indicated that the NAO values during the WD mode differed significantly from those
observed during the wet modes (i.e. WW and CD).

Moreover, in the Sierra Nevada, the NAO values for the CD years were different
from those of the CW and WD years. In the Pyrenees there were also significant
differences between the NAO values during the WD and CD winters. In the Atlas
Mountains (Morocco) precipitation is clearly affected by the NAO, which decreased
from dry to wet winters. Thus, during the WW and CW winters, the NAO was
much lower than those of the WD and CD winters. The differences between the CD
winters and both the WW and CW winters were found statistically significant.

In the Alps the highest NAO values occurred during the WD winters. Significant
differences in the NAO were identified between the CW and both CD and WD
winters. For the Apennines there was no clear influence of the NAO on the winter
modes; the only significant difference was between the CW and CD years.

In the Balkan Peninsula the NAO decreased from dry to wet years, with no clear
pattern of influence on temperature. In the Carpathians (Fig. 4) the highest values
of the NAO occurred during the WD years, which were statistically different from
the WW years. In the Dinaric Alps (Fig. 5) there was a very similar pattern, but
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Fig. 5 Same as Fig. 4 but for the Dinaric Alps, Pindos, Balkans, mountain areas of Turkey and
Lebanon

with statistically different WD years from both CW and WW winters. The Pindos
Mountains had high NAO values during the WD and CD winters. However, in both
cases the values were significantly different from those in the WW years. Moreover,
the magnitude of the NAO during the CD years was significantly different to the
CW years. Apart from the CW and CD years, the Balkan Mountains did not show
clear differences in NAO values during the various winter modes.

The Taurus Mountains and the mountains of northern Turkey showed a nega-
tive NAO gradient as temperature increased. In the former there were significant
differences between the WW and CD years, whereas in the later significant differ-
ences were found between the WD and CD years. In the Caucasus there was no
evident signal in the magnitude of the NAO related to any of the four winter modes.
In the Lebanese mountains, the NAO values varied with temperature, and signifi-
cant differences were found between the WD and CD winters. Similarly, there were
differences, but insignificant, in the mean NAO values between the WW and CW
winters.

3.3 Influence of Winter NAO on Snow Accumulation
in Switzerland

Table 2 shows the correlation between winter NAO and temperature, precipita-
tion and snow indices (mean snow depth, days with snow over the ground and



Influence of Winter North Atlantic Oscillation Index (NAO) on Climate and Snow . . . 83

Table 2 Correlation between winter NAO and winter temperature, precipitation, mean snow depth
(Mean SD), days with snow (Days) and maximum snow accumulation (Max.snow)

Elev.
(m.a.s.l.)

Lat
(◦N)

Long
(◦E) Tmax Tmin Tavg Precip

Mean
SD Days Max.snow

St Gallen 779 47.43 9.4 0.52 0.52 0.52 –0.15 –0.49 –0.46 –0.40
Saentis 2490 47.25 9.35 0.51 0.48 0.51 0.45 0.25 0.14 0.24
Neuchâtel 485 47.00 6.95 0.60 0.50 0.55 –0.19 –0.4 –0.41 –0.41
Lugano 273 46.00 8.97 0.59 0.35 0.59 –0.37 –0.19 –0.16 0.23
Geneva 420 46.25 6.13 0.27 0.32 0.45 –0.24 –0.47 –0.49 –0.42
Davos 1590 46.82 9.85 0.41 0.33 0.55 0.15 0.09 –0.04 0.13
Zurich 443 47.43 8.52 0.55 0.52 0.55 –0.05 –0.41 –0.40 –0.40
Arosa 1740 46.78 9.68 0.43 0.46 0.47 0.25 0.03 –0.10 0.05
Chateau

D’Oex
981 46.28 7.08 0.53 0.35 0.44 0.00 –0.16 –0.10 –0.07

Bold numbers indicate significant correlations (p < 0.05).

maximum snow accumulation) in 9 locations across Switzerland. Following the
results obtained for the Alps using the CRU dataset, average temperature exhib-
ited a positive correlation with the NAO in all the considered locations, exceeding
0.44 in all cases. For precipitation, coefficients of correlation are markedly lower
than for temperature; and they varied from negative (generally eastward) to positive
(westward). In some cases contrasted correlations between the NAO and precipita-
tion were found at very short distances. This was the case in St. Gallen (r = –015)
and Saentis (r = 0.45), suggesting a more dominant influence of the complex
topography of the region than an influence of large-scale atmospheric circulations
on local precipitation. Given the response of temperature and precipitation to the
NAO, interannual evolution of winter snow indices are only related to the NAO
in those observatories located at low elevation (i.e. Zurich, Geneva, St Gallen and
Neuchâtel). This is a consequence of the strong influence of the NAO on tempera-
ture, which determines not only the phase of precipitation (liquid or solid), but also
the occurrence of melting events in those areas close to the 0◦C winter isotherm. On
the other hand, at highly elevated sites, temperature is always sufficiently cold for
precipitation to fall essentially as snow during winter. In those areas, the interan-
nual evolution of snowpack depends largely on winter precipitation amount, which
is not generally controlled by the NAO in Switzerland. One exception is the Saentis
weather station located at 2490 m a.s.l., where winter precipitation was clearly influ-
enced by the NAO (r = 0.45), and snow indices accordingly exhibited a positive
correlation with the NAO.

Figure 6 shows the temporal evolution of mean snow depth, days with snow
cover and the NAO in Zurich (443 m a.s.l.) and Davos (1590 m a.s.l.). Both sites
are located at a rather similar geographic position in the Swiss territory, but at a
contrasted elevation. Both observatories have shown not only positive correlations
between winter temperatures and the NAO, but also exhibited weak relationships
between the NAO and precipitation. As previously mentioned, when the NAO only
exerts a significant control on temperature as occurred in both sites, snow indices
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Fig. 6 Temporal evolution of mean snowdepth (in cm), days with snow cover and NAO in Zurich
and Davos

were only correlated with the NAO at the lower elevation sites. Thus, mean snow
depth and days with snow on the ground were significantly correlated with the NAO
in Zurich (r = –0.41 and r = –0.40 respectively). On the other hand, both indices did
not show any significant relationship in Davos. Indeed, we can observe how evolu-
tion of mean snow depth is independent of the winter NAO evolution. Likewise, the
winter (DJFM) snow cover in Davos presents an inter-annual variability insensitive
to the corresponding evolution of the winter NAO time series.

3.4 Influence of Winter NAO on Snow Accumulation
in the Spanish Pyrenees

Previous studies using observational data in the Spanish Pyrenees (López-Moreno,
2005; López-Moreno and Vicente-Serrano, 2006) revealed that winter NAO had a
positive but not significant correlation with the regional series of winter temper-
ature (r = 0.19, α < 0.05 for the 1950–2000 period), and a significant negative
correlation with the regional precipitation (r = –0.6, α < 0.05 for the 1950–2000
period). This strong relationship between the NAO and winter precipitation explains
to large extent the negative correlation between the regional series of snow depth
accumulated in March and winter NAO (Fig. 7).
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Fig. 7 (a) Temporal evolution of Winter (DJFM) NAO index and regional series of snow depth
for the Pyrenees in March. (b) Correlation between NAO and snow depth series

Nonetheless, the weak relationship between winter NAO and temperature leads
to a significant altitudinal gradient in the strength and significance of the correlation
coefficients observed at individual sites in the Pyrenees. The differentiated influence
of the NAO on snow depth depends on elevation. This is mainly a consequence of
the necessity of low temperatures to ensure that precipitation falls as snow. At low
elevation sites, interannual variability of winter precipitation is also controlled by
the NAO. However, temperature determines the nature of precipitation (i.e. rain or
snow) and also the occurrence of melting events during winter. In contrast, at high
elevation sites, temperature is not the main control on snowpack and precipitation.
Therefore, the NAO seems to be the principle factor governing the interannual vari-
ability of snow. Figure 8 shows the correlation coefficients between winter NAO

Fig. 8 Coefficient of correlation between winter NAO and snow depth measured in March in
86 locations at contrasted elevation. Dashed line indicate the threshold of statistical significance
(α < 0.05)
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and snow depth measured at 86 snow poles located across the Pyrenees during the
period 1986–2006. Depending on whether snow poles are located above or below
2100 m a.s.l., we can find statistical significant differences between both groups.
Thus, snow depth measured at snow poles located below 2100 m a.s.l. showed a
mean correlation of –0.36 with the NAO, which is statistically insignificant in the
majority of cases. Conversely, snow depth measured above 2100 m a.s.l. exhibits
a mean correlation of –0.48 with winter NAO, meeting the statistical significance
threshold in most cases.

4 Discussion and Conclusions

The results of this study confirm the major influence of winter NAO on climate and
snowpack in most of the Mediterranean mountains. Following the results obtained
ion previous works we have identified large scale negative (positive) correlation
with precipitation (temperature) (e.g., Trigo et al., 2002). However, there are notice-
able spatial differences in the magnitude or sign of the correlations (Dunkeloh and
Jacobeit, 2003). Thus, the negative correlation with precipitation tended to be higher
in the western part of the Mediterranean basin (i.e. the Iberian Peninsula and north-
western Morocco), northern Italy, the western part of the Balkan Peninsula and some
parts of central Turkey. Winter precipitation exhibited a close relationship with the
NAO in the mountains of the Iberian Peninsula (the Cantabrian Mountains, Central
System, Pyrenees and Sierra Nevada), the Atlas, the Pindos and the Balkan moun-
tains, and the Dinaric Alps. Other mountains showed negative correlation with the
NAO, but with lower coefficients. The exceptions were found in northern Turkey,
the Caucasus and the Lebanese mountains, where no significant correlations were
exhibited. The positive correlation between temperature and winter NAO tended
to decrease southward in the Mediterranean basin. Only the Alps, the Cantabrian
Mountains, the Central System, the Pyrenees and the Carpathians showed significant
positive correlations. In the case of the Pyrenees, the correlation with temperature
was positive but not statistically significant when the observational data was consid-
ered for analysis in the 1950–2000 period. In contrast to the general tendency, the
mountains of Lebanon and some parts of the Caucasus and northern Turkey showed
a significant negative correlation.

Spatial differences in the influence of the NAO on precipitation and temperature
explain why there were differences in the response of the combined precipitation
and temperature modes to winter NAO in the Mediterranean mountain areas. In
most cases winters dominated by positive NAO conditions had warm and dry con-
ditions, except for the eastern part of the Mediterranean basin, where NAO usually
yields cold and dry winters. Negative NAO winters usually cause wet conditions
in the Mediterranean mountains (except for those located in the eastern part of the
basin), but generally there was no clear difference in their occurrence under warm
or cold modes. Irrespective of the geographical location, the NAO had a statisti-
cally significant influence on the occurrence of winter modes in all the mountains,
except the Caucasus and the Lebanese mountains. The NAO had a major influence
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on the occurrence of various winter modes in the Pyrenees, the Sierra Nevada and
the Pindos Mountains.

The occurrence of different winter modes has a major influence on the accumu-
lation of snow in the mountain areas. Using snow depth data from the Swiss Alps,
we have confirmed that snowpack varies noticeably depending on the occurrence
of a given winter mode. However, the elevation of each specific mountain area or
altitudinal gradients within a particular mountain sector often produces a contrasted
response of snowpack to winter modes. In particular, the wet modes in the highly
elevated sites of the Swiss Alps are associated with a deep snowpack, indepen-
dently of whether the winters are warm or cold. As elevation decreases, the role of
temperature increases. At the lowest altitudes, the cold and wet modes are exclu-
sively associated to high snow accumulation. In all cases warm and dry modes are
associated with winters that have an insufficient snowpack.

Given the relationship between the winter modes and snow pack, and also
considering the large influence of the NAO on winter modes, it is not surpris-
ing that previous research has suggested the NAO pattern as an important driver
of interannual variability of snowpack in mountain areas including: the Pyrenees
(López-Moreno and Vicente-Serrano, 2006; García et al., 2009), the Alps (Beniston,
1997; Scherrer and Appenzeller, 2006; Schöner et al., 2009), the Romanian moun-
tains (Micu, 2009), the Bulgarian Carpathians (Petkova et al., 2004). Following
the results of this study, it can be concluded that the snow in mountain areas of
the Iberian Peninsula (the Sierra Nevada, the Cantabrian Mountains, the Central
System), the Atlas, the Pindos and Turkish mountains could also be markedly
affected by the NAO in winter.

This research provides clear evidence of the role of elevation as an important
variable in explaining the spatial variability of the impacts of the NAO on snow-
pack evolution within a specific mountain region. The Swiss and Spanish case
studies have enabled to assess how coefficients of correlation between NAO and
snow indices may exhibit opposite dependence with elevation. More specifically,
winter NAO in Switzerland controls mainly temperature, with a variable influence
on precipitation. Accordingly, the NAO does not explain interannual variability of
snow at highly elevated areas, where temperature is generally below the freezing
level. Similarly, snowpack is significantly influenced by the NAO in sites located
at low altitudes. In the valley bottoms, temperature determines whether precipita-
tion is solid or liquid, and the NAO controls the interannual characteristics of winter
temperature. An opposite example is the Spanish Pyrenees, where the NAO mainly
controls the interannual evolution of winter precipitation rather than temperature.
Thus, at high elevation sites, where temperature is usually below the freezing point,
the NAO explains to a larger extent the interannual variability of the snowpack.
However, when elevation decreases, the influence of the precipitation on snowpack
weakens, and temperature becomes the major control on snow pack duration and
magnitude.

Nonetheless, under global warming conditions expected in the Mediterranean
region during the next decades (Giorgi, 2006), the relationships obtained in this
study may be different from those for past and current climates. For instance, the
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frequency of cold modes is expected to dramatically decrease in favor of both the
WD and WW modes in the Swiss Alps (Beniston et al., in press). Also, a higher
frequency of warm modes is likely to occur in all mountain areas under study owing
to the expected increase in the Mediterranean temperature. In large areas of the
Mediterranean region winter precipitation is expected to decrease (López-Moreno
et al., 2009). A higher frequency of warm and dry winters in those areas could neg-
atively affect snow cover. In other areas where an increase in winter precipitation
is expected, an increase in the WW winters could likely occur in several mountain
areas. An increase in the WW winters will be favorable for snow accumulation only
at very high altitudes, where precipitation falling as snow can remain in the solid
state over a number of consecutive days, even under generally warmer conditions.
This hypothesis coincides with numerous studies that have simulated future snow-
pack and predicted a general decrease in the Mediterranean mountains, especially
for sites at low elevations (López-Moreno et al., 2008; Uhlmann et al., 2009).
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Impact of NAO on Mediterranean Fisheries

Francesc Maynou

Abstract The effect of the North Atlantic Oscillation (NAO) on fisheries pro-
duction has received attention in the last 2 decades, especially in relation to the
inter-annual fluctuation of the important North Atlantic cod fisheries. Results of
these studies show that the effects of NAO on cod stocks vary geographically,
with opposite patterns in the western and eastern North Atlantic and that NAO
affects mainly the recruitment success of cod, especially on heavily fished stocks.
In the Mediterranean sea the number of studies is much more limited, due in part
to the paucity of sufficiently long and reliable data series for Mediterranean fish-
eries. A recent study on the interannual variation of landings of the red shrimp
Aristeus antennatus in Catalonia shows that the NAO explains a large part of the
variability in population abundance with a lag of 2–3 years. New results presented
here show that, at the scale of the entire Mediterranean, stocks of hake (Merluccius
merluccius) respond to the NAO with different trends in the northwestern and south-
eastern stocks. Analysis of detailed life history data of this species in the Spanish
Mediterranean coast allows to postulate the hypothesis that positive NAO years
enhance hake fishery production through increasing the individual size of recruits,
as well as the individual weight and abundance of adult hake. No effect on other
demographic parameters such as recruitment strength or natural mortality could be
demonstrated.

Keywords Aristeus antennatus · Fisheries · Mediterranean · Merluccius
merluccius · NAO

1 Introduction

Fisheries production depends on the interaction between human inputs (fishing
effort) and the biomass of fish. While fishing effort may change over time due
to socioeconomic factors, such as market interests, changing costs of effort or
other reasons, fish biomass fluctuates over time due to environmental factors,
such as biological productivity of its prey resources, or abiotic factors such as
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changes in temperature or salinity (Bakun, 1996; Cushing, 1996; Ottersen et al.,
2004).

The abundance of marine fish is difficult to determine and many different meth-
ods have been developed over time (Hilborn and Walters, 1992). Briefly, fish
abundance can be estimated from two basic sources: fisheries dependent data (com-
mercial catches) or fisheries-independent data. In the first case, data series of catches
are relatively easy to obtain because most countries maintain relatively long data
bases on fish production by species (Evans and Grainger, 2001). However, to inter-
pret catch data it is often necessary to know the evolution of fishing effort and
catchability, which are often not available or difficult to estimate (Hilborn and
Walters, 1992). Fisheries-independent programmes are more reliable but expensive
to maintain and rarely have the long time spans required to assess the relation-
ship between environmental variations and fish abundance (Sparre and Venema,
1998). In the European North Atlantic, there exist data series derived from scien-
tific trawl surveys longer than 40 years (International Bottom Trawl Survey: http://
datras.ices.dk), but in the Mediterranean, the only continuous fisheries monitor-
ing programme (MEDITS: Mediterranean International Trawl Surveys: http://www.
ifremer.fr/Medits_indices) to cover all EU member states started in 1994 and the
data series is thus considerably shorter than in the Atlantic (Bertrand et al., 2002).
In any case both types of data sources, commercial and trawl surveys, have advan-
tages and disadvantages and it is convenient to use the two types of data concurrently
when possible.

It is known that the changes in total biomass of a fishery target species can be
due to individual changes in (one or more) individual demographic parameters. For
instance, the abundance of a given year class may fluctuate from year to year due to
environmental factors that cause enhanced survival (or conversely, increased mor-
tality) of the individuals of that particular year class (Cushing, 1996; Myers, 2002;
Watanabe et al., 2003). This is specially important in the first age class recruited
to the fishery (known as recruitment), and several studies have shown the relation-
ship between interannual fluctuations in recruitment and environmental variability
(e.g. Mendelsohn and Mendo, 1987; Watanabe et al., 1996; Stige et al., 2006). Other
key life history parameters affected by environmental variability are the individual
growth rate, the natural mortality or the reproductive success (Hänninen et al., 1999;
Jobling, 2002).

It is often difficult to determine the causes of the relationship between large scale
climatic indices and fisheries due to the paucity of data, but also due to the complex-
ity of the mechanisms involved (Cushing, 1996). In recent years, the usefulness of
employing large scale climatic indices such as the NAO index as a proxy for com-
plex space-time variations in ecological variables has been suggested (Hallett et al.,
2004; Stenseth and Mysterud, 2005) and indeed the relationship between climatic
indices and fisheries is well documented in non-Mediterranean settings, particularly
in upwelling ecosystems (e.g. anchovy/sardine substitutions in the Pacific Kuroshio
and Humboldt Current ecosystems and teleconnections among fish populations,
reviewed in Alheit and Bakun, 2010).

http://datras.ices.dk
http://datras.ices.dk
http://www.ifremer.fr/Medits_indices
http://www.ifremer.fr/Medits_indices
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The effects of NAO on North Atlantic fisheries has received attention in recent
decades, especially in the last 10 years (Reid et al., 2001; Beaugrand, 2004), with
studies focused particularly on cod (Gadus morhua, Mann and Drinkwater, 1994;
Beaugrand et al., 2003; Stige et al., 2006). The results of these studies show that
the NAO affects cod fisheries mainly by modulating the strength of cod recruitment
with a time lag of 2 years (Brodziak and O’Brien, 2005). It has been shown also that
the effect is stronger when spawning stock biomass (SSB) is low (Brander, 2005).
Most significantly, some of these studies showed that the effect of the NAO varies
spatially across North Atlantic cod stocks (synthesized in the model by Stige et al.,
2006): while cod recruitment is enhanced in Newfoundland, Greenland, Iceland,
northern Norway and the Faroes during positive NAO years, it is decreased in the
eastern US, around the British Isles, in the North sea and in the Baltic sea (figure 4
in Stige et al., 2006).

In many cases the relationship between the NAO and fisheries production has
been shown to be mediated by changes in the composition and abundance of zoo-
plankton (Fromentin and Planque, 1996; Ottersen and Stenseth, 2001; Reid et al.,
2003; Molinero et al., 2008).

In the Mediterranean, the relationship between the NAO and fisheries has
received less attention, probably because data series are generally shorter than in
Atlantic fisheries. Lloret et al. (2001) assessed the relationship between river runoff
in 13 coastal fishery species of the Catalan coasts. They found that catches per unit
of effort were positively correlated with the wind mixing index in the Gulf of Lions
and the runoff of local rivers, which varied synchronously with the NAO index: neg-
ative NAO indices were associated with higher river runoff (probably because during
negative NAO years precipitation increases in the NW Mediterranean, Mariotti
et al., 2002). Maynou (2008) showed that the detrended landings of the deepwa-
ter red shrimp Aristeus antennatus were positively correlated with the NAO index
with time lags of 2 and 3 years. An ecological mechanism to explain this correlation
was produced, based on current knowledge of the biology of this species and the
water mass dynamics in the study area (NW Mediterranean): positive NAO years
are correlated with decreased rainfall in the NW Mediterranean sea, especially in
the Gulf of Lions, the Ligurian sea and adjacent hinterland (Mariotti et al., 2002).
Decreased rainfall is linked to enhanced vertical mixing of the water masses in the
Gulf of Lions (Demirov and Pinardi, 2002; Jordi and Hameed, 2009), due to the
saltier (hence, more dense) surface water mass in low rainfall years. Knowing that
food supply in winter is key to the reproductive success of A. antennatus, because
during this period females switch from their normal generalist diet to a high-energy
content diet based on zooplankton (Cartes et al., 2008; Maynou, 2008) postulated
that positive NAO years would enhance egg production and higher abundance of
recruits to the fishery.

The objective of this contribution is to assess the effects of NAO in another
important Mediterranean demersal fishery resource, the hake Merluccius merluc-
cius at the scale of the entire Mediterranean basin, in order to investigate whether
ecological mechanisms linking the NAO with fisheries productivity demonstrated in
local areas (Catalan sea, Ligurian sea) can be extrapolated to wider areas.
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2 Results

European hake (Merluccius merluccius) is an important resource of the
Mediterranean demersal fishery, with catches fluctuating between 20 and 50,000
t in recent decades (FAO Fisheries Department, 2000). The biology of this species
is well-known (e.g. the review by Oliver and Massutí, 1995; Recasens et al., 1998).
Hake is distributed mainly over the continental shelf between 50 and 200 m depth,
although occasional large individuals are caught down to 800 m. It is a heavily
exploited species and catches are at present mainly composed of juvenile individuals
of age classes 0–2. The recruitment period of hake varies across Mediterranean sub-
areas and is relatively protracted, but it occurs mainly in early summer (June–July)
in the NW Mediterranean (Recasens et al., 1998).

I analyzed the annual data series of hake catches for the period 1970–2005 in the
seven geographical areas of the Mediterranean used by the FAO for fisheries statis-
tics purposes (Fig. 1) based on the FISHSTAT database (FAO Fisheries Department,
2000).

As shown in Fig. 2, the data series of hake catches are very noisy, although some
general patterns emerge. First, hake catches increased from 1970 until the early
1990s in most areas (Gulf of Lions, Adriatic, Ionian and Aegean). In these areas, and
also in the Levant, hake production decreased since the early 1990s to the present
due probably to overfishing (Lleonart, 2008). In the Balearic area no overall trend
can be distinguished, but periods of high catches and low catches can be discerned,
while in the Sardinia area hake catches have been decreasing since the beginning of
the time series (Fig. 2).

To analyze these data sets, a Generalized Additive Model (GAM) was set up
for each statistical area, using year as the main effect (because it is expected that
long-term trends in interannual variations in catches are mainly due to the observed

Fig. 1 FAO fisheries divisions in the Mediterranean and geographic names mentioned in the text
(italics)



Impact of NAO on Mediterranean Fisheries 95

Fig. 2 Data series of hake (Merluccius merluccius) landings in the seven Mediterranean FAO
fisheries divisions for the period 1970–2005 (data extracted from FISHSTAT, FAO Fisheries
Department, 2000)
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increase in fishing effort, Lleonart, 2008) and the NAO index as additional effect
with time lags of 1 and 2 years (nao1 and nao2). GAMs are a flexible class of
statistical regression models which allow to assess linear or nonlinear relationships
between a set of predictors (in our case, year, nao1 and nao2) and a dependent
variable (in our case hake catch) (Wood, 2006):

log(catch) = s(year) + s(nao1) + s(nao2) + ε,

where ε is a normally distributed error term.
I used smoothing splines to represent the possibly nonlinear effect of predic-

tors and Generalized Cross Validation (GCV) to establish the optimal degree of
the smooth terms. Model selection was achieved by means of Akaike’s Information
Criteria to assess the goodness of fit (Wood, 2006).

The GAM models fitted for hake catch in the seven statistical subareas for the
period 1970–2005 helped explain between 62% (Gulf of Lions) and 96% (Aegean
sea) of the deviance in the data series (Table 1). These results show that most of
the variability in the catch data series can be attributed to the year effect, which
mostly reflects changes in fishing effort over time. More interestingly, the results of
the GAM analysis show that the lagged NAO index explains between 2 and 8% of
the deviance of the models and that some of the functional non-parametric terms
are statistically significant (Table 1). The shape of these nonparametric terms can
be examined in Fig. 3, which shows that hake stocks in the western and northern
Mediterranean areas (Gulf of Lions, Balearic and Adriatic) are positively corre-
lated with the NAO index at lags 1 and 2 years, while hake stocks in the eastern
Mediterranean (Aegean and Levant) would be negatively correlated with these NAO

Table 1 Results of the GAM analysis of hake (Merluccius merluccius) landings in the seven
Mediterranean areas for fishery purposes defined by FAO

Area

Deviance
explained by
full model (%)

Deviance
explained by
term year (%)

Deviance
explained by
term nao1

Deviance
explained by
term nao2

Gulf of Lions 62.3 55.0 4.3% 3.0%
Balearic 87.5 81 5.7% 0.8% (NS)
Sardinia 69.1 62.6 2.1% (NS) 4.4%
Adriatic 66.8 44.9 1.2% 0.7% (NS)
Ionian 95.0 93.9 0.1% (NS) 1%
Aegean 96.2 89.7 4.2% 2.0%
Levant 81.5 77.2 3.7% 0.6% (NS)

Data series from FAO Fisheries Department (2000).
nao1 and nao2 are the NAO index lagged 1 and 2 years, respectively.
NS: non-significant term, otherwise significant terms at p < 0.1 level.
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Fig. 3 Non-parametric smooth terms determined by the GAM analysis for hake (Merluccius mer-
luccius) landings in the seven Mediterranean FAO fisheries divisions. Left column: effect of NAO
index lagged 1 year. Right column: effect of NAO index lagged 2 years

indices (Fig. 3). Hake stocks in the central Mediterranean show weak correlations
(Ionian) or of opposite sign (Sardinian).

To investigate the causes linking NAO with hake fisheries variability I analyzed
the correlation between several life-history indicators derived from fisheries inde-
pendent trawl surveys in the western Mediterranean (MEDITS surveys carried out
along the continental coast of Spain, Bertrand et al., 2002) by means of autocor-
relation function analysis (Venables and Ripley, 2002). The span of this data set
(1994–2009) is shorter than the FAO production statistics, but includes a critical
transitional period from positive values of the NAO index in the 1990s to nega-
tive or zero values later on. I extracted several demographic indicators from the
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Table 2 Demographic indicators of hake (Merluccius merluccius) analyzed by autocorrelation
functions. Indicators were derived from the annual MEDITS trawl surveys carried out along the
Mediterranean continental coast of Spain (1994–2009)

Age class Result

Abundance indices 0 (recruits) NS
No of individuals/km2 1 NS

2 NS
Average for ages 3–6 S (lags 1 and 2)

Individual length (cm TL) 0 (recruits) S (lag 1)
1 NS
2 NS
Average for ages 3–6 NS

Individual weight (g) 0 (recruits) NS
1 NS
2 NS
Average for ages 3–6 S (lag 1)

Natural mortality (year–1) 0 (recruits) NS
1 NS
2 NS
Average for ages 3–6 NS

Biomass Total population biomass NS
Spawning stock biomass (SSB) NS

Data elaborated from http://www.ifremer.fr
S: significant; NS: Not Significant at p<0.05 level.

MEDITS database (http://www.ifremer.fr/Medits_indices): abundance by age class,
natural mortality by age class, total biomass, spawning stock biomass, and average
individual length and weight (Table 2).

The results of autocorrelation function analysis (Fig. 4) show that the mean
length of recruits (hake of age class 0) is positively correlated with NAO at lag
1, i.e. recruits are larger than average after positive NAO years. Also the abundance
of adults (age classes 3–6) of hake is increased 1 and 2 years after positive NAO
years, while the average weight of adults is positively correlated with NAO at lag
1. Despite this increase in abundance and mean weight of adults, no increase in
spawning stock biomass could be shown in positive NAO years, probably because
the biomass of the adult fraction of the population is much lower than the juvenile
fraction (age classes 0–2) in this heavily exploited population. Natural mortality
was not correlated to the NAO. These results show that in the Balearic subarea,
and probably also in the Gulf of Lions and Adriatic, positive NAO years have a
positive effect in at least 3 critical indicators of the hake life history (length of
recruits, abundance of adults and weight of adults) suggesting that the positive
effects on the catches shown earlier from the FAO production data series can be
related to increase size and weight of the hake population and not, for instance, to
decreased natural mortality or increased reproductive success, as in the red shrimp
(Maynou, 2008).

http://www.ifremer.fr
http://www.ifremer.fr/Medits_indices
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Fig. 4 Autocorrelograms of significant demographic indicators (Table 2) extracted from the
MEDITS database for hake (Merluccius merluccius) in the Spanish Mediterranean coast (subarea
6). Dotted lines indicate significant correlation at the p < 0.05 level
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3 Conclusions

The North Atlantic Oscillation has profound influences on fisheries productivity,
mediated by complex dynamics of ocean processes and biological productivity, as
shown in North Atlantic fish stocks (Ottersen and Stenseth, 2001; Reid et al., 2001,
2003; Stenseth and Mysterud, 2005; Stige et al., 2006), but also in the Mediterranean
(Lloret et al., 2001; Maynou, 2008).

In fisheries research the influence of environmental variation on stock productiv-
ity may be difficult to detect due to the lack of long and consistent time series of the
main oceanographic and ecological parameters at appropriate scales. Large-scale
climatic indices such as the NAO are often better proxies of ecological processes
than local weather variables, because they reduce the complexities of time and
space variability in environmental phenomena to simple measures (Hallett et al.,
2004; Stenseth and Mysterud, 2005), and are specially useful for fish abundance
data where comparable environmental data sets are non existent or expensive to
obtain (e.g. for deep-sea fishery resources, Maynou, 2008).

The influence of the NAO on fish stocks has been shown to vary geographically,
with impacts of different sign in cod stocks of, broadly, the western Atlantic and the
eastern Atlantic (Stige et al., 2006). In Mediterranean hake stocks, present results
suggest also geographically varying impacts of the NAO. A N/S – W/E trend in the
effects of NAO has been evidenced: in the N and W areas (Balearic sea, Gulf of
Lions, Adriatic sea) the effect is close to linear and positive (enhanced hake catches
at positive NAO values). In the E and S subareas (Aegean sea, Levantine sea) the
effects is negative (enhanced catches at negative NAO values), while in the two cen-
tral subareas (Sardinian seas and Ionian sea) the effect is weak but mainly positive.
Focusing on the Balearic area, I used a shorter data set derived from fisheries inde-
pendent surveys to investigate the possible biological causes of enhanced catches by
NAO in this area. I showed that the positive relationship between NAO and catches
of hake is related to the positive effect of NAO (with temporal lags of 1 or 2 years) on
at least 3 critical indicators of the hake life history: length of recruits, abundance of
adults and weight of adults. These results suggest that the positive effects of NAO
on Mediterranean hake catches can be related to increased size and weight of the
hake population and not, for instance, to decreased natural mortality nor increased
reproductive success, as in the red shrimp (Maynou, 2008).

Although the effect of the NAO on fisheries of Mediterranean stocks has been
shown in a few studies (Lloret et al., 2001; Maynou, 2008; present work for hake),
further research is needed to investigate the relationships linking the North Atlantic
Oscillation, Mediterranean oceanography and biological productivity. Although it
is likely that the effect of the NAO on higher trophic levels (which constitute
the fisheries target species) is mediated by the effects of NAO on zooplankton
(Fromentin and Planque, 1996; Maynou, 2008; Molinero et al., 2008) the details
of these relationships are often mere working hypotheses that need to be refined and
tested.
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Impacts of the NAO on Mediterranean
Crop Production

Simone Orlandini, Anna Dalla Marta, Marco Mancini, and Daniele Grifoni

Abstract Meteorological conditions can influence the main biological processes
responsible of plant growth and development affecting vegetative growing, setting
and ripening of different plant organs, onset and duration of phenological stages and
the final production, exerting a strong impact on agricultural activities. In particular,
the study of the variability of timing and length of the plants growing season is gain-
ing importance because plant phenology is a sensitive indicator of climate change
and has large impacts on terrestrial ecosystems through changes in productivity and
in the annual carbon and water cycles. For many years, starting from meteorolog-
ical information, mathematical descriptions of these effects have been formulated
in order to provide users (farmers, technicians, extension services, researchers, etc.)
with operational tools for improving management and planning activities. Besides
common meteorological information supplied by local or synoptic weather stations,
the use of large-scale climatic variables has also been investigated in order to fore-
cast agricultural yields and production quality in several regions of the world. In
Europe, the North Atlantic Oscillation (NAO) seems to be responsible for a large
component of climate variability, particularly influencing winter and, through cli-
mate interactions on plants, crop production quality and quantity characteristics. The
use of large-scale meteorological information showed great potential, particularly
for the development of crop production forecasting systems.

Keywords Wheat · Grapevine · Growth · Development · Yield

1 Introduction

Observations of the physical and biological variables in the environment are essen-
tial in agricultural meteorology. Meteorological considerations enter in assessing
the performance of a plant or animal because their development is a result of
the combined effect of genetic characteristics and their response to environment.
Without quantitative data, agrometeorological planning, forecasting, research and
services by agrometeorologists cannot properly assist agricultural producers to meet
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the ever-increasing demands for food and agricultural products. Such data are
also needed to assess the impacts of agricultural activities and processes on the
environment and climate.

Crop production is the result of a complex interaction among environmental
conditions, agronomic management and plant characteristics. Soil, described by its
chemical, biological and physical properties, and climate (i.e. degree days accumu-
lation, rainfall, total solar radiation) are the main environmental factors affecting
plant responses.

Crop production is influenced by meteorological conditions such as temperature,
precipitation, solar radiation (intensity, photoperiod, and quality) and wind. As these
variables correspond to the main driving factors of crops production spatial and
temporal variability, they are commonly used for the analysis and simulation of
crop yield.

A number of approaches have been used to describe crop yield based on weather
parameters. In most statistical approaches, regressions are obtained correlating envi-
ronmental variables and yield. The main problems with statistical approaches are
that yield is more complex than growth simulation and that there is little confidence
in extrapolating the results beyond the original limits of the data-sets. On the other
hand, in using mechanistic approaches, difficult arises from numerous assumptions.
Intermediate approaches between statistical and complex models are to use sim-
plified mechanistic models which define crop behaviour by only few relationships
(Bindi et al., 1997).

Agrometeorological stations can provide data to feed crop yield simulators. The
quality of agrometeorological variables is the basis for a precise simulation and con-
sequently for the processing of information that meets the needs of the end-users.
However, ground weather stations often fail to satisfy these quality standards, both
in terms of accuracy and precision of measured data and of spatial and temporal
representativeness (WMO, 1981). The implementation of networks of weather sta-
tions could partly solve these problems, but would involve high installation and
maintenance costs (Vose and Menne, 2004).

Moreover meteorological observations do not inform us about the state of the
local atmosphere unless we know how the observations were made – the instrument,
its installation height and exposure, used sampling and averaging times – and the
way in which the measurements were processed. Specifications of all these links of
the observation chain are called metadata, and their availability determines the value
of measurements. Unfortunately they are not commonly available, making the use of
station data unable to provide a realistic description of crop responses, particularly
for application at meso or macroscale level.

The internet has increasingly been used to disseminate climate and meteorolog-
ical data, given its rapid manipulation and displays of information, the interaction
and feedback with the users, and the reduction of cost. The internet allows for find-
ing suitable applications providing free access to meteorological information with
different spatial domains and temporal resolutions.

Besides common meteorological information supplied by local or synoptic
weather stations, the use of large-scale climatic variables has also been investigated
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in order to forecast agricultural yields and production quality in several regions
of the world (Atkinson et al., 2005). Among these indices that identify the large-
scale distribution of pressures and temperatures over defined geographical areas,
the North Atlantic Oscillation (NAO) is one of the most studied due to its significant
impact on the climate over important production regions worldwide (Tables 1 and 2).
In Spain, Gimeno et al. (2002) found that the yield of many crops (lemon, orange,
tangerine, wheat, rye and olive) is affected by NAO, while in Italy the effect of
NAO was related to the phenology of grapevine (Dalla Marta et al., 2010a) and
quality of wine (Grifoni et al., 2006). Many studies demonstrated a relationship
between the wheat yield and grain quality (Hagber falling number, specific weight
and protein concentration) and the winter NAO in Italy (Dalla Marta et al., 2010b),
Portugal (Gouveia and Trigo, 2008) and UK (Kettlewell et al., 1999; Wanner et al.,
2001; Hurrell et al., 2003; Atkinson et al., 2005, 2008). According to Kettlewell
et al. (2003) the winter NAO has an effect on cumulated precipitation in summer in
England and Wales and, consequently, on wheat quality, while Colman (1997) sug-
gested an association between Sea Surface Temperature (SST) and NAO in the UK.

Large-scale climate variability affects average conditions considerably and is
therefore likely to influence the phenology of plants. In Europe, the North Atlantic
Oscillation (NAO) seems to be responsible for a large component of climate vari-
ability (Post and Stenseth, 1999; Benestad, 2001; Wanner et al., 2001; Sivle, 2005),
particularly influencing winter weather and, through climate interactions on plants,
flowering time of many tree species (Klaveness and Wielgolaski, 1996; Gormsen
et al., 2005; Avolio et al., 2008).

At the same time, winter meteorological conditions play an important role in
processes controlling the termination of dormancy and bud-break, strongly affecting
the onset of the growing season, spring flowering phenophases and pollen season of
different woody plants in North and southern Europe (Fitter et al., 1995; Klaveness
and Wielgolaski, 1996; D’Odorico et al., 2002; Gormsen et al., 2005; Avolio et al.,
2008; Nordli et al., 2008).

Table 1 Example of NAO effect on vegetation, forest and trees

Ecological
descriptor Parameter Correlation Period Variable affected References

Europe
vegetation

Timing of spring
phenology

Negative Jan–Mar Temperature,
precipitation

D’Odorico et al.
(2002)

Europe
vegetation

Timing of
phenology

Negative Winter Temperature,
precipitation

Gouveia et al. (2008)

Europe
forests

Timing of
phenology

Negative N.A. Temperature Cook et al. (2005)

Norway
trees

Timing of
phenology

Negative Winter Temperature Post et al. (1999)

Norway
trees

Timing of
phenology

Negative Winter Temperature Nordli et al. (2008)

Germany
trees

Timing of spring/
summer
phenology

Negative Jan–Mar
Feb–Mar

Temperature Menzel (2003)
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Table 2 Example of NAO effect on crop responses

Ecological
descriptor Parameter Effect Period Variable affected References

Spain wheat,
orange,
lemon

Yield Positive Yearly Temperature,
precipitation

Gimeno et al.
(2002)

Portugal wheat Yield N.A. Feb–Mar Temperature,
precipitation

Gouveia et al.
(2008)

UK wheat Quality (specific
weight)

Positive Winter Radiation,
precipitation

Atkinson et al.
(2005)

UK wheat Quality (specific
weight)

Positive Jan Radiation,
precipitation

Atkinson et al.
(2008)

UK wheat Quality (specific
weight,
protein)

Positive Jan–Feb Radiation,
temperature

Kettlewell et al.
(1999)

UK wheat Quality (specific
weight)

Positive Winter Summer
precipitation

Kettlewell et al.
(2003)

Italy durum
wheat

Quality (protein
content)

Positive Nov–Feb Winter
precipitation

Dalla Marta et al.
(2010b)

Italy grapevine Timing of
phenology

Negative Feb–Mar Radiation and
temperature

Dalla Marta et al.
(2010a)

Italy grapevine Quality (rating) Negative Apr–Jul Temperature,
precipitation

Grifoni et al.
(2006)

Italy olives Pollen season Negative Mar–Jun Temperature Avolio et al.
(2008)

1.1 Objectives

The main objective of this chapter was to analyze the correlations between NAO
index (Jones et al., 1997) and several Italian crop productions. Different case studies
were considered, all taking into consideration high quality Mediterranean crops,
such as wheat and grapevine. Local ground weather stations data were also analysed,
to compare obtained results by using large scale indices. Different temporal scales
were compared in order to propose a crop response analysis and forecasting method
based on meteorological conditions observed several months before harvest. Results
are discussed with the aim of evaluating the possibility of assessing crop production
with the freely available data, solving the problems related to the use of ground
weather stations.

2 Results

2.1 NAO and Grapevine Phenology

In this study, data series of phenological stages of Sangiovese grapevine were
analysed for the productive area of Montepulciano wine. Bud-break (1979–2006),
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flowering and harvest (1970–2006) dates were used for the analysis and related to
the NAO index. The phenology is the scientific study of periodic biological phenom-
ena such as flowering, breeding, and migration in relation to climatic conditions.
Phenological data, expressed as the day of the year in which the phenological stage
(bud-break, flowering, fruit set, etc.) was reached (Balloid and Baggiolini, 1993),
were collected by skilled field operators and considered as the mean value of 20
vines.

Bud-break date was negatively correlated with NAO index for February
(r = –0.402, p ≤ 0.05) and for the period February–March (r = –0.377, p ≤ 0.05)
(Fig. 1), even if the month of March did not show a significant correlation when
considered independently.

The negative correlation between February and March NAO index and bud-break
data was due to the relation between NAO and weather conditions in the wine pro-
duction area at the beginning of the grapevine vegetative season. Winter and early
spring NAO has a strong and well-documented effect on precipitation and conse-
quently on the cloudiness of the same period. The role of NAO, therefore, could be
mainly due to a reduction in cloud cover and consequently greater insolation than
average for the positive NAO index phase. Greater sunshine probably leads to an
increased surface temperature and thus the heat requirement for various stages of
plant development could be reached earlier (Avolio et al., 2008).

Flowering of grapevine in the study area usually occurs between mid-May and
early June. The NAO index of single months showed no correlation with flowering
stage (data not shown) but a significant negative correlation was found between the
NAO index for February–March (r = –0.397, p ≤ 0.05) (Fig. 2) and the pheno-
logical stage date. The effect of winter NAO on flowering stage was probably an
indirect result beginning at the bud-break stage. In fact, the effect of NAO on mete-
orological conditions is strong during winter and decreases in the spring and early
summer months. However, the two stages of bud-break and flowering are partially

Fig. 1 Linear correlation between NAO index of the period February–March and grapevine bud-
break phase date
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Fig. 2 Linear correlation between NAO index of the period February–March and grapevine
flowering phase date

auto-correlated and the period in between is mainly determined by a thermal sum-
mation. Therefore, the anticipation of bud-break due to high values of winter NAO
also has the indirect effect of anticipating flowering in late spring.

Harvest is usually conducted from mid-September to mid-October, depending on
different environmental and physiological factors. The NAO index did not signifi-
cantly affect harvest date, confirming that its effect on meteorological conditions is
really evident in winter and, less strongly, in early spring.

2.2 NAO and Wheat Quality

The research was carried in Val d’Orcia (Siena, Italy) where durum wheat is con-
sidered an important quality production with a cultivated area of almost 135,000 ha,
about 15% of the total cultivated surface. The quality of durum wheat grain was
described by its protein content, expressed as the percentage of dry matter, due to its
direct relation with the production of good quality pasta. Data were analyzed for the
period 1997–2009. These results are not as robust as those obtained in the previous
section due to the short time-series available (13-year), but the wheat quality was
positively correlated with the NAO index for several months, in particular during the
winter period. The higher correlations on a monthly basis were found for November
(r = 0.580, p ≤ 0.05) and February (r = 0.546, p ≤ 0.05), but more significant
results were obtained by aggregating NAO index on a multi-monthly basis when
November and February are included. In particular, the best correlation was obtained
for the November–February period (r = 0.845, p ≤ 0.001) (Fig. 3) due to the con-
tribution of the 2 months in between that are not significantly, but still positively,
correlated to the final grain protein content. This result can be explained by the
winter NAO index defining a specific atmospheric synoptic configuration over the
Atlantic Ocean, strongly affecting winter precipitation over the Mediterranean sea
and consequently over the study area (Hurrell and Van Loon, 1997; Bartolini et al.,
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Fig. 3 Linear correlation between NAO index of the period November–February and durum wheat
quality

2009). In turn, winter precipitation is negatively correlated with protein content. The
negative effect of rainfall on grain quality is probably related to problems concerning
crop management. In fact, abundant precipitations in November can create serious
problems for field operations, even causing a significant delay in the sowing date.
Nevertheless, even if wheat can be sown in time, a too high soil water content may
give rise to asphyxia phenomena leading to further problems during crop develop-
ment. Moreover, the negative effect of rainfall may be due to the losses of nitrogen
applied with fertilization. Anyway, wheat protein resulted slightly more correlated
with the NAO index than with cumulated precipitation, probably because the for-
mer is able to better describe the environmental conditions (being a consequence of
atmospheric circulation) rather than just the precipitation.

To investigate the effect of NAO and common meteorological variables as a
whole, a stepwise linear multiple regression analysis was performed. The model,
based on an automatic procedure of variable inclusion/exclusion (p ≤ 0.05 and
p ≥ 0.10 respectively), was tested by using the multi-monthly period for which the
best correlation coefficients were obtained for each single meteorological variable.
In particular, the variables used were February–June air temperature (r = 0.609,
p ≤ 0.05), November–May precipitations (r = 0.732, p ≤ 0.01) and November–
February NAO (r = 0.845, p ≤ 0.001). Within the stepwise regression results, the
simplest model was obtained using NAO index (r = 0.845, p ≤ 0.001), while precip-
itation and air temperature were excluded since their addition to the model failed to
improve its performance. This result is consistent with the previous considerations
concerning the dependence of these variables on NAO, which already contains their
partial contribution to the determination of wheat quality.

2.3 NAO and Wine Quality

This case study analyzed the relationships between NAO index and the quality
of different important Italian wines for the period 1970–2002. The quality data
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Fig. 4 Linear correlation between NAO index of the period April–July and Italian wine quality

series of the following six wines were used: Brunello di Montalcino, Nobile di
Montepulciano and Chianti Classico (Tuscany region, central Italy), Barolo and
Barbaresco (Piedmont region, north-western Italy), and Amarone (Veneto region,
north-eastern Italy). Vintage ratings were used to define wine quality ranking. The
rating of a given vintage is conducted in a single blind tasting of the individual
varietals by a panel of experts. Although this rating does not consider variations in
quality among the individual vineyards, it is the most comprehensive overall rating
compiled for high-quality Italian wines (Corsi and Ashenfelter, 2001). This analysis
allows for verifying whether the wine meets market expectations and represents a
composite of all the quality elements of the wine. In production area, this ranking
is based upon the collection of estimates from 1 to 5 classes (from insufficient to
excellent) (Riou, 1994). The relationships between quality data of wines and NAO
index were investigated through regression analysis on monthly and multi-monthly
bases.

Wine quality rankings were inversely correlated with the NAO Index of sev-
eral previous months (included in the growing season) and in particular, the higher
negative correlations were obtained for April (r = –0.439, p ≤ 0.05) and May
(r = –0.359, p ≤ 0.05).

More significant results were obtained by developing regression of the wine qual-
ity versus NAO Index aggregated on a multi-monthly basis including April and May.
The best result, for some selected aggregations, was obtained for the April–July
period (r = 0.607, p ≤ 0.001) (Fig. 4). These results could be explained by the fact
that the NAO index defines a specific atmospheric synoptic configuration over the
Atlantic Ocean, affecting the regional rainfall and air temperature.

3 Conclusions

Obtained results are useful for agricultural communities when used to modify man-
agement decisions and to adopt practices that are better adapted to the expected
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conditions. However the possible use of seasonal climate information for agri-
cultural aims has been slower than expected for a number of reasons. The most
significant is that the deterministic information requested by the farmers is beyond
that elaborated by the NAO and other indices (ENSO, AO, etc.). As an example, the
quality of short term forecast is not comparable with the information available from
seasonal index. Recent development, however, provide some evidence of progress
toward meeting user needs and forecast capabilities. This is due to the considera-
tion that reliable sources of daily rainfall and temperature data are becoming more
widely available for many parts of the world. Secondly, climate scientists are begin-
ning to use these data to examine the observed statistics of climatic variables over
the course of the season and how these statistics influence climatic indices. Further,
investigations are being initiated to examine the ability of numerical weather models
to replicate these statistics in analyses and forecasts (Baethgen et al., 2009).
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The Impacts of the NAO on the Vegetation
Activity in Iberia

Célia Gouveia and Ricardo M. Trigo

Abstract The present study analyses the relation between North Atlantic
Oscillation (NAO) and satellite-based measures of vegetation dynamics (as obtained
using Normalized Difference Vegetation Index, NDVI), carbon absorption by living
plants (obtained by Net Primary Production, NPP estimates) over Iberian Peninsula
and wheat yield in Portugal. There is a strong evidence that positive (negative) val-
ues of winter NAO induce low (high) vegetation activity in the following spring and
summer seasons. Consequently, significant correlations patterns between NAO and
NPP were also obtained, identifying a negative impact in spring and summer over
southern Iberia. These features are mainly associated with the impact of NAO on
winter precipitation, together with the strong dependence of the spring and summer
vegetation activity on water availability during the previous winter. The different
role played by NAO along the vegetative cycle of wheat yield in Portugal is also
assessed and results obtained suggest using spring NDVI together with NAO in
April and June to build up a simple model of wheat yield in Portugal. Results reveal
to be satisfactory and are expect to be useful to estimate crop production and to
perform agricultural monitoring.

Keywords NAO · Vegetation activity · NDVI · NPP · Wheat yield

1 Introduction

Recent global changes in vegetation dynamics have been continuously moni-
tored from space and, additionally, significant connections with changes of surface
climatic variables, such as temperature and precipitation, have been established
(Myneni et al., 1997; Zhou et al., 2001; Nemani et al., 2003). In particular, the
observed increment in temperature during spring and autumn over high latitude
regions of the Northern Hemisphere leads to higher photosynthetic activity and
larger growing seasons (Groisman et al., 1994; Boagert et al., 2002; Shabanov
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et al., 2002). However, whereas in spring photosynthesis dominates respiration,
the opposite takes place in autumn and therefore it is in spring that an increase
in CO2 sequestration is expected to occur (Piao et al., 2008). Accordingly, in a
future warmer world, carbon sequestration capacity by northern hemisphere ecosys-
tems may decrease faster than previously suggested due to a faster warming in
autumn than in spring (Sitch et al., 2008). Nevertheless, changes in the seasonal-
ity of temperature and precipitation may have distinct impacts, depending on local
characteristics. The strong dependence of vegetation dynamics on water availability
in the Mediterranean regions has been now widely recognized (e.g. Gouveia et al.,
2009; Vicente-Serrano, 2007; Lindner et al., 2010). It has been showed that the lack
of precipitation over a certain period, combined with other climatic anomalies, such
as high temperature, strong wind and low relative humidity over a particular area,
may result in reduced green vegetation cover.

The above mentioned changes in the vegetation annual cycle can be detected,
using satellite information, namely from observed changes in the most widely used
vegetation-related satellite variable, the Normalised Difference Vegetation Index
(NDVI) (Stöckli and Vidale, 2004; Vicente-Serrano and Heredia-Laclaustra, 2004).
However, there is a strong need of long term studies of the impact of atmospheric
circulation variability on vegetation greenness. In this context, special attention has
been devoted to study the links between vegetation dynamics and the North Atlantic
Oscillation (NAO). D’Odorico et al. (2002) showed that spring phenology and tim-
ing of pollen season in British Isles, Poland, Norway and Sardinia are influenced
by NAO, with leaf unfolding occurring later (earlier) for negative (positive) phases
of NAO. Stöckli and Vidale (2004) found that spring phenology over Europe, as
obtained using AVHRR Pathfinder NDVI data, correlates well with anomalies in
winter NAO index, as well as in winter temperature. More recently, Maignan et al.
(2008) showed the strong impact of NAO on the vegetation onset over a large frac-
tion of Northern Europe. The pattern of the NAO control on the vegetation dynamics
is clearly apparent over a large extension of Europe revealing in general an evident
North–South gradient.

On a more regional context, Vicente-Serrano and Heredia-Laclaustra (2004)
analysed the NAO control on Iberian vegetation productivity trends, as represented
by the annual integral of monthly AVHRR Pathfinder NDVI values. The NAO
impact revealed to be stronger in southern Iberia that corresponds to areas of stable
or decreasing vegetation productivity. On the other hand the NAO impact on vege-
tation greenness is weaker in the north of the peninsula, over areas where significant
positive productivity trends occur. Gouveia et al. (2008) expanded the analysis on
the relationship between vegetation greenness and NAO to the entire Europe. The
authors relate the different vegetation behaviours particularly over Iberian Peninsula
and Northeastern Europe, with a strong dependence of vegetation dynamics from
water availability in Iberia and from winter temperature in Northeastern Europe.

Terrestrial Net Primary Production (NPP) is a measure of the amount of carbon
fixed by the living plants and converted into plant biomass. Nemani et al. (2003)
showed that changes in climate, related to increasing temperature and solar radi-
ation, have eased several critical constrains to plant growth, leading to an upward
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trend in global NPP from 1982 to 1999. However, they have also shown that NPP
respond differentially with respect to latitude to major climate events, such as vol-
canic eruptions and El Niño episodes. Globally, NPP decreases during the three
major El Niño events (particularly over tropical regions), while the decrease after
Mount Pinatubo eruption was mostly restricted to northern hemisphere high lati-
tudes. Recently, Zhao and Running (2010) showed that large-scale droughts have
reduced NPP during the last decade, imposing a drying trend for the entire south-
ern hemisphere, whereas an increased NPP can be found over the majority of the
northern hemisphere.

Finally, climate is a key factor for the majority of agricultural systems, due to
their dependence on interannual climate variability and in particular, their vulner-
ability to extreme events such as; droughts, floods and frost or hail occurrences.
Important relations between regional distributions of temperature and precipitation
and wheat yield for the European countries have been found (Cantelaube et al.,
2004). In particular the winter NAO index has been associated with UK wheat crop
and with better wheat, rye, oat and citrus yields in the Iberian Peninsula (Atkinson
et al., 2005; Gimeno et al., 2002). Although not directly related to NAO, some
authors have analysed in detail the links to climate variables that are ultimately
related to this mode of variability. Iglesias and Quiroga (2007) evaluated over five
sites in Spain the effects of climate variability on the final crop. Similarly drought
indices and remote-sensed data were used to predict wheat and barley yields in
the Ebro valley (Vicente-Serrano et al., 2006). Rodríguez-Puebla et al. (2007) have
derived a model that integrates the effects of abundant precipitation together with
dynamic aspects of the air masses during the maturation in order evaluate their
effects on winter cereals productivity in Spain.

1.1 Objectives

Here we intend to provide a comprehensive assessment on the impact of NAO on
various vegetation related variables, namely NDVI, NPP and crop yields. While
some of these analyses were initially performed for other regions in northern Europe
we opted here to focus only on the western Mediterranean sector.

1.2 Data

A number of restrictions on access to different types of dataset implied slightly dis-
tinct periods of analysis. The NPP monthly estimates were obtained in the frame
of a Portuguese funded project entitled CARBERIAN, using the Carnegie Ames
Stanford Approach (CASA) terrestrial biogeochemical model (Potter et al., 1993;
Friedlingstein et al., 1999) for the period 1982–1999. The CASA simulates plant
and soil processes allowing the estimation of both NPP and NEP (Net Ecosystem
Productivity). Besides climate variables (precipitation, temperature and radiation)
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the model incorporates information from vegetation and land cover types using
satellite data, as well as soil texture and soil depth (Seixas et al., 2009).

The NDVI monthly anomalies, with 8 km of spatial resolution, were obtained
from the Global Inventory Modeling and Mapping Studies (GIMMS) dataset. This
dataset holds 24 values per year (i.e. twice a month) and corresponds to the most
complete and longest remote sensing dataset covering the entire Mediterranean
region. In the case of the assessment of the NAO impact on vegetation dynamics
we have performed the analysis for the period 1982–2002. Finally, the evaluation
of the NAO impact on Portuguese crop yields covers the period spanning between
1982 and 2005.

The NAO index used in this study is based on the one developed by the Climatic
Research Unit (CRU), which was originally defined, on a monthly basis, as the
difference between the normalized surface pressure at Gibraltar, in the southern tip
of the Iberian Peninsula and Stykkisholmur, in Iceland (Jones et al., 1997). For each
year covering the above mentioned periods, we have derived a late winter NAO
index (hereafter referred only as NAO), defined as the average of the monthly values
for January, February and March of the corresponding year.

2 Results

2.1 NAO and Vegetation Dynamics

Figure 1 displays the spatial patterns over Iberia of point correlation values of
winter NAO and NDVI for spring (NDVIMAM), summer (NDVIJJA) and autumn
(NDVISON) for the period between 1982 and 2002. Results show a negative correla-
tion over the Iberian Peninsula in spring and summer, with some values reaching as
low as –0.8. Positive correlations are found in northern and eastern Iberia, as well
as in Murcia region in spring (values around 0.7). However in summer the positive

SPRING SUMMER AUTUMN 

Fig. 1 Point correlation fields of NAO vs. NDVIMAM (left panel) and NAO vs. NDVIJJA (middle
panel) and NAO vs. NDVISON (right panel) for the period from 1982 to 2002. The colorbar iden-
tifies values of correlation and the two arrows indicate the ranges that are significant at 5% level
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correlations are restricted to the Murcia region. A weaker pattern of correlations
is found during autumn, presenting lower but still significant positive correlation
(values around 0.4) spreading over eastern and Northern Iberia and presenting a
negative pattern in Southern Iberia. These patterns are in good agreement with those
obtained previously in the works of Buermann et al. (2003) and Vicente-Serrano and
Heredia-Laclaustra (2004). This behaviour reflects the response of the annual vari-
ability of meteorological variables to large-scale atmospheric variability associated
to the NAO mode, as well as the different response of vegetation to atmospheric vari-
ability, namely the changes induced by temperature and precipitation in the annual
cycle of heat and moisture.

It should be stressed that other factors linked to the human influence can dis-
turb the relationship between atmospheric parameters and vegetation, such as the
nature and quality of the plant substrate, the over-use of agriculture land and the
employment of irrigation (Gouveia et al., 2008). In order to isolate the NAO effect
on vegetation dynamics, as obtained by NDVI, from factors related to the human
influence, we have compared the NDVI anomalies for two subsets of years associ-
ated to extreme NAO indices: (i) higher than usual values of seasonal NAO index
(whenever the NAO index is higher than the percentile 75 of its distribution) and
(ii) lower than usual (whenever the NAO index is lower than the percentile 75 of
its distribution). Figure 2 shows a comparison of seasonal NDVI anomalies for the
two subsets of years associated with NAO– (upper panel) and NAO+ (lower panel).
In the case of spring NDVI anomalies present well defined pattern over central and
western Iberia. The southern anomaly center is particularly intense, positive (nega-
tive) anomalies being observed in spring NAO– (NAO+). The pattern is remaining in

NAO- 

NAO+ 

SPRING SUMMER AUTUMN 

Fig. 2 Seasonal anomalies of NDVI for years of NAO– (top panel) and NAO+ (bottom panel) for
spring (left), summer (middle) and autumn (right)
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the following seasons, albeit with lower correlation values. Therefore, it means that
for years characterised with positive winter NAO values, the vegetation is in vege-
tative stress, with lower than usual NDVI values, a feature that is common during
drought years, like the recent 2004/2005 drought event (Gouveia et al., 2009).

In fact, Gouveia et al. (2008) have found significant correlations between winter
NAO and contemporaneous late winter means of surface temperature and precipi-
tation. For precipitation a well-developed meridional dipolar structure over Europe,
delimiting two well-defined zonal bands of positive and negative correlation values
along Northern Europe and Mediterranean region respectively. However it is also
known that the connection between NAO and temperature over Iberia is not as clear-
cut as for precipitation (Castro-Díez et al., 2002; Trigo et al., 2002). Although it is
known that the impact of NAO on temperature and precipitation described above is
especially prominent in winter (e.g. Vicente-Serrano and Heredia-Laclaustra, 2004;
Trigo et al., 2004), such behaviour contrasts with that obtained for vegetation activ-
ity (Fig. 1), where the impact of NAO is clearly significant in spring, summer
and autumn. Consequently the relationship between late winter temperature and
precipitation with vegetation greenness in the following seasons are very important.

Additionally the work of Gouveia et al. (2008) showed that almost two thirds
(64%) of the pixels that exhibit the highest (lowest) values of positive (negative)
correlations of NDVIMAM and NDVIJJA with NAO correspond to areas of spring
crops and about one sixth (17%) to forests and shrublands. The relative proportion
of the two types undergoes a significant change in summer with only 29% relative
to forest and shrubland, and an increase to 47% associated to cultivated areas. These
results reflect the distinct responses of the various land cover types to moisture and
heat conditions prevailing during the previous winter.

The Iberian Peninsula presents the same response of vegetation to precipitation
in spring and summer, i.e. an increase (decrease) of vegetation greenness for NAO–
(NAO+) years. A small dependence of vegetation greenness on temperature is also
apparent in the case of spring (Gouveia et al., 2008). Additionally, Gouveia et al.
(2008) have emphasized that the impact on precipitation is three times larger over
Iberian Peninsula than the corresponding impact over Northern Europe. This feature
is consistent with the specific dependence of NDVI on precipitation over Iberia,
since vegetation growth is much more water-limited in Iberia than in Northern
Europe, where temperature and snow cover play a major role (Trigo et al., 2002;
Gouveia et al., 2008).

The remarkable differences in the response of vegetation to moisture and heat
conditions, lead us to analyse the NDVI annual cycle for the highest (lowest) values
of positive (negative) correlations of NDVIMAM and NDVIJJA with NAO over Iberia.
Figure 3 shows the annual cycles of NDVI monthly values for the highest (lowest)
values of positive (negative) correlations of NDVIMAM and NDVIJJA with winter
NAO, for spring (left panel) and summer (right panel). The annual cycles of averages
for the NAO+ (NAO–) subsets are identified by the thin solid (dashed) curves, while
the annual cycles of mean NDVI for the entire period (1982–2002) are represented
by thick solid lines.
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Fig. 3 Annual cycles of monthly values of NDVI for the highest (lowest) values of positive (nega-
tive) correlations of NDVIMAM and NDVIJJA with winter NAO, for spring (left panel) and summer
(right panel), over Iberia. The annual cycles of averages for the NAO+ (NAO–) subsets are iden-
tified by the thin solid (dashed) curves and the annual cycles of mean NDVI for the entire period
(1982–2002) are represented by thick solid lines

The highest impact of NAO is observed to occur during the periods of the year
characterised by more intense vegetation activity (Ji and Peters, 2003), i.e. around
April (June) in the case of highest correlated pixels for spring (summer). In the
case of spring vegetation, two thirds of the pixels correspond to cultivated areas that
are mostly associated to non irrigated crops, adapted to the relatively dry Iberian
conditions. Vegetation has a short growth cycle, due to the generally observed high
temperatures, starting as soon as water is available. This is a typical situation that
can be favoured by NAO–. In the case of summer, the growing period of the most
impacted vegetation starts later and therefore the response to precipitation tends to
extend late in the year (Gouveia et al., 2008).

2.2 NAO and NPP Estimates

Figure 4 displays the spatial patterns over Iberia of point correlation values of win-
ter NAO (NAOJFM) and NPP for spring (NPPMAM), summer (NPPJJA) and autumn
(NPPSON) for the period between 1982 and 1999. This slightly shorter period results
from the limited period of available data obtained with the CASA model by our col-
leagues within the CARBERIAN project that started in the early 2000s. Results
show a negative correlation between NAO and NPP over the Iberian Peninsula in
spring and summer, with values as low as –0.7 (Fig. 4, top panel). Positive cor-
relations are found in northern and eastern Iberia and Northwestern Portugal. The
highest positive correlations (values around 0.6) are found in Pyrenees and in coastal
Mediterranean region of Murcia in spring. However in summer the positive corre-
lations are mostly restricted to the Murcia region. A weaker pattern of correlations
is found during autumn, presenting lower but still significant positive correlation
(values around 0.4) spreading over eastern and Northern Iberia, Murcia region and
southern Portugal. Interesting to notice the strong pattern of negative correlations
located in the Southern interior of Iberia.
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NPPMAM NPPJJA NPPSON

PrecJFM PreMAM PrecJJA

RadJFM RadMAM RadJJA

SPRING SUMMER AUTUMN 

Fig. 4 Correlation fields of NAO vs. NPP, for spring (left panel), summer (middle panel) and
autumn (right panel) over the period from 1982 to 1999 (top panel) and NAO vs. Precipitation
(middle panel) and NAO vs. short wave radiation (bottom panel), for winter (left panel), spring
(middle panel) and summer (right panel) over the period from 1982 to 1999

The impact of NAO in the previous winter, as well as in spring and summer in
precipitation and short wave radiation is also provided in Fig. 4 (middle and bottom
panels, respectively). As expected the negative pattern of correlations between NAO
and NPP in spring is highly related to the corresponding impact of NAO on winter
precipitation and short wave radiation. Thus, during the years characterised with a
positive NAO mode in winter, lower precipitation and higher short-wave radiation
(and fewer clouds) can be observed in the central Iberia, corresponding to lower
NPP estimates. These results are in good agreement with the works of Nemani et al.
(2003) and Zhao and Running (2010). This behaviour reflects the response of short-
rooted grassland and croplands characteristic of the northern mid-latitudes, where
water availability is a dominant control for plant growth. Accordingly to the analysis
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undertaken by the above mentioned authors, NPP has a significant positive correla-
tion with both total precipitation and Palmer Drought Severity Index (PDSI), which
means that higher precipitation values and consequently lowers than usual NAO
values, usually lead to higher NPP estimates. This result is compatible with the neg-
ative values of correlations between winter NAO and NPP that are prevailing during
spring, summer and autumn. The exceptions for this behaviour are the forest areas
typical over the Northwestern Iberia and higher altitude mountains in Pyrenees, that
are more insensitive to precipitation and temperature and also the Murcia region
where the NAO plays a negligible role.

The above mentioned differences in the response of vegetation to moisture and
heat conditions prompted the analysis of the evolution (for NAO+ and NAO–) of
NPP annual cycles for two sites over Iberia, used to calibrate and validate the CASA
Model over Iberia (Seixas et al., 2009). Figure 5 (left panel) shows the annual cycles
of monthly NPP for the above selected sites. The two selected sites correspond to
two contrasting situations; one site being characterised mainly by negative correla-
tion between NAO and NPP estimates located in the south of Iberia (site 1 in Fig. 5,
top panel) while the other is characterised by positive correlations located in the
North of Iberia (site 2 in Fig. 5, bottom panel). Moreover, while site 1 presents a
maximum of NPP estimates during spring and site 2 corresponds to pixels with a
maximum of NPP estimates during summer. Figure 5 (left panel) shows the annual
cycles of NPP monthly anomalies for the above selected sites.

Fig. 5 Left panel: Annual cycles of monthly NPP estimates for site 1 located in the south of Iberia
(top panel) and a site 2 located in the north of Iberia (bottom panel). Right panel: corresponding
annual cycles of monthly anomalies of NPP estimates for the NAO– (thin solid line) and NAO+
(thin dashed line) subsets over site 1 (top panel) and site 2 (bottom panel)
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The annual cycles of NPP anomalies for the NAO– (NAO+) subsets are identified
by the thin solid (dashed) curves. The highest impact of NAO is observed to occur
during spring and also in summer in the case of site 2. Differences in topography
should be taken into account, as site 1 corresponds to low altitude areas while site 2
is located in a mountainous region. Moreover there are disparities in the main vege-
tation type characteristic of these sites; while site 1 are mainly grasses, cereal crops,
site 2 is dominated by needleleaf forest. During years characterized by positive win-
ter NAO, NPP estimates present low values during spring over site 1. This situation
corresponds to years with considerably lower (higher) than usual precipitation (short
wave radiation) that may inhibit the vegetation greenness and consequently low NPP
estimates. This is the typical situation during drought events (García-Herrera et al.,
2007). In the case of mountainous areas (site 2) where the vegetation activity is not
dependent of the scarcity of water in part due to the lower temperature, the NPP
estimates are relatively high during spring and even during summer although with
relatively lower values than in spring. These features are in good agreement with
the previously mentioned authors that related the climate variability and the carbon
absorption from living plants (Nemani et al., 2003; Zhao and Running, 2010).

2.3 NAO and Wheat Yield

In order to quantify the climate impact on the wheat yield in Portugal it must be
stressed that it is considerably smaller than the corresponding wheat yield obtained
in the North-western European countries, with cold (but not too wet) winters and
relatively wet summers (Gouveia and Trigo, 2008). During the grain filling until the
complete grain ripening phase, the Mediterranean conditions may even get worse,
due to the short period of time between frost episodes and relatively high temper-
atures at the end of spring (May/June). Another adverse situation, especially when
compared with the same period for North-western European countries, consists in
the low photoperiod (number of sun hours) and the high temperatures, which may
occur at the end of the maturation phase. During this phase large values of potential
evapotranspiration may lead to weak photosynthetic activity, since the plant mostly
spends most of energy in the transpiration process in order to offset the warm season
effects, thus reducing its capacity to produce dry matter. An excess of evapotran-
spiration may therefore lead to a decrease of wheat quality (Gouveia and Trigo,
2008).

In order to evaluate the seasonal evolution of the correlation between NAO and
wheat yield we have performed a monthly evaluation (Table 1) reflecting the dif-
ferent role played by NAO along the vegetative cycle of wheat. In fact, the contrast
between late winter/early spring and late spring/early summer is well apparent, with
low correlations between NAO and yield in January to March being replaced by pos-
itive correlations for April and June (the last one significant at the 5% level). The
role of NAO in June appears to be related to the need of warm temperatures during
the wheat maturation phase, and simultaneously the absence of precipitation.



The Impacts of the NAO on the Vegetation Activity in Iberia 123

Table 1 Correlation coefficient values between annual wheat yield and monthly NAO (from
January to June) for the pixels coded as arable land not irrigated. Bold values highlighted when
significant at the 5% level

Jan Feb Mar Apr May Jun

NAO 0.06 0.08 –0.04 0.27 –0.06 0.53

The first and simplest assessment on the NAO effective impact on wheat pro-
duction is shown in Fig. 6 (top panel) that depicts the inter-annual evolution of the
NAO during April and June (NAOAJ) and detrended wheat yield, considering the
24 year period between 1982 and 2005, presenting a correlation value of 0.49. With
the aim of isolating the effect NAO on annual wheat yield from human-related fac-
tors we adopted the methodology described in Section 2.1, comparing the detrended
wheat yield for two subsets of years associated to extreme NAO indices: (i) higher
than usual values of seasonal NAO index (NAO > percentile 75) and (ii) lower than
usual (NAO lower than percentile 25). Figure 6 (lower panel) shows a compari-
son of annual wheat yield for the three subsets of years associated with NAO+,
NAO– and intermediate class. Generally speaking, years presenting positive (nega-
tive) anomalies for wheat yield are usually characterized by positive (negative) NAO
index values in late spring. Therefore, it is possible to confirm that late spring cor-
respond to an important moment for the wheat vegetative cycle in Portugal and that
the NAO index controls, at least partially, what is happening in this moment of the
vegetative cycle.

Fig. 6 Top panel: Inter-annual variability of spring NAO Index (dashed line) and wheat yield
over the period 1982–2005. Bottom panel: Inter-annual evolution of annual wheat yield for years
characterised by NAOAJ+, NAOAJ– and intermediate subsets
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In summary, a good wheat yield usually corresponds to years characterized by
positive NAO values in spring, particularly in April and June. This behaviour may
be viewed as reflecting the integrated impact on radiation, temperature and precip-
itation fields of the large scale atmospheric circulation patterns associated to the
different phases of NAO. The role of NAO in June could be especially related to the
necessity of warm temperatures during the maturation phase of wheat.

Figure 7 (left panel) shows the grid point correlations between spring NDVI
composites (NDVIMAM) and detrended wheat yield, considering the 24 year period
between 1982 and 2005. The highest positive and significant correlations (at the 1%
level) are found over the southern region of Alentejo (Fig. 7, left panel). The analy-
sis was restricted to the set of pixels that were coded, using Corine Land Cover Map
(CLC2000) as non irrigated arable land. The average of spring NDVI for this sub-
set of pixels holds a correlation value of 0.70 (significant at the 1% level). Results
obtained above suggest using spring NDVI together with late spring NAO to build
up a simple model of wheat yield for Portugal for the period 1982–2005. Spring
NDVI is an indicator of the healthiness of wheat during the growing stage which
in turn reflects the meteorological conditions in terms of radiation, temperature and

Fig. 7 Left panel: Patterns of simple correlation between spring NDVI composites and wheat yield
in Portugal, for the period of 1982–2005, for pixels coded as arable land non-irrigated and signif-
icant at the 1% level. Right panel: Time series (1982–2005) of observed (dark curve) wheat yield
in Portugal and of corresponding modelled values (dashed curve) when using a linear regression
model based on spring NDVI and NAO in April and June (upper panel). Time series (1982–2005)
of residuals and respective 95% level confidence intervals (central panel). Time series (1982–2005)
of observed (dark curve) wheat yield in Portugal and of corresponding modelled values (dashed
curve) as obtained from the leave-one-out cross-validation procedure
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precipitation regimes. On the other hand late spring NAO is an indicator of the large-
scale circulation affecting Portugal which in turn is related to regional conditions in
terms of radiation, temperature and precipitation that have an important role in the
wheat maturation process.

In fact a simple multi-linear regression model was calibrated and validated for the
24-year period of available data, using as predictors the spring NDVIMAM together
with NAOAJ. Figure 7 (right-upper panel) presents the time series of observed and
modeled wheat yield. The overall agreement is worth being noted, with the two
time-series presenting a correlation of 0.73. Figure 7 (right-central panel) shows
the time series of residuals, defined as departures of observed values from mod-
eled ones. The 95% confidence intervals relative to these residuals are plotted as
error bars and it may be noted that there is not presenting any outlier since its error
bar does not cross the zero reference line. Simple calibration approaches, using the
entire period of available data, can lead to misleading results, namely over-fitting
(Wilks, 2006). Therefore it is advisable to use more robust validation approaches,
such as the leave-one-out cross validation (Fig. 7, right-lower panel). The good
agreement between the modelled time series by the regression model (upper panel)
and the one obtained by the cross validation indicate that the developed model is
relatively robust with only a slight decrease (from 0.73 to 0.66) on the correlation
between original and modelled time series. In summary, these results are statistically
robust but also physically sound, revealing a very satisfactory performance and are
expect to be useful to estimate crop production as well as to perform agricultural
monitoring.

3 Conclusions

The behaviour of vegetation reflects the different response of surface climate to
large-scale atmospheric variability associated to the NAO mode. Over Iberia there is
strong evidence that positive (negative) values of winter NAO induce low (high) veg-
etation activity in the following spring and summer seasons. This feature is mainly
associated with the impact of NAO on winter precipitation, together with the strong
dependence of spring and summer NDVI on contemporary water availability. It is
also related with the strong impact of climate variability in semi-arid areas, namely
regarding effects of drought conditions on vegetation activity (Vicente-Serrano and
Heredia-Laclaustra, 2004), in particular during the intense spring vegetation growth
period.

In Iberia the NAO impact is greater on non-forested vegetation which responds
rapidly to spatio-temporal variations in precipitation and soil moisture. During sum-
mer, forests and other dense vegetation areas display the highest sensitivity to NAO
dynamics, as this type of vegetation shows slower response to precipitation, and
therefore the NAO impacts are delayed until late in the year. Consequently, the NAO
impact negatively on NPP estimates in southern and central Iberia and positively
over the Northern mountainous areas. In fact, in Iberia the NAO impacts negatively
the short-rooted grassland and croplands which responds rapidly to spatio-temporal
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variations in precipitation and soil moisture. This type of vegetation is very sensitive
to drought events.

It should be stressed that our lagged relationships between winter NAO and
NDVI values for spring, summer and autumn already represent an added value
since they allow formulating, by the end of March, simple outlooks of vegetation
greenness for certain land cover types over the Iberian Peninsula that may provide
useful information for a wide range of applications, including long-lead wildfire risk
assessment and crop forecasts. It is within this context that we have evaluated the
impact of NAO on cereal production over a specific region of Iberia with sufficient
data. Accordingly, a strong negative correlation (range from 0.6 to 0.8) between
NDVI and wheat yield for the 24 year-long period 1982–2005, over the southern
part of Portugal (Alentejo) was obtained. A good year for wheat yield is usually
characterized by positive NAO values for late spring. To obtain a good wheat yield,
the NAO index signal in late spring should be positive, inducing higher values of
short wave radiation and lower values of precipitation in the Iberian Peninsula. The
low precipitation wheat requirements in this period allow a slow maturation to ori-
gin well formed grains and avoid the pests development and potential decrease of
the wheat quality as mentioned before.
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Direct and Indirect Effects of the North Atlantic
Oscillation on Tree Growth and Forest Decline
in Northeastern Spain

Jesús Julio Camarero

Abstract NAO effects on tree growth have not been assessed in the Northeastern
Iberian Peninsula where: (i) Atlantic (NAO) and Mediterranean influences affect
tree growth and (ii) contrasting climatic conditions determine very different forest
types. It is hypothesized that positive (negative) values of winter NAO are linked
to drier winter conditions and low (high) forest growth on the following spring.
To understand the effects of climate and NAO on tree growth, first I quantified the
growth responses to monthly and seasonal climatic variables (mean temperature,
total precipitation and cloud cover) and NAO indices across a climatic gradient in
Northeastern Spain. Dendrochronological methods are used and an extensive tree-
ring network (48 sites, 687 trees) based on ten tree species with contrasting habitats
and plausibly different growth responses to climate. Then, I focused on the longest
tree-ring chronologies to estimate how unstable are the relationships between tree
growth and NAO indices. Finally, the resultant findings are applied to understand
how NAO has affected climatic variability during the last decades and how this
may be related to the recent silver fir (Abies alba) decline in the Pyrenees. Climatic
variables and NAO indices explained on average 40.1 and 15.9% of the growth
variance, respectively. The maximum growth variance (52.1%) explained by NAO
indices was found in a Juniperus thurifera forest under continental Mediterranean
conditions. High NAO values during the previous December were linked to a reduc-
tion in precipitation and a low radial growth the following spring, but high February
NAO values were also associated with warmer early-spring conditions and enhanced
growth. The growth responses to climate and NAO also changed through time. In
the case of silver fir, a shift in the positive relationship between growth and NAO
indices of the previous winter (November, February) coincided with the trigger-
ing of decline in 1986 suggesting an alteration in the growth response to NAO and
related climatic variables.
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1 Introduction

Climatic projections foresee strong warming trends and a decrease in rainfall for the
Mediterranean region during the twenty-first century (IPCC, 2007). Such tenden-
cies toward drier conditions have been linked to an increasing anticyclonic activity
associated with a northward shift of the north Atlantic storm track (Giorgi and
Lionello, 2008). Thus, the predicted changes in atmospheric circulation and cli-
matic conditions should affect forest growth in the Mediterranean basin directly
through changes in large scale temperature but also indirectly through modifications
in atmospheric patterns and proximate local climate factors such as wind patterns
and precipitation (Hirschboeck et al., 1996; Girardin and Tardif, 2005).

Large-scale climatic indices may outperform local climatic conditions in explain-
ing variation in ecological processes (Hallett et al., 2004). Such distinct results may
be explained by the more spatially and temporally variable associations between
local climate data (e.g., monthly temperature means or precipitation sums) and
ecological process as compared with large-scale indices which can partially cap-
ture these processes giving insights on the underlying mechanisms (Garfin, 1998).
However, few studies have assessed the influence of large-scale indices on tree
growth in areas subjected to diverse climatic conditions, as is the case of the Iberian
Peninsula, where climates range from mild to continental and from humid to semi-
arid resulting in diverse forest types subjected to different constraints for tree growth
(Nahal, 1981).

In the Iberian Peninsula the climatic variability is under the influence of several
large-scale atmospheric circulation patterns including the North Atlantic Oscillation
(NAO), which is defined by a north-south dipole of sea level pressures and geopoten-
tial heights in the North Atlantic region (Hurrell et al., 2003). The NAO variability
is related to changes in the position of the Iceland low-pressure and the Azores
high-pressure systems, and to modifications in the direction and strength of westerly
winds in southern Europe (Hurrell, 1995). The NAO has a strong effect on winter
climate over the Iberian Peninsula Iberia where high (low) NAO values in winter are
linked to low (high) precipitation (Hurrell and Van Loon, 1997), being these asso-
ciations particularly strong in western Iberia (Rodó et al., 1997; Rodríguez-Puebla
et al., 2001). The NAO does not exert a relevant influence on winter temperature
variability in the western Mediterranean Basin (Sáenz et al., 2001).

Spatially heterogeneous and lagged effects of the previous winter NAO on tree
growth of the following year have been described in mesic forests from western
Spain (Roig et al., 2009; Rozas et al., 2009) and in drier locations from eastern
Spain (Bogino and Bravo, 2008). However, few data exist in transitional areas closer
to the Mediterranean Sea and subjected to xeric conditions, where the NAO influ-
ence on growth might differ as compared with western mesic areas. In this work, it is
evaluated if high NAO values (increased westerlies, storms track towards Southern
Europe) during the previous winter are linked to a reduction in tree radial growth
through lower precipitation and water availability at the beginning of the growing
season the following spring. The objectives of this study are: (i) to quantify the
growth responses to monthly and seasonal climatic variables (mean temperature,
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total precipitation and cloud cover) and NAO indices across a climatic gradient in
Northeastern Spain using dendrochronological methods and an extensive tree-ring
network (48 sites); (ii) to estimate how unstable are the relationships between tree
growth and NAO indices, and (iii) to understand how NAO has affected climatic
variability during the last decades and how this may be related to recent silver fir
(Abies alba) decline episodes. Such decline events were observed in the Spanish
Central Pyrenees since the 1980s and showed a marked geographical pattern char-
acterized by a greater abundance of declining forests in more xeric sites from the
western Pyrenees than elsewhere (Camarero et al., 2002).

2 Materials and Methods

2.1 Study Sites

In total 687 trees of ten tree species (Abies alba Mill., Fagus sylvatica L., Juniperus
oxycedrus L., Juniperus thurifera L., Pinus halepensis Mill., Pinus sylvestris L.,
Pinus uncinata Ram., Pistacia terebinthus L., Quercus faginea Lam., Quercus robur
L.) were sampled in 48 forests located in an area of approximately 150,000 km2

within Northeastern Spain (Table 1). The studied species belong to diverse fam-
ilies (Anacardiaceae, Cupressaceae, Fagaceae, Pinaceae) and the studied forests
occupy sites encompassing wide gradients of elevation (340–1800 m) and cli-
matic types (mean annual temperature: 8.3–13.8◦C; total annual precipitation:
317–2350 mm).

In Northeastern Spain, the rainfall decreases from north to south and from
the coast towards inland sites resulting in diverse climatic conditions (González-
Hidalgo et al., 2009). In the study area, Atlantic (e.g., higher winter and spring
precipitation derived from the Atlantic storm track) and Mediterranean (e.g., higher
autumn precipitation caused by cyclonic influence from the close Mediterranean
Sea) influences increase westwards and eastwards, respectively. Such contrasting
climatic conditions determine different forest types including Mediterranean conif-
erous forests growing under semi-arid continental climates (J. thurifera, P. halepen-
sis), mesic Mediterranean shrub formations (P. terebinthus), sub-Mediterranean
transitional oak forests (Q. faginea), humid temperate forests (A. alba, Q. robur),
and cold mountain conifer forests (P. sylvestris, P. uncinata). Some of the studied
sites corresponded to relict and isolated tree populations as is the case of Q. robur
in the Moncayo site or J. thurifera in the Retuerta de Pina site. Other forests rep-
resent ecological limits near the “xeric” limit of the species distribution such as the
F. sylvatica and P. sylvestris forests in the Monrepos site. Finally, the P. uncinata
population in the Moncayo site was a plantation outside the main Iberian range of
the species in the Pyrenees. Most sites are located on marls and limestones, which
generate basic soils.
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2.2 Field Sampling and Dendrochronological Methods

In each site 8–88 dominant trees were randomly selected and their size (Dbh, diame-
ter at 1.3 m) was measured (Table 2). At least two radial cores per tree were sampled
at 1.3 m using a Pressler increment borer. Cores were prepared following standard
dendrochronological methods (Fritts, 2001). They were mounted and sanded until
tree-rings were clearly visible under a binocular microscope. All samples were visu-
ally cross-dated and tree-ring widths were measured to a precision of 0.001 mm
using a LINTAB measuring device (Rinntech, Heidelberg, Germany). Cross-dating
was evaluated using the program COFECHA (Holmes, 1983).

Each individual series was standardized using a spline function with a 50% fre-
quency response of 32 years to keep high-frequency variability. Standardization
involved transforming the measured value into a dimensionless index by dividing
it by the expected values given by the spline function. Autoregressive modelling
was carried out on each series to remove temporal autocorrelation (Table 2). Then
the indexed residual series were averaged using a biweight robust mean to obtain
site chronologies for each species using the program ARSTAN (Cook, 1985). In
the case of A. alba the chronologies were averaged in two groups of sites with
common growth trends and similar decline symptoms corresponding to declining
(8 sites) and non-declining (25 sites) stands. Declining sites were regarded as those
with more than 25% trees with crown defoliation greater than 50% (Camarero et al.,
2002). In the case of the raw width series the mean and standard deviation (SD) and
the first-order autocorrelation (AR1), which measures the year-to-year persistence
in growth, were calculated. The statistical quality of the residual chronologies was
evaluated using several dendrochronological statistics (Briffa and Jones, 1990): the
mean correlation (r) of individual series with the mean site chronology; the mean
sensitivity (MSx) which quantifies the relative change in width among consecutive
years; and the Expressed Population Signal (EPS) of residual series which indicates
to what extent the sample size is representative of a theoretical infinite population.
The common interval of each site and species was selected for EPS values above the
0.85 threshold which is widely used in dendrochronological studies (Wigley et al.,
1984).

2.3 NAO and Climatic Data

Monthly and season values of the NAO index were calculated based on the differ-
ences between time series of sea-level pressures recorded at Gibraltar and Reykjavik
(Jones et al., 1997). NAO data are available in the Climate Research Unit (CRU)
homepage (http://www.cru.uea.ac.uk/cru/data/nao.htm). The monthly climatic data
used (mean temperature, total precipitation, cloud cover) were also produced by
CRU, they are freely available at http://badc.nerc.ac.uk/data/cru/ and correspond to
the TS 2.1 and 3.0 gridded (0.5◦ resolution) datasets (Mitchell and Jones, 2005).
The missing data of cloud cover were replaced by the mean values of each monthly
variable. In addition to the local climatic datasets compiled at 0.5◦ resolution, a

http://www.cru.uea.ac.uk/cru/data/nao.htm
http://badc.nerc.ac.uk/data/cru/


134 J.J. Camarero

Ta
bl

e
2

D
en

dr
oc

hr
on

ol
og

ic
al

st
at

is
tic

s
of

th
e

gr
ow

th
se

ri
es

Si
te

N
◦ t

re
es

(c
or

es
)

D
bh

(c
m

)
R

W
(m

m
)

r
M

Sx
A

R
1

C
om

m
on

in
te

rv
al

a
C

lim
at

e
R

2 ad
j

(%
)

N
A

O
R

2 ad
j

(%
)

Q
rB

E
15

(3
0)

45
.0

2.
11

±
0.

76
0.

54
0.

23
0.

74
19

24
–2

00
8

16
.3

3.
0

A
aI

R
14

(2
9)

32
.0

1.
83

±
0.

89
0.

54
0.

17
0.

87
19

44
–2

00
3

31
.8

5.
1

Q
fL

U
88

(1
76

)
13

.4
1.

43
±

0.
60

0.
61

0.
27

0.
68

19
55

–2
00

2
14

.1
6.

1
Ps

L
U

8
(1

5)
36

.0
2.

21
±

0.
83

0.
64

0.
33

0.
77

19
46

–2
00

4
27

.6
10

.1
Q

rM
O

12
(2

4)
23

.4
1.

45
±

0.
55

0.
43

0.
26

0.
75

19
31

–2
00

0
71

.5
14

.4
Pu

M
O

15
(3

0)
20

.5
2.

41
±

0.
95

0.
58

0.
15

0.
70

19
60

–2
00

8
18

.2
10

.8
Fs

M
R

11
(2

2)
26

.3
1.

34
±

0.
09

0.
61

0.
28

0.
71

19
20

–2
00

9
66

.5
3.

5
Ps

M
R

11
(2

3)
40

.6
1.

50
±

0.
11

0.
65

0.
29

0.
79

19
15

–2
00

9
41

.5
13

.0
A

ad
PY

66
(1

40
)

43
.3

1.
77

±
0.

43
0.

58
0.

24
0.

79
18

86
–2

00
0

66
.0

12
.5

A
an

PY
32

2
(6

60
)

55
.3

2.
36

±
0.

67
0.

49
0.

20
0.

82
18

89
–2

00
0

53
.0

10
.9

Jo
A

G
8

(2
1)

12
.0

1.
07

±
0.

53
0.

50
0.

27
0.

59
19

58
–2

00
9

38
.7

14
.1

Pt
M

E
24

(4
1)

8.
8

1.
06

±
0.

51
0.

53
0.

40
0.

49
19

59
–2

00
6

70
.9

9.
9

Ph
PE

15
(2

9)
17

.2
1.

12
±

0.
73

0.
73

0.
37

0.
66

19
00

–2
00

6
45

.0
33

.8
Jt

PE
10

(2
0)

16
.0

1.
47

±
0.

78
0.

60
0.

34
0.

74
19

56
–2

00
6

37
.8

25
.5

Jt
R

E
15

(2
5)

17
.6

1.
00

±
0.

59
0.

72
0.

35
0.

58
19

55
–2

00
4

51
.8

52
.1

Jt
O

L
13

(2
5)

26
.8

0.
97

±
0.

47
0.

63
0.

32
0.

65
19

49
–2

00
5

20
.0

9.
7

Jt
A

D
40

(8
0)

15
.0

1.
10

±
0.

37
0.

56
0.

30
0.

42
19

60
–2

00
4

11
.2

36
.0

A
bb

re
vi

at
io

ns
:R

W
,m

ea
n

(±
SD

)
tr

ee
-r

in
g

w
id

th
fo

r
th

e
co

m
m

on
in

te
rv

al
;r

,m
ea

n
co

rr
el

at
io

n
w

ith
th

e
m

ea
n

m
as

te
r

si
te

ch
ro

no
lo

gy
;M

Sx
,m

ea
n

se
ns

iti
vi

ty
of

th
e

re
si

du
al

ch
ro

no
lo

gi
es

;
A

R
1,

fir
st

-o
rd

er
au

to
co

rr
el

at
io

n;
C

lim
at

e
R

2 ad
j,

ad
ju

st
ed

pe
rc

en
ta

ge
of

th
e

va
ri

an
ce

of
gr

ow
th

ex
pl

ai
ne

d
by

m
on

th
ly

cl
im

at
ic

va
ri

ab
le

s
(m

ea
n

te
m

pe
ra

tu
re

,t
ot

al
pr

ec
ip

ita
tio

n)
;N

A
O

R
2 ad

j,
ad

ju
st

ed
pe

rc
en

ta
ge

of
th

e
va

ri
an

ce
of

gr
ow

th
ex

pl
ai

ne
d

by
m

on
th

ly
N

A
O

in
di

ce
s.

a T
he

co
m

m
on

in
te

rv
al

is
th

e
pe

ri
od

re
ga

rd
ed

as
st

at
is

tic
al

ly
w

el
lr

ep
lic

at
ed

w
ith

E
PS

>
0.

85
,w

he
re

th
e

E
PS

is
th

e
E

xp
re

ss
ed

Po
pu

la
tio

n
Si

gn
al

(a
m

ea
su

re
of

th
e

tr
ee

-t
o-

tr
ee

co
m

m
on

gr
ow

th
va

ri
an

ce
).



Direct and Indirect Effects of the North Atlantic Oscillation on Tree Growth and. . . 135

regional climatic dataset was obtained considering for the area contained within
coordinates 40◦ 00

′
–43◦ 30

′
N and 1◦ 30

′
W–0◦ 30

′
E.

2.4 Statistical Analyses

The spatio-temporal of ring-width residual chronologies was described using a
Principal Component Analysis (PCA) calculated from their correlation matrix for
the common period 1960–1999. The broken stick test was performed to deter-
mine the significance of the first three principal components (Holmes, 1992). To
quantify the influence of the monthly and seasonal climatic data (mean temper-
ature, total precipitation) and NAO indices on growth, bootstrapped correlation
analyses were carried out for the common period 1960–1999 using the program
Dendroclim2002 (Biondi and Waikul, 2004). Spatial patterns of climate-growth
relationships were explored using the KNMI Climate Explorer (http://climexp.knmi.
nl/). The significances of the correlations were based on 999 bootstrapped esti-
mates. The long-term serial correlation in the NAO monthly or seasonal series
(winter, December–February; spring, March–May; summer, June–August; autumn,
September–November) were removed assuming linear trends. Furthermore, corre-
lation analyses considering all NAO data (n = 40) or only positive (n = 16−27)
or negative (n = 13−24) NAO indices were performed to emphasize the effects of
different NAO phases on growth. The relationships between climate or NAO data
(monthly and seasonal values) and growth (residual indices) were analyzed from
the previous September up to the current September. In the case of seasonal data,
I focused on the relationships between previous-winter and current-spring NAO
indices and growth data based on previous results in nearby areas (Rozas et al.,
2009). To estimate the percentage of variance (R2) and its adjusted value (R2

adj)
in growth data explained by climatic (temperature, precipitation) and NAO data,
multiple regressions were performed based on the forward selection of significant
(P < 0.05) monthly predictors. Cloud cover was not used in the climatic model
because most dendroclimatic studies are based on temperature and precipitation data
(Fritts, 2001). To detect if NAO-growth associations were unstable through time,
moving correlations for 30-year periods were performed between NAO monthly and
seasonal indices and growth data of the longest chronologies which covered most of
the past twentieth century (PsMR, PhPE and the silver fir series AadPY, AanPY).

3 Results

3.1 Growth and Dendrochronological Data

Tree size changed considerably across the study area with mean diameter (Dbh)
ranging between 8.8 (P. terebinthus) and 55.3 cm (A. alba) (Table 1). The mean ring
widths varied also notably among sites and species with minimum values of 1.0 mm

http://climexp.knmi.nl/
http://climexp.knmi.nl/
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(open J. thurifera stands under semi-arid and continental conditions) and maximum
values of 3.4 mm (young P. uncinata mountain forests) (Table 2). High growth val-
ues were also observed in mesic temperate forests (A. alba, P. sylvestris, Q. robur),
whereas tree rings were usually narrow in sites with a pronounced drought period
under Mediterranean conditions dominated by P. terebinthus, Juniperus species
and P. halepensis. The maximum correlations between tree series and the mean
site chronology were observed in semi-arid sites dominated by J. thurifera and
P. halepensis followed by transitional P. sylvestris forests, whereas low correla-
tions were observed in more mesic sites both in temperate (Q. robur, A. alba) and
in Mediterranean conditions (J. oxycedrus, P. terebinthus). Mesic temperate for-
est showed the lowest mean sensitivity values, while J. thurifera and P. halepensis
semi-arid sites showed the highest mean relative change in width among consecutive
years. Conversely, these last forests and Mediterranean sites (P. terebinthus) showed
the lowest first-order autocorrelation values, whereas A. alba and P. sylvestris trees
showed the highest year-to-year persistence in growth. Finally, the maximum inter-
specific correlations between growth series were observed for the Mediterranean
sites PtME and PhPE (r=0.56, P<0.001), separated by 112 km, and for the temper-
ate or transitional sites AadPY and PsMR (r=0.53, P<0.001), which were located
59 km apart. However, negative associations were detected between Mediterranean
continental J. thurifera sites and mesic Q. robur forests separated by about 200 km
(QrMO-JtAD, r=−0.17, P=0.40; QrBE-JtRE, r = −0.16, P = 0.30).

Forests with trees of greater diameter showed a higher mean ring-width
(r = 0.68, P = 0.003) and first-order autocorrelation of tree-ring series (r = 0.71,
P = 0.001) but a lower mean sensitivity (r = −0.48, P = 0.04) (Table 2). The
percentage of growth variance explained by climatic variables was not significantly
related to tree size or to any dendrochronological statistic. However, the percentage
of growth variance explained by NAO indices was negatively related to tree-ring
width (r=−0.47, P=0.05) and first-order autocorrelation (r=−0.50, P=0.04) but
positively associated with the mean sensitivity (r = 0.48, P = 0.05).

The first three principal components of the PCA explained, 40.5, 10.9 and 7.1%
of the total variance of growth data for all sites (48 series), respectively, being sig-
nificant (P < 0.05) the first two components (results not presented). Considering
the mean growth series for the two groups of A. alba forests based on their decline
symptoms and the rest of sites (17 series), the first (PC1) and second (PC2) compo-
nents were again significant and explained, respectively, 34 and 13% of the total
variance (Fig. 1). The PC1 arranged sites according to their main climatic con-
ditions related to precipitation differences since forests located in the more xeric
sites (Mediterranean continental climate) showed high scores along this compo-
nent whereas forests in more mesic habitats (temperate and mountain forests) had
the lowest scores. Mountain conifer forests and Quercus forests, both mesic and
transitional sites, showed high scores in the PC2.
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Fig. 1 Scatter diagram of growth chronologies based on the scores of the first two principal com-
ponents of a PCA considering the mean series of non-declining and declining A. alba sites and the
rest of study sites (17 series). Codes are as in Table 1

3.2 Relationships Between Growth and Climatic Variables

Tree growth in most study sites was enhanced by warmer April temperatures, wet-
ter and cloudier conditions in June during the year of tree-ring growth (Table 3).
In addition, higher February temperatures and more rainfall and cloud cover in
May and wet conditions in August of the current year also favored wood forma-
tion. However, a previous warm September with low values of cloud cover was
usually related to decreased growth. In mesic or transitional sub-Mediterranean
sites, a wet January was associated to lower growth the following spring, but in
Mediterranean sites tree growth was enhanced by wet conditions in January and the
previous December.

The spatial patterns of climate-growth relationships changed according to the
climatic variable. For instance, the positive effect of winter precipitation (previous
December) on tree growth was stronger in the southern than in the northern part of
the study area in Northeastern Spain (Fig. 2). However, the positive effects of late
spring and early summer precipitation (current June) on growth did not show such
divergence and it was observed near the core of the study area.
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Fig. 2 Spatial patterns of some of the main growth-climate relationships in Northeastern Spain.
The maps show correlations between scores of the first principal component (PC1) of growth
chronologies and precipitation data (0.5◦ resolution) for the previous (Dec t–1) and the current
June (Jun t)

The best climatic model for the PC1 scores, capturing the main growth trends
of the study sites during the period 1960–1999, explained 78.3% of their variance
(R2

adj = 0.75, F = 24.6, P < 0.001) and included the following variables: April
and late spring-early summer (May, June, July) precipitation, previous October and
current April temperature (Fig. 3).
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Fig. 3 Temporal patterns of the PC1 scores and modeled values based on a climatic model
considering monthly climate variables (mean temperature, total precipitation)

3.3 Relationships Between Growth and NAO Indices

Several xeric sites under Mediterranean and continental conditions showed negative
associations between growth and the previous December NAO index, while others
showed a similar relationship with the previous September NAO index (Table 4).
However, in mesic or transitional sites such as mountain conifer forest or oak
woodland it was also detected positive association with the previous November and
December NAO indices. Some sites showed positive relationships with the current
February index, whereas others showed negative relationships with the current June
index.

The scores of the PC1 and PC2 of growth data were negatively and significantly
related to the previous December (P = 0.003) and January (P = 0.05) and to the
current August (P = 0.02) NAO indices, respectively (Table 4). In the case of the
PC1, a slightly stronger association was found with the mean NAO index of the
previous December and the current January (r = −0.47, P = 0.002). On the other
hand, the PC2 was positively but not significantly related to the mean NAO index of
the previous November and December (r = 0.20, P = 0.07).

The analyses based on positive NAO indices mostly reflected local effects since
no significant association was found with the scores of the PC1 (Table 5). Most sig-
nificant correlations corresponded to previous December and current February NAO
indices. Considering only negative NAO indices, several sites and the PC1 showed
positive associations with the values of the current February index and negative rela-
tionships with the values of the previous December index, whereas the PC2 showed
negative associations with the NAO indices of the previous September and the cur-
rent August and a positive association with the NAO index of the current March
(Table 6).



Direct and Indirect Effects of the North Atlantic Oscillation on Tree Growth and. . . 143

Table 4 Significant (P < 0.05) correlations obtained between monthly and seasonal NAO indices
and growth for the study sites including the first and second principal components (PC1, PC2).
Values in bold are highly significant (P = 0.001) and months or seasons without significant values
are not presented. Codes are as in Tables 1 and 3

Year t–1 Year t

Site Summer sep nov dec Spring Jan Feb Mar Apr Jun Aug

QrBE 0.22 0.21
AaIR –0.30
PsLU 0.23
QrMO –0.41
PuMO 0.33 0.45
FsMR –0.29 –0.25 –0.21
PsMR –0.30 0.23 –0.28
AadPY 0.20
AanPY 0.27 0.28
JoAG –0.28 0.32 –0.31
PtME –0.32 –0.31
PhPE –0.49
JtPE –0.29 –0.36 –0.33
JtRE –0.49
JtOL 0.35 –0.30 0.34
JtAD 0.54 –0.35 0.40
PC1 –0.46 –0.31 –0.28
PC2 –0.28 –0.36

Table 5 Significant (P < 0.05) correlations obtained between monthly and seasonal positive NAO
indices and growth for the study sites. Values in bold are highly significant (P = 0.001). Codes are
as in Tables 1 and 4

Year t–1 Year t

Site sep dec Winter Spring Fall Feb Mar Apr

QrBE 0.28
AaIR 0.35
QfLU –0.32
PuMO 0.29
FsMR –0.22 –0.39
PsMR –0.34
AadPY 0.45 –0.22
JoAG 0.50
PhPE 0.26 0.20
JtRE –0.49
JtOL –0.38 0.28 0.43
JtAD 0.35 0.53
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Table 6 Significant (P < 0.05) correlations obtained between monthly and seasonal negative
NAO indices and growth for the study sites. Values in bold are highly significant (P = 0.001).
Codes are as in Tables 1 and 4

Year t–1 Year t

Site Summer Fall sep oct dec Spring Summer Feb Mar May Jun Aug

QrBE –0.26 –0.36
AaIR 0.69
QfLU –0.42
QrMO 0.51
PsMR –0.28 –0.32
AadPY 0.30 –0.27
AanPY –0.25 –0.37
JoAG –0.42
PhPE –0.33 0.33
JtPE –0.39 –0.31 0.50 –0.33
JtRE 0.38 –0.52 0.44
JtOL –0.44 0.39
JtAD –0.43 0.53
PC1 0.45 –0.58 –0.35 0.48 –0.39
PC2 –0.45 0.62 –0.56

The negative associations between the PC1 and PC2 scores and the previous
December and the current August NAO indices were more noticeable in the last 2
decades of the past century than before (Fig. 4). In fact, the moving correlations
indicated that the negative associations between growth and the previous December
NAO index in PhPE and PsMR were unstable and became significant since the
1960s (Fig. 5).

In contrast with the climatic model of the PC1 scores which explained 78%
of growth variance (Fig. 3), the best model of the PC1 based on the NAO index
explained only 27.9% of their variance (F = 8.5, P = 0.001) and contained as
predictors the averaged index of the previous December and the current January
and the current May index. Actually, only in one study site (JtRE) the NAO indices
were able to account for a similar variance of growth as the monthly climatic vari-
ables did (Fig. 6). In this J. thurifera forest subjected to semiarid and continental
Mediterranean conditions, the climatic model explained 51.8% of the growth vari-
ance (F = 11.7, P < 0.001), whereas the NAO model captured 52.1% of the growth
variance (F = 11.9, P < 0.001). The climatic model included the following vari-
ables (effects between parentheses): June precipitation (+), February, April (+) and
July temperature (−) (Table 3; Fig. 6). The NAO indices which were selected in the
model corresponded to the previous December (−) and to current February (+) and
September (+) (Tables 4, 5 and 6; Fig. 6).

3.4 NAO and Silver Fir Decline

The instability in the NAO-growth relationships was also observed in the case of
silver fir forests which showed positive associations with monthly November and
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Fig. 4 Temporal patterns of the scores of the first two principal components (PC1, PC2) of growth
chronologies and related December and August NAO indices for the years before (t–1) and during
(t) tree-ring formation, respectively

February indices of winter before tree-ring growth (Table 4). In some of these forests
a decline episode characterised by massive defoliation and mortality was observed
in the 1980s after a severe growth reduction in 1986 (Camarero et al., 2002), when
the minimum value of the November–February NAO index during the twentieth cen-
tury was also observed (Fig. 7). The analyses based on moving correlations detected
a shift towards positive and significant associations between such index and silver
fir growth since the growth reduction in 1986, i.e. the responsiveness of silver fir
growth to NAO winter indices increased in the last 2 decades of the past century.
Furthermore, this rise in the NAO-growth correlation was greater in non-declining
than in declining forests (Fig. 7).
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Fig. 5 Moving correlations (30-year periods) between the NAO index of the previous (year t–1)
December and growth of two selected sites (PhPE, PsMR; see sites codes in Table 1). The years in
the x axis indicate the mid-point of each 30-year period. The dashed line indicates the significance
(P < 0.05) threshold for negative correlations lower than −0.3
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Fig. 6 Temporal patterns of the growth indices of J. thurifera in the Retuerta de Pina site (JtRE)
as compared with models of tree growth based on climatic (monthly mean temperature and total
precipitation) or NAO (indices) predictors
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Fig. 7 Growth indices in declining and non-declining silver fir forests (sites codes are as in
Table 1) compared with the November–February NAO index of the year before tree-ring growth
(upper graph) and moving correlations calculated between silver-fir growth and that NAO index
(lower graph). The years in the x axis indicate the mid-point of each 30-year period. The dashed
line indicates the significance (P < 0.05) threshold for correlations greater than 0.3. The rectangle
delimits the period 1957–1986 and the arrows point to the corresponding correlation value when a
shift in the NAO-growth correlations was observed
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4 Discussion

4.1 Climatic and NAO Influences on Tree Growth

Radial growth of most of the studied tree species responded positively to warm late
winters (February) and springs (April) and to wet and cloudy late springs and early
summers (May, June), whereas there were both positive and negative responses to
wet winters (January) in the case of Mediterranean (e.g., P. halepensis) and temper-
ate or cold sites (e.g., A. alba), respectively. However, most Mediterranean forests
under continental conditions dominated by J. thurifera showed positive growth
responses to wet conditions in the previous winter (December, January) and were
more sensitive to winter NAO indices than temperate forests in mesic sites (e.g.,
Q. robur). The observed responses to spring conditions are in agreement with den-
droecological and xylogenesis studies which have inferred or found the maximum
radial-growth rates of these species in spring (Camarero et al., 2002, 2010).

The positive responses to previous-winter climatic variables (precipitation, tem-
perature, cloud cover) detected in P. halepensis and J. thurifera forests under
continental Mediterranean climates indicate that warm, wet and cloudy conditions in
December and January enhance growth the following spring. In evergreen conifers,
earlywood and tree-ring growth depend on the synthesis of carbohydrates during
the previous winter (Kagawa et al., 2006). However, results obtained here sug-
gest that the moisture reserves in the soil supplied by winter precipitation may be
more relevant to enhance tree growth of these species in spring than temperature-
mediated responses which were less important than rainfall effects. In addition,
cloudy winter conditions were also linked to enhanced growth indicating that winter
photosynthesis and the synthesis of carbohydrate were not constrained by radiation.

In agreement with the main hypothesis of this study, high NAO values during the
previous winter are linked to a reduction in precipitation and water availability and a
low radial growth the following spring. Previous studies have found that winter NAO
indices are negatively associated with tree growth in Southern Europe (Piovesan
and Schirone, 2000), whereas the reverse response was detected in Northern Europe
(Linderholm et al., 2003; Macias et al., 2004; Schultz et al., 2008). The observed
negative relationship between the December NAO index and growth in the study
area is also consistent with results from earlier studies of Iberian conifer forests in
Northwestern (Roig et al., 2009; Rozas et al., 2009) and Southeastern Spain (Bogino
and Bravo, 2008).

Such negative associations between winter NAO and tree growth were not greater
in northwestern (e.g., QfLU) than in at southeastern sites (e.g., JtRE), despite the
former sites are under stronger influence of Atlantic westerlies than the later ones.
Additionally, this results agrees with the spatial patterns of the correlations between
the first principal component of growth and previous December precipitation which
were higher in southeastern than in northwestern sites. Although the NAO mainly
affects the precipitation patterns in southwestern Iberia, the southwest flows are
reactivated when they reach the Pyrenees, explaining why tree growth of forests
growing in the Middle Ebro Basin (e.g., JtRE) in eastern sites with continental
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Mediterranean climates are also greatly affected by NAO patterns (Vicente-Serrano
and Lopez-Moreno, 2006). In this J. thurifera site, both climatic and NAO-based
models were able to capture about half of the growth variance which suggests that
long chronologies of this species in semiarid and continental sites may provide a
valuable proxy for reconstructions of winter NAO indices. The response of growth
to NAO in this and other sites was not related o elevation as suggested Bogino and
Bravo (2008) in the case of Pinus pinaster. Furthermore, this suggestion agrees
with the negative association between the percentage of growth variance explained
by NAO indices and tree-ring width, which indicate that series from sites with
low growth and high inter-annual variability may reflect well NAO effects on the
winter precipitation in the high-frequency domain. It is also noticeable that the aver-
age explained variance by climatic variables was much higher (40.1%) than that
explained by NAO indices (15.9%), but the NAO-models explained a much higher
percentage of growth if only J. thurifera and P. halepensis forests from semiarid and
continental sites were considered (36.8%). Contrastingly, tree growth in mesic and
transitional forests was less related to NAO variability as indicated the low growth
variance captured by NAO indices (8.6%) (see similar values in Bogino and Bravo,
2008; Rozas et al., 2009). This result was observed even if these sites were located
in Western areas near the Atlantic Ocean, probably because of wet conditions, and
a low growth responsiveness of dominant tree species to winter precipitation. For
instance, sites QrBE (Q. robur) and JtRE (J. thurifera) are located at linear dis-
tances of 32 and 252 km from the Atlantic Ocean, respectively, but NAO indices
explained 3.0 and 52.1% of their recent growth variability, respectively.

Most dendroecological studies have focused on the effect of winter NAO on
climate and tree growth in the low-frequency domain (Bogino and Bravo, 2008;
Roig et al., 2009) because the NAO mainly affects long-term winter and spring
climatic variability in Western Europe (Hurrell, 1995). However, several authors
have also noted that summer precipitation at high-frequency timescales is related
to tree growth in southern Europe where rainfall in the dry season may allevi-
ate drought stress (Piovesan and Schirone, 2000). In this study, it was observed
that tree growth was inversely related to current NAO summer indices, a season
when growth is mainly enhanced by wet (June, August) and cloudy (June) con-
ditions in xeric and transitional sites. The spatial pattern of the positive effect
of June precipitation on growth was centered in Northeastern Spain and resem-
bled related NAO-precipitation associations suggesting that the NAO was involved
in this summer effect on growth, but further studies are required to test these
assumptions. These results contrast with the positive effect of late-spring and
early-summer NAO indices and temperature on tree growth in Fennoscandia
(Macias et al., 2004), and even in Northwest Spain (Rozas et al., 2009). In
Fennoscandia the positive effect of NAO on growth of Scots pine was mostly
observed for negative NAO indices series indicating that these spring NAO val-
ues corresponded to climatic conditions (late snowmelt and beginning of the
growing season) constraining tree growth whereas positive NAO values did not
greatly affect growth (Macias et al., 2004). In this study, a similar effect was
observed for February NAO values which were positively related to growth in
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temperate (A. alba, Q. robur) and continental Mediterranean sites (J. thurifera,
P. halepensis). Thus, a warmer early-spring linked to high NAO February values
in negative NAO series may be related to an earlier growth resumption in some of
these sites where growth was also enhanced by February and April temperatures.

4.2 NAO Variability and Silver Fir Decline

Silver fir growth showed positive associations with monthly November and
February NAO indices of the previous winter but such association steeply rose in
the mid 1980s when silver fir growth fell abruptly and decline started in xeric sites.
Since the 1980s, southwestern Europe has been under the influence of extended
periods of warm winters, which were associated with a persistent positive phase of
the NAO index for that season (Hurrell, 1995). These results and the growth-climate
relationships found for silver fir suggest that high NAO winter indices were possibly
linked to warmer late-winter conditions and an enhanced growth through an earlier
cambial reactivation of the silver fir xylogenesis, particularly in non-declining sites.
However, silver firs produced an extremely narrow ring in 1986 probably because of
the previous September 1985 which was very warm and dry (Camarero et al., 2002).
Further studies are required to understand if the NAO or other circulation patterns
were involved in the climatic determination of such silver fir decline.

One of the main shortcomings of the present study results from the short length of
some of the dendrochronological series used. To assess the value of dendrochrono-
logical records as a proxy of NAO and as sources of climatic information contained
in the NAO index, further analyses are required to investigate the NAO signals
in long tree-ring chronologies of different species, particularly in sensitive sites
with species whose growth is responsive to NAO variability. These longer den-
drochronological records should be analyzed focusing on the temporal instability of
NAO-growth relationships on decadal and multidecadal scales (5–15 years) which
are the scales of the highest influence of the NAO on climate variability (Hurrell
et al., 2003).

5 Conclusions

The proper assessment of the relationships between NAO and tree growth requires
an approach based on the analysis of multi-species networks across contrasting geo-
graphical and climatic gradients. Regional monthly climatic variables were shown
to be usually better predictors of tree growth than large-scale NAO indices. In
northeastern Spain, tree growth was enhanced by warm and wet conditions in
spring during the year of tree-ring formation. High NAO values during the previ-
ous December were linked to a reduction in precipitation and a low radial growth
the following spring, but high February NAO values were also associated with
warmer early-spring conditions and enhanced growth. Forests growing under xeric
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conditions with semiarid and continental climates such as Mediterranean Juniperus
thurifera sites showed a higher sensitivity in their recent growth patterns to NAO
variability than forests growing under more mesic conditions. In fact, only in one
J. thurifera forest under continental Mediterranean conditions the growth variance
explained by NAO indices was high and similar to that explained by climatic data.
Further research efforts to monitor the effects of NAO on forest growth and decline
should build long J. thurifera tree-ring chronologies in continental Mediterranean
xeric sites which have proved to be very sensitive to high-frequency changes in
winter precipitation and NAO indices of the previous December.
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Ecological Impacts of the North Atlantic
Oscillation (NAO) in Mediterranean Ecosystems

Oscar Gordo, Carles Barriocanal, and David Robson

Abstract Large-scale climate indices have received much attention in recent years
in ecology-climate research due to the advantages they have over typically used
local weather variables, such as temperature or rainfall. In the Mediterranean, the
North Atlantic Oscillation (NAO) is a major forcing of climate patterns, especially
precipitation. More than 60 studies to date have demonstrated the effects of the
NAO on both terrestrial and aquatic Mediterranean ecosystems. In terrestrial ecosys-
tems, the NAO affects the phenology and growth of plants and crop yields. It also
affects the condition and diet of mammals and disease-related mortality in amphib-
ians. The effects of the NAO are probably better known in marine ecosystems,
where the impact on the hydrodynamics of the water column and currents is felt
in the dynamics of populations from plankton to fishes in both pelagic and ben-
thonic environments. Additionally, birds are an especially well studied taxon when
it comes to effects of the NAO. The NAO has been shown to affect the population
dynamics of water birds by impacting the availability and extent of their habitat
and by influencing dispersal decisions of individuals. The NAO plays an essential
role in the migration of birds throughout the Mediterranean basin, and it is probably
a reason for the observed advance of arrival dates during the spring in Europe. In
spite of the notable number of studies carried out to date, we are far from knowing
accurately the ecological impacts of the NAO on Mediterranean ecosystems. More
efforts are needed to understand regional differences in the NAO effects within the
Mediterranean basin and how they compare with more northern latitudes of Europe.

Keywords Birds · Climate · Ecosystem · Phenology · Review

1 Why Using Large Scale Climate Indices in Ecology?

We are all aware that environmental conditions, defined as the set of abiotic vari-
ables to which organisms are subjected, shape the distribution, abundance, behavior
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and ultimately the evolution of organisms (Begon et al., 2006). Among environ-
mental drivers, climate is recognized as one of the most important abiotic factors.
Therefore, one should not be surprised that organisms are responding to the ongoing
climate change, even though observed changes in Earth’s climate have so far been
relatively small (e.g., the global mean annual temperature has increased only by
about 0.7◦C during the last century (Solomon et al., 2007)). Even though many other
factors operate on a long-term temporal scale (e.g., density-dependent processes,
land-use transformations, etc.) and may prevent us from establishing unambigu-
ously a causal link between climate change and some responses of organisms (Sala
et al., 2000; Forchhammer and Post, 2004), evidence of climate change impacts on
organisms is abundant. The impacts are widespread, ranging from the equator to
the poles in both terrestrial and aquatic ecosystems and suggesting a climate change
imprint on the biosphere at a global scale (Parmesan and Yohe, 2003; Root et al.,
2003). Climate-induced responses range from the plasticity of many traits to adapt
to weather variability to persistent alterations in ecosystem functioning, community
composition and functional interactions among species. Therefore, climate change
signals are already apparent on all biological scales (Parmesan, 2006; Rosenzweig
et al., 2008).

Given the current global climate change scenario, there is an urgent need to
understand better how organisms are affected by climate. This understanding is
essential to the accurate prediction of the biological consequences of the ongoing
alterations of climate and from this to delineate the necessary actions to ensure
conservation of natural populations, communities and ecosystems. One of the main
challenges in the study of the effects of climate on organisms is to find the key cli-
mate parameter controlling a certain biological phenomenon and its temporal and
spatial scales (Hallett et al., 2004; Stenseth and Mysterud, 2005; Gordo, 2007).
Temperature is probably the most frequently used climate variable in ecologi-
cal research. In fact, many biological processes are temperature-dependent (e.g.,
metabolism, development, activity, etc.), and thus, one may make sound predictions
about its effect. In addition, temperature is the climate variable with the most homo-
geneous and coherent pattern of change across the globe during the last century
(i.e., global warming; Solomon et al., 2007). However, temperature is not the only
important variable. Other variables, such as precipitation (rainfall and snow), solar
radiation, wind, etc., are also essential for individual survival and ecosystem func-
tioning and are, in some cases, as in arid regions, more important than temperature.
Therefore, the key climate variable may differ according to the species or the biolog-
ical process under study. Moreover, the effect of a certain climate variable may vary
in space, being more influential for some populations than for others (Forchhammer
et al., 2002a, b; Stenseth et al., 2004; Doi and Takahashi, 2008). Such complex
responses of organisms to climate are just a reflection of the fact that weather can-
not be described simply by temperature or rainfall. Weather is complex to quantify
because it results from a collection of physical features of the atmosphere at a certain
moment along with their interactions. In addition, weather does not affect organisms
in isolation. Climate fluctuations affect all organisms in a certain ecosystem, and it
is essential to understand how climate influences organisms and their interactions
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with other individuals. In summary, the influence of climate on the individual seems
too complex to be described simply by one or a few climate variables.

Large-scale climate indices may help one to deal with these complexities result-
ing from the heterogeneous influence of climate across taxa and populations. It
is obvious that organisms adapt to climate at a local scale by responding to tem-
perature, amount of rainfall, intensity of winds, and so on. However, climate is a
paradigm of spatial autocorrelation because sites that are close together resemble
each other in their patterns of temporal variability of climate. This feature arises
from the fact that local weather is controlled by atmospheric circulatory patterns,
which work on a large scale. Climate indices are able to summarize in a single value
the weather conditions for a large area. This synthetic nature has been demonstrated
to be of great value and use in ecology-climate research, and the application of
climatic indices has become increasingly frequent during the last decade (Fig. 1).

Climatologists have defined over a dozen large-scale climate indices that gov-
ern most of the observable interannual variability of climate at the planetary scale.
Among them, the El Niño-Southern Oscillation (ENSO) and the North Atlantic
Oscillation (NAO) are probably the most commonly used by ecologists and are
those for which the ecological consequences are best known (Stenseth et al., 2002,
2003; Forchhammer and Post, 2004). As broadly described in other parts of this
book, the NAO is a large-scale fluctuation in atmospheric pressure difference along
a north-south gradient between the subtropical North Atlantic region (centered on
the Azores) and the subpolar region (centered on Iceland). The differences in atmo-
spheric pressure at sea level between the subtropical and the subpolar centers affect
the speed and direction of the westerly surface winds across the North Atlantic
from North America to Europe (40◦N–60◦N). As a consequence, the numbers and
paths of storms and their associated weather are affected (Hurrell, 1995; Hurrell and
van Loon, 1997). Furthermore, there are effects on ocean surface temperature and
currents, which in turn have direct effects on heat transport in the North Atlantic and
the sea ice coverage in the Arctic region (Ottersen et al., 2001; Stenseth et al., 2003).
Although present throughout the year, the greatest interannual and decadal variabil-
ity is seen during the boreal winter, when the atmosphere is most dynamically active
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(Hurrell, 1995). The NAO is the most robust mode of recurrent atmospheric behav-
ior in the North Atlantic and has been suggested as the most probable cause for
the remarkable changes in the climate over the middle and high latitudes of the
Northern Hemisphere during recent decades (Hurrell and van Loon, 1997; Hoerling
et al., 2001; Visbeck et al., 2001).

Positive values of the NAO are associated with more frequent and stronger winter
storms crossing the Atlantic Ocean on a more northerly track, leading to warmer and
wetter conditions in northern Europe and in the eastern coastal areas of the United
States (Ottersen et al., 2001; Visbeck et al., 2001; Mysterud et al., 2003; Stenseth
et al., 2003; Forchhammer and Post, 2004). In contrast, during negative phases of
the NAO, the westerlies are weakened and become less frequent, and the warm and
wet winter weather remains over North America, leaving northern Europe cold and
dry. The most important feature arising from a comparison between the positive and
the negative phases of the NAO is that this large-scale atmospheric circulatory pat-
tern has a geographically marked differential impact on local weather. Correlations
between the NAO and other climate variables, such as temperature and rainfall, vary
regionally (Hurrell and van Loon, 1997; Ottersen et al., 2001; Visbeck et al., 2001;
López-Moreno and Vicente-Serrano, 2008), and thus, the value and interpretation of
the NAO as a proxy of climate fluctuations is variable. A paradigmatic example of
regional variability is found between northern and southern Europe. During a posi-
tive phase of the NAO, the northward track of storms leads to drought anomalies in
the Mediterranean basin, while northern latitudes enjoy a wetter climate than aver-
age. Unfortunately, the heterogeneous effects of the NAO at the continental scale
remain poorly studied in ecology (but see Sanz, 2002, 2003; Jonzén et al., 2006;
Gouveia et al., 2008). Moreover, the overwhelming majority of studies about the
ecological impact of the NAO have been focussed on central and northern Europe
(Ottersen et al., 2001; Mysterud et al., 2003; Forchhammer and Post, 2004), where
the intensity and sign of its effect are quite different from other areas.

2 Impacts of the NAO in Mediterranean Ecosystems

Although local climate is also driven by the NAO in the Mediterranean basin, espe-
cially precipitation patterns (Lamb and Peppler, 1987; Rodó et al., 1997; Quadrelli
et al., 2001; Trigo et al., 2004; Rodrigo and Trigo, 2007; Vicente-Serrano and
Cuadrat, 2007), there are few studies describing ecological impacts of the NAO
in Mediterranean latitudes. A search in the Web of Science using the next chain
“(NAO or North Atlantic Oscillation) and Mediterranean” provided only 65 studies
in the fields of Ecology, Biodiversity and Conservation, Zoology, Forestry, Marine
and Freshwater Biology, Fisheries, and Agriculture (Fig. 1). Terrestrial and aquatic
(both marine and freshwater) ecosystems have received similar attention (31 vs. 34
articles, respectively). Most of the studies have been published in the last few years
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in journals such as Climate Research, Fisheries Oceanography, Global Change
Biology, International Journal of Biometeorology, Journal of Animal Ecology,
Journal of Marine Systems, or Progress in Oceanography. Therefore, the study
of ecological impacts of the NAO in Mediterranean ecosystems is recent and has
occupied many pages in some of the top journals in ecology.

In terrestrial ecosystems, it has been demonstrated that positive NAO values are
related to increased growth and advancement of spring phenological events, such as
flowering, leaf unfolding or pollen release, of trees (Piovesan and Schirone, 2000;
Avolio et al., 2008; Campelo et al., 2009; Rozas et al., 2009; Gordo and Sanz, 2010;
Orlandi et al., 2010). Nonetheless, proposed mechanisms for the NAO effect in
growth and phenology were different. In the case of plant growth, the main driver
is soil moisture, which is dependent mainly on winter rainfalls, which are in turn
strongly dependent on the NAO (Piovesan and Schirone, 2000; Campelo et al., 2009;
Rozas et al., 2009). However, the effect of the NAO on spring plant phenology would
be mediated by its effect on spring temperatures (Gouveia et al., 2008; Gordo and
Sanz, 2010). From a more applied point of view, the NAO has been found to affect
the yields of wheat and citruses in Spain (Gimeno et al., 2002; Rodríguez-Puebla
et al., 2007). Interestingly, wine production and quality were not affected by the
NAO in this country (Rodó and Comín, 2000), but they were affected in Portugal
(Esteves and Orgaz, 2001). Such differences in crop effects may be due to differ-
ences in the regional influence of the NAO on local weather. Therefore, the NAO
influence could vary even among areas close together within the Mediterranean
basin.

Evidence of NAO effects in terrestrial animals is almost entirely limited to stud-
ies with birds. We still lack in depth knowledge on the NAO effect on invertebrate,
amphibian, reptile or mammal distributions, abundances and behavior. In a recent
study, Martínez-Jauregui et al. (2009) demonstrated that the NAO did not have an
effect on seasonal variation of weight in females of red deer (Cervus elaphus) in a
locality in central Spain. Interestingly, the NAO did play an important role in under-
standing changes in body weight of females of the same species in populations in
Scotland and Norway. Geographical differences in the NAO effect are seen once
more, suggesting that one needs to exercise caution in generalizing the NAO effect
over broad areas because its effect shows marked regional differences, especially
between the Mediterranean and more northern latitudes in Europe. However, the
NAO has been an important predictor of the observed changes during the last 3
decades in the diet of the nearly extinct population of Iberian brown bears (Ursus
arctos; Rodríguez et al., 2007). By altering the phenology and productivity of some
plant species (Gordo and Sanz, 2010), the NAO may play an important role in
the conservation of this iconic species. The NAO has also been demonstrated to
be important to understanding amphibian declines in mountainous lakes of central
Spain (Bosch et al., 2007). In this particular case, the NAO has driven increases in
local temperatures, which have promoted the spread of a fungus disease that causes
mass mortality among amphibians.
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The NAO effects in marine ecosystems of the Mediterranean Sea are probably
known with greater certainty than in terrestrial ecosystems. The NAO affects the
water column hydrodynamics, which in turn affect vertical gradients of mixing,
nutrient flow and irradiance, by its control of weather conditions (e.g., temperature,
winds, or storms). Knowledge of water column hydrodynamics is essential to an
understanding of plankton functioning, abundance, and diversity, so it is not surpris-
ing that plankton community dynamics are closely related to the NAO fluctuations
in the Mediterranean Sea as well as in other areas (Katara et al., 2008; Kamburska
and Fonda-Umani, 2009; Gladan et al., 2010; Pérez et al., 2010). For instance, in the
northwestern Mediterranean, dominant zooplankton species vary under positive and
negative phases of the NAO because each phase favors different species by impos-
ing different hydrodynamic features (Molinero et al., 2005, 2008; de Puelles et al.,
2007; de Puelles and Molinero, 2008). However, the NAO can also show regional
differences in its effects in the sea. For instance, Centropages typicus, the common-
est calanoid copepod in Mediterranean waters, showed a response to the NAO in its
abundance in populations in the Gulf of Naples that was opposite to its response in
the Bay of Villefranche (Mazzochi et al., 2007).

The NAO effect on hydrodynamics, and consequently on plankton, may have a
cascade effect on higher trophic levels. Several studies have found significant associ-
ations between the NAO and fish and cephalopod abundances in the Mediterranean
(Grbec et al., 2002; Relini et al., 2006, 2010; Bridges et al., 2009; Pérez et al.,
2010; but see Ravier and Fromentin, 2004). In the northwestern region of the
Mediterranean Sea, the collapse of the sardine Sardina pilchardus stocks in the
1990s has been related to the dominant positive phase of the NAO during recent
decades (Guisande et al., 2004). Similarly, the collapse of the anchovy Engraulis
encrasicolus population in 1987 in the Adriatic Sea has been attributed to low
recruitment due to the extreme positive value of the NAO during the autumn of 1986
(Santojanni et al., 2006). Along with the cascade effect through hydrodynamics and
plankton, fish abundances could also be indirectly affected by water discharge of
Mediterranean rivers, which is closely related to the NAO due to precipitation pat-
terns, because the rivers supply nutrients to the sea (Lloret et al., 2001; Cartes et al.,
2009).

The NAO has also been related to the strength of some currents within the
Mediterranean basin. This relationship has direct effects on the horizontal transport
of nutrients from some regions to others of the sea, enhancing productivity and, as
consequence, the richness of marine communities. For instance, population dynam-
ics of the hake (Merluccius merluccius), an economically important fishery in the
Mediterranean, have been linked to the NAO through its effect on currents in the
Ligurian and Tyrrhenian Seas (Abella et al., 2008; Massutí et al., 2008).

It is not only the abundance and dynamics of marine organisms that are affected
by the NAO. The NAO has also been suggested as the cause of the increase of
thermophilic species in the Adriatic Sea as a result of its control over sea temperature
(Dulcic et al., 2004; Grubelic et al., 2004).

The NAO fingerprint has also been detected in benthonic communities. For
instance, periodical surveys of the benthic macrofauna (especially polychetes) in
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the Bay of Banyuls-sur-Mer (France) since the 1960s have shown notable changes
that have been partially attributed to NAO fluctuations (Lebrune et al., 2007). This
fingerprint can reach even those benthic communities living at depths greater than
1000 m. Off the Catalan coast, it was found that changes in the abundance and com-
position of deep megabenthos were related to the contrasting values of the NAO
between the surveys carried out at the end of the 1980s and the end of the 2000s
(Cartes et al., 2009). Similarly, landings of the shrimp Aristeus antennatus, which
lives at depths between 600 and 800 m, were higher following positive values of the
winter NAO (Maynou, 2008a, b). In this case, there was a time lag in the response
to the NAO, supporting the idea that the NAO effect may be carried by a popula-
tion over a number of years following a particular NAO situation (Ottersen et al.,
2001).

3 Effects of the NAO on Bird Populations

The NAO has a direct effect on demographic parameters, such as survival, dispersal
or fecundity, of many animal species (Ottersen et al., 2001; Mysterud et al., 2003;
Forchhammer and Post, 2004). Therefore, one expects to find effects of the NAO
on abundances and dynamics of bird populations, and they have indeed been found
(Sæther et al., 2004). For instance, a long-term study in a Norwegian population of
dippers (Cinclus cinclus) demonstrated that year-to-year variations in the population
size were positively related to the NAO index, i.e., the population increased under
positive NAO values (Sæther et al., 2000). Positive NAO values were related to
milder winters, which reduced the duration of the frozen surface of rivers where
these individuals forage. These improved conditions for foraging enhanced survival,
especially of the younger individuals, which recruited in larger numbers the next
spring, leading to an increase in the breeding population.

In the Mediterranean region, the NAO effects on dynamics and demography of
bird populations have been studied in a wide variety of species, such as water birds
(Almaraz and Amat, 2004a, b; Figuerola, 2007; Bechet and Johnson, 2008; Jiguet
et al., 2008), seabirds (Jenouvrier et al., 2009), raptors (Rodríguez and Bustamante,
2003; Costantini et al., 2010), and songbirds (Sanz, 2002, 2003; Grosbois et al.,
2006; Rubolini et al., 2007; Balbontín et al., 2009). Such diversity of species demon-
strates that NAO signals are apparent in the Mediterranean avifauna as a whole and
supports the notion that the NAO effect can be found across all habitats of a large
area like the Mediterranean.

Several studies have demonstrated effects of the NAO on water birds, a fact that
is not surprising if we take into account the strong dependence of these species
on lakes, ponds and marshlands. The occurrence and extent of wetlands in the
Mediterranean region are strongly dependent on precipitation patterns, which in
turn are driven by the NAO (see other chapters in this book). Almaraz and Amat
(2004a, b) showed for the first time that large-scale indices, such as the NAO and
the ENSO, were related to population dynamics of the white-headed duck (Oxyura
leucocephala), a threatened water bird species. Low values of the winter NAO were
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linked with increased rainfall, which led to a large expansion of the range of the
species during the following breeding season as a result of an increase in wet-
land surface in Spain (Almaraz and Amat, 2004a). Furthermore, El Niño events
(i.e., high ENSO values) were linked with increased rainfall during the summer in
the Mediterranean, which reduced breeding densities and increased markedly the
recruitment in the next year.

In similar studies, some breeding populations of waders from the Mediterranean
showed clear fluctuations in their numbers related to the NAO. In the Doñana
National Park (southwestern Spain), the black-winged stilt (Himantopus himanto-
pus) breeds in numbers from a dozen pairs up to more than 14,000 pairs (which
represents about 30% of the European population). Such extreme variability was
related to positive and negative phases of the NAO, respectively, which affect the
extent of the Doñana marshlands and consequently the phylopatry and dispersal
behavior of this species (Figuerola, 2007). The NAO also drives the hydrologi-
cal conditions of another major wetland area of the Mediterranean, the Camargue
(southern France). Interestingly, the NAO signal is even detected in those popula-
tions that use strongly human-managed habitats, such as the commercial salt pans,
for breeding, as in the case of the greater flamingo (Phoenicopterus roseus; Bechet
and Johnson, 2008). Even though the date of the start of salt production deter-
mines the potential number of breeding pairs of the species each year, the observed
breeding population is also dependent on the water levels in the Camargue lagoons,
which are under the NAO influence. A larger extent of marshlands increases the
food availability and thus the opportunities for breeding.

Kestrels are small falcons that inhabit open landscapes in Europe and Asia.
During the twentieth century, the lesser kestrel (Falco naumanni) has shown marked
declines, which have led to a threatened status in most European countries and even
to extinction in some. Rodríguez and Bustamante (2003) investigated whether recent
climatic changes were related to declines in populations from southern Spain. They
found significant influences of the winter NAO and annual precipitation patterns
on kestrel demography. However, rainfall outperformed the predictive ability of the
NAO in demographic models because rainfall probably captured better the environ-
mental variability at the local scale, i.e., at the scale of the breeding colonies of the
species. Nevertheless, the rainfall in southern Spain and the NAO showed strong
correlations, and thus the NAO influence on bird demography could be shown for
this terrestrial species via precipitation amount and seasonal distribution. However,
in spite of the drier conditions recorded during recent decades in the kestrel colonies
as a result of the prevailing positive phase of the NAO, the authors concluded that
the effect was not sufficient to explain the population declines and that causes must
be sought in other environmental factors. In Italy, reproductive decisions and repro-
ductive success in a population of kestrels (Falco tinnunculus) were also closely
related to rainfall, temperature and the NAO index during both the spring and the
previous winter (Costantini et al., 2010). Contrary to predictions, this population
laid smaller clutches after mild and dry winters (i.e., positive winter NAO index).
The authors hypothesized as possible causes for this result a greater survival of
low-quality individuals during the winter and/or a disruption in prey phenology.
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Nevertheless, the mechanism is unclear, and this fact demonstrated the complexities
of the NAO influence on animal population dynamics. The NAO effect can be medi-
ated by conditions in previous seasons, and the balance between current and past
weather determines environmental conditions and thus the observable reproductive
success.

In a similar way, the NAO effect may be different among different populations
(e.g., Sanz, 2002), and this fact may lead to divergent patterns of response to climate
change. For instance, barn swallows (Hirundo rustica) from Spain are more likely
to survive during their first year of life when the winter NAO is positive, while
Danish swallows show increased mortality during positive phases of the winter NAO
(Balbontín et al., 2009). Unlike the black-winged stilt recruitment (Figuerola, 2007),
the recruitment probability of the barn swallows to their natal areas was not affected
by the NAO. In these studied populations of swallows, dispersal was explained by
another large-scale climate index, the Southern Oscillation Index (SOI), which also
showed an opposite effect between the two populations (Balbontín et al., 2009).

4 Effects of the NAO on Bird Migration

Every year millions of individuals move between breeding and wintering areas in
one of the most fascinating events of nature: bird migration. Bird migration has
long been known to be influenced by weather (Newton, 2008). In fact, the arrival
of some migratory species, such as swallows or cuckoos (Cuculus canorus), has
been traditionally used as an unequivocal signal of spring onset. This sensitivity
of bird migratory phenology to weather has led to a renewed interest in this phe-
nomenon in light of the ongoing climate change. If bird migration is sensitive to
climate fluctuations, we can use it as a bioindicator of climate change impacts. A
plethora of studies has demonstrated shifts in the timing of migration for many
species along with significant relationships between climate from departure, pas-
sage and arrival areas and bird phenology (see reviews in Gordo, 2007; Lehikoinen
and Sparks, 2010). Although climate change seems to be the cause for the alteration
of bird migration timing during recent decades, the precise ecological and evolution-
ary mechanisms by which birds are changing their migratory schedule in response
to the new environmental conditions remain to be elucidated.

The arrival date of a migrant to a certain site depends on two factors: (1) the
onset date of migration and (2) the speed of progression across the areas between
the start and end points of its journey (Gordo, 2007). Experiments with captive birds
have demonstrated that the onset of migration is controlled by inflexible endogenous
rhythms with a genetic basis (Berthold, 2001; Newton, 2008). However, a growing
number of correlative studies have recently suggested some plasticity in the onset
of migration; i.e., birds may adjust their departure date according to the prevailing
weather or to the ecological conditions found at their departure areas (Saino et al.,
2004; Gordo et al., 2005; Saino et al., 2007; Gordo and Sanz, 2008). In addition,
many other studies have demonstrated that temperature, precipitation, wind, or vege-
tation phenology in the passage areas affect bird progression (Gordo, 2007). Overall,
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the evidence suggests that climate may influence bird migration both directly and
indirectly at several times throughout the year and at several sites. Such complexities
of climate effects are not surprising if one takes into account the fact that migrants
spend much time moving across vast areas. In this situation, large-scale climate
indices become ideal explanatory variables for bird migratory phenology because
they are capable of summarizing these complexities of local weather in a single
variable that is easy to interpret and obtain (see Section 1).

The NAO index was employed for the first time by Forchhammer et al. (2002a)
to explain migratory phenology of some common migrants in Norway. Since then,
more than 30 studies have used this variable to explain interannual variability in
arrival dates of migrants (Gordo, 2007; Hubálek and Čapek, 2008; Donnelly et al.,
2009; Balbontín et al., 2009; Tøttrup et al., 2010). As a norm, most of the time-series
of arrival dates show a negative relationship with the NAO; i.e., birds arrive early
when the NAO (especially the winter NAO index) is positive (Gienapp et al., 2007).
Positive NAO values imply milder winters and thus an advance of the spring (e.g.,
earlier flowering and leafing of plants, Gordo and Sanz, 2010) and an enhancement
of weather conditions during migratory flights (e.g., more tail winds, Hüppop and
Hüppop, 2003; Sinelschikova et al., 2007). Therefore, the proposed mechanism for
the effect of positive NAO values on migration is the improved environmental con-
ditions for migratory progression across Europe in terms of both food availability
and the weather.

However, this picture may be less clear than it seems because most of the stud-
ies have been conducted in northern and western Europe, where the NAO effect
is stronger and bird populations are subjected along their entire migratory route to
the NAO influence. If we focus on the particular case of Mediterranean popula-
tions, there are few studied cases, and those studies that do exist usually suggest no
effect of the NAO. In Spain, the arrival dates of five common migrants, the white
stork (Ciconia ciconia), the cuckoo, the swift (Apus apus), the barn swallow or
the nightingale (Luscinia megarhynchos), were not related to the NAO, either for
earlier individuals or for later ones (Gordo and Sanz, 2008). In a locality of cen-
tral Italy, the arrival dates of the first swifts, swallows and nightingales were not
related to either the winter NAO (December–March) or the spring NAO (March–
May) (Rubolini et al., 2007). Here, only one species, the house martin (Delichon
urbicum), advanced significantly their arrival in response to positive winter NAO.
In a long-term monitoring study of the arrival dates of nightingales in Croatia (Kralj
and Dolenec, 2008), the winter NAO did not show any effect. Although the num-
ber of studies of Mediterranean bird populations is still small, the evidence suggests
that the NAO has little influence on their arrival dates. This fact supports the idea
that the NAO effect would be felt mainly from the Mediterranean latitudes north-
wards and thus, that only those populations breeding in the northernmost regions
of the continent, and consequently with extensive migratory routes over Europe,
would be significantly influenced by the NAO (Forchhammer et al., 2002a; Hüppop
and Hüppop, 2003). Moreover, some studies have demonstrated that the negative
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relationship with the winter NAO is stronger in short-distance migrants (i.e., those
species overwintering in the Mediterranean basin) than in long-distance ones (i.e.,
those species overwintering to the south of the Sahara) (Rainio et al., 2006; Tøttrup
et al., 2010). If it is considered that positive NAO values are related to drought in the
Mediterranean and thus to harsh ecological conditions, it follows that short-distance
migrants must benefit from a positive NAO en route but not during their wintering
stay in the Mediterranean. Unfortunately, the environmental factors operating on the
dynamics of wintering populations in the Mediterranean are poorly known, as is the
effect of the NAO.

Finally, the Mediterranean basin is an obligatory passage area for all long-
distance migrants coming from Africa and moving into Europe for breeding
(Newton, 2008). In spite of this key role in the European-African migratory system,
only two studies have analyzed the NAO effect on passing migratory bird popula-
tions. The Istituto Nazionale per la Fauna Selvatica from Italy has been promoting
since 1988 the monitoring scheme Progetto Piccole Isole. This is a network of ring-
ing sites located in islands and coastal sites, mainly in the central and western parts
of the Mediterranean Sea (Italy, Spain, France and Malta), that uses standardized
protocols for traping birds (Spina et al., 1993). One of the pioneering and most
active ringing stations is located on the Italian island of Capri. There, the passage
dates of nine trans-Saharan species were positively correlated to the winter NAO
both in early and in late individuals, in opposition to the relationship found between
the NAO and passage dates for the same species in ringing sites in Scandinavia
(Jonzén et al., 2006). While a positive NAO would enhance migration across Europe
(see above), it would impair ecological conditions in northern Africa by droughts in
the Mediterranean basin and rainfall deficits during the monsoon season in West
Africa (Lamb and Peppler, 1987; Hurrell, 1995; McHugh and Rogers, 2001; Oba
et al., 2001; Stige et al., 2006). Therefore, the contrasting effect of the NAO in pas-
sage dates of the same species between Mediterranean and Scandinavian latitudes
reinforces the idea of the heterogeneous effect of this variable among regions and
thus their populations. Populations in Scandinavia have traveled for weeks across
Europe and have benefited from enhanced conditions for migratory progression due
to positive phases of the NAO. However, in Italy, just after the birds leave Africa,
the positive phase of the NAO has the opposite consequences in the environment,
and this is reflected in a delayed passage date. However, this is just one study in
a single locality. A recent study with 11 migratory species on 3 Spanish islands
demonstrated that the NAO did not have any effect on passage dates (Robson and
Barriocanal, 2011). Moreover, it was the worst explanatory variable of the timing
of migration compared to other predictors, such as temperature, vegetation produc-
tivity or the SOI. This extreme contrast in the results of different studies highlights
the urgent need to develop more studies in the Mediterranean region to elucidate
the true effects of the NAO on migratory bird phenology and the potential regional
variability in the effects in relation to each migratory route across the Mediterranean.
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5 Conclusions

There is already a notable number of studies that have assessed the effect of
NAO fluctuations on a wide variety of species and biological phenomena in the
Mediterranean region (Fig. 1). However, after a comprehensive review of the
available evidence, we conclude that the impacts of the NAO on Mediterranean
ecosystems are still poorly understood, especially on terrestrial ecosystems. We have
identified three major non-excluding possible causes for the present state of the art:

(i) There is a considerable heterogeneity in the species and biological phenom-
ena studied, and consequently, there are only one or a few populations studied
in each case and usually from a single site. This fact hinders seriously our
capacity to make generalizations because the NAO effect on local weather
(the relevant scale for organisms) varies among regions (even within the
Mediterranean), and we must be very cautious about extrapolating results from
one site to others. In addition, many studies, especially in aquatic ecosystems,
just report significant associations between the NAO and biological phenomena
without providing a mechanistic interpretation of these results. We are firmly
convinced that without a biological interpretation, results are of limited use.

(ii) Most of the studies have assessed only the effect of the winter NAO index
(December–March), probably imitating the pioneering studies carried out in
northern latitudes. Indeed, this phase shows the greater variability (Hurrell,
1995), but the potential influence of the NAO in organisms through climate
patterns of other seasons has been completely neglected (but see Gordo and
Sanz, 2010). The NAO effect on climate over the whole annual cycle is well-
known by the climatologists (e.g., this book), but this is another point where
considerably additional progress needs to be made. The climatologic literature
is extensive, but unfortunately it is difficult to understand for most ecologists.
In addition, the method of studying and defining climate patterns by climatol-
ogists is not necessarily the most relevant for organisms (e.g., see Doi et al.,
2008). It seems obvious that there is an urgent need to establish multidisci-
plinary collaborations between climatologists and ecologists to deal accurately
with the complex interactions between climate and biosphere.

(iii) Despite the NAO influence on the variability of Mediterranean climate, the
NAO may indeed have little effect on Mediterranean ecosystems, especially
on terrestrial ecosystems, as the remarkable number of studies reporting
non-significant results may demonstrate (e.g., Ravier and Fromentin, 2004;
Grosbois et al., 2006; Gordo and Sanz, 2008; Jiguet et al., 2008; Kralj
and Dolenec, 2008; Jenouvrier et al., 2009; Robson and Barriocanal, 2011).
Moreover, some studies have shown that the NAO effect is overridden by local
weather (e.g., Rodríguez and Bustamante, 2003; Gordo and Sanz, 2010). The
extremely variable nature of the Mediterranean climate among years as well
as the complex balances between temperature and rainfall could be the cause
for the poor correlations with the NAO. However, a larger sample of studies
would be needed to distinguish unambiguously between a real absence of an
effect and a simple lack of evidence.
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In view of the current climate change, we need to improve our knowledge
about climate effects on organisms. The NAO, as a major driver of climate in the
Mediterranean region, may become a keystone to the understanding of past, present
and future impacts of climate change on Mediterranean ecosystems. However, the
mechanisms by which the NAO influences organisms in Mediterranean ecosystems
are different and to some extent more complex than they are in more northern lati-
tudes. These facts demand of the Mediterranean ecologists more original thought
and more effort to start long-term monitoring programs of biodiversity and to
enhance and maintain those already in progress.
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Hubálek Z, Čapek M (2008) Migration distance and the effect of North Atlantic Oscillation on the
spring arrival of birds in Central Europe. Folia Zoologica 57:212–220

Hüppop O, Hüppop K (2003) North Atlantic Oscillation and timing of spring migration in birds.
Proc Roy Soc Lond B 270:233–240

Hurrell JW (1995) Decadal trends in the North Atlantic Oscillation: regional temperatures and
precipitation. Science 269:676–679

Hurrell JW, Van Loon H (1997) Decadal variations in climate associated with North Atlantic
Oscillation. Clim Change 36:301–326

Jenouvrier S, Thibault JC, Viallefont A, Vidal P, Ristow D, Mougin JL, Brichetti P, Borg JJ,
Bretagnolle V (2009) Global climate patterns explain range-wide synchronicity in survival of
a migratory seabird. Glob Change Biol 15:268–279

Jiguet F, Doxa A, Robert A (2008) The origin of out-of-range pelicans in Europe: wild bird
dispersal or zoo escapes? Ibis 150:606–618

Jonzén N, Lindén A, Ergon T, Knudsen E, Vik JO, Rubolini D, Piacentini. D, Brinch C, Spina F,
Karlsson L, Stervander M, Andersson A, Waldenström J, Lehikoinen A, Edvardsen E, Solvang
R, Stenseth NC (2006) Rapid advance of spring arrival dates in long-distance migratory birds.
Science 312:1959–1961

Kamburska L, Fonda-Umani S (2009) From seasonal to decadal inter-annual variability of
mesozooplankton biomass in the Northern Adriatic Sea (Gulf of Trieste). J Mar Syst 78:
490–504

Katara I, Illian J, Pierce GJ, Scott B, Wang JJ (2008) Atmospheric forcing on chlorophyll
concentration in the Mediterranean. Hydrobiologia 612:33–48

Kralj J, Dolenec Z (2008) First arrival dates of the Nightingale (Luscinia megarhynchos) to Central
Croatia in the early 20th century and at the turn of the 21st century. Cent Eur J Biol 3:
295–298

Lamb PJ, Peppler RA (1987) North Atlantic Oscillation: concept and application. Bull Am
Meteorol Soc 68:1218–1225

Lebrune C, Gremare A, Guizien K, Amouroux JM (2007) Long-term comparison of soft bottom
macrobenthos in the Bay of Banyuls-sur-Mer (north-western Mediterranean Sea): a reappraisal.
J Sea Res 58:125–143

Lehikoinen E, Sparks TH (2010) Bird migration. In: Møller AP, Fiedler W, Berthold P (eds) Effects
of climate change on birds. Oxford University Press, Oxford, pp 89–112

Lloret J, Lleonart J, Solé I, Fromentin JM (2001) Fluctuations of landings and environmental
conditions in the north-western Mediterranean Sea. Fish Oceanogr 10:33–50

López-Moreno JI, Vicente-Serrano SM (2008) Positive and negative phases of the winter-
time North Atlantic Oscillation and drought occurrence over Europe: a multitemporal-scale
approach. J Clim 21:1220–1243

Martínez-Jauregui M, San Miguel-Ayanz A, Mysterud A, Rodríguez-Vigal C, Clutton-Brock
TH, Langvatn R, Coulson T (2009) Are local weather, NDVI and NAO consistent determi-
nants of red deer weight across three contrasting European countries? Glob Change Biol 15:
1727–1738

Massutí E, Monserrat S, Oliver P, Moranta J, López-Jurado JL, Marcos M, Hidalgo M, Guijarro
B, Carbonell A, Pereda P (2008) The influence of oceanographic scenarios on the population
dynamics of demersal resources in the western Mediterranean: hypothesis for hake and red
shrimp off Balearic Islands. J Mar Syst 71:421–438

Maynou F (2008a) Environmental causes of the fluctuations of red shrimp (Aristeus antennatus)
landings in the Catalan Sea. J Mar Syst 71:294–302

Maynou F (2008b) Influence of the North Atlantic Oscillation on Mediterranean deep-sea shrimp
landings. Clim Res 36:253–257



168 O. Gordo et al.

Mazzochi MG, Christou ED, Di Capua I, de Puelles MLF, Fonda-Umani S, Molinero JC, Nival
P, Siokou-Frangou I (2007) Temporal variability of Centropages typicus in the Mediterranean
Sea over seasonal-to-decadal scales. Prog Oceanogr 72:214–232

McHugh MJ, Rogers JC (2001) North Atlantic Oscillation influence on precipitation variability
around the Southeast African convergence zone. J Clim 14:3631–3642

Molinero JC, Ibañez F, Souissi S, Buecher E, Dallot S, Nival P (2008) Climate control on the long-
term anomalous changes of zooplankton communities in the northwestern Mediterranean. Glob
Change Biol 14:11–26

Molinero JC, Ibañez F, Souissi S, Chifflet M, Nival P (2005) Phenological changes in the north-
western Mediterranean copepods Centropages typicus and Temora stylifera linked to climate
forcing. Oecologia 145:640–649

Mysterud A, Stenseth NC, Yoccoz NG, Ottersen G, Langvatn R (2003) The response of terrestrial
ecosystems to climate variability associated with the North Atlantic Oscillation. In: Hurrell JW,
Kushnir Y, Ottersen G, Visbeck MH (eds) The North Atlantic Oscillation: climatic significance
and environmental impact. American Geophysical Union, Washington, pp 235–262

Newton I (2008) The migration ecology of birds. Academic Press, London
Oba G, Post E, Stenseth NC (2001) Sub-Saharan desertification and productivity are linked to

hemispheric climate variability. Glob Change Biol 7:241–246
Orlandi F, García-Mozo H, Galán C, Romano B, Díaz de la Guardia C, Ruiz L, del Mar Trigo M,

Domínguez-Vilches E, Fornaciari M (2010) Olive flowering trends in a large Mediterranean
area (Italy and Spain). Int J Biometeorol 54:151–163

Ottersen G, Planque B, Belgrano A, Post E, Reid PC, Stenseth NC (2001) Ecological effects of the
North Atlantic Oscillation. Oecologia 128:1–14

Parmesan C (2006) Ecological and evolutionary responses to recent climate change. Annu Rev
Ecol Evol Syst 37:637–669

Parmesan C, Yohe G (2003) A globally coherent fingerprint of climate change impacts across
natural systems. Nature 421:37–42

Piovesan G, Schirone B (2000) Winter North Atlantic Oscillation effects on the tree rings of the
Italian beech (Fagus sylvatica L.). Int J Biometeorol 44:121–127

Pérez FF, Padín XA, Pazos Y, Gilcoto M, Cabanas M, Pardo PC, Doval MD, Farina-Busto L
(2010) Plankton response to weakening of the Iberian coastal upwelling. Glob Change Biol
16:1258–1267

Quadrelli R, Pavan V, Molteni F (2001) Wintertime variability of Mediterranean precipitation and
its links with large-scale circulation anomalies. Clim Dyn 17:457–466

Rainio K, Laaksonen T, Ahola M, Vähätalo AV, Lehikoinen E (2006) Climatic responses in spring
migration of boreal and arctic birds in relation to wintering area and taxonomy. J Avian Biol
37:507–515

Ravier C, Fromentin JM (2004) Are the long-term fluctuations in Atlantic bluefin tuna (Thunnus
thynnus) population related to environmental changes? Fish Oceanogr 13:145–160

Relini LO, Mannini A, Fiorentino F, Palandri G, Relini G (2006) Biology and fishery of Eledone
cirrhosa in the Ligurian Sea. Fish Res 78:72–88

Relini LO, Palandri G, Garibaldi F, Relini M, Cima C, Lanteri L (2010) Large pelagic fish, sword-
fish, bluefin and small tunas, in the Ligurian Sea: biological characteristics and fishery trends.
Chem Ecol 26:341–357

Robson D, Barriocanal C (2011) Ecological conditions in wintering and passage areas as
determinants of timing of spring migration in trans-Saharan migratory birds. J Anim Ecol
80:320–331

Rodó X, Baert E, Comín FA (1997) Variations in seasonal rainfall in Southern Europe during the
present century: relationships with the North Atlantic Oscillation and the El Niño-Southern
Oscillation. Clim Dyn 13:275–284

Rodó X, Comín FA (2000) Links between large-scale anomalies, rainfall and wine qual-
ity in the Iberian Peninsula during the last three decades. Glob Change Biol 6:
267–273



Ecological Impacts of the North Atlantic Oscillation (NAO) in Mediterranean. . . 169

Rodrigo FS, Trigo RM (2007) Trends in daily rainfall in the Iberian Peninsula from 1951 to 2002.
Int J Climatol 27:513–529

Rodríguez C, Bustamante J (2003) The effect of weather on lesser kestrel breeding success: can
climate change explain historical population declines? J Anim Ecol 72:793–810

Rodríguez C, Naves J, Fernández-Gil A, Obeso JR, Delibes M (2007) Long-term trends in food
habits of a relict brown bear population in northern Spain: the influence of climate and local
factors. Environ Conserv 34:36–44

Rodríguez-Puebla C, Ayuso SM, Frías MD, García-Casado LA (2007) Effects of climate variation
on winter cereal production in Spain. Clim Res 34:223–232

Root TL, Price JT, Hall KR, Schneider SH, Rosenzweig C, Pounds JA (2003) Fingerprints of global
warming on wild animals and plants. Nature 421:57–60

Rosenzweig C, Karoly D, Vicarelli M, Neofotis P, Wu Q, Casassa G, Menzel A, Root TL, Estrella
N, Seguin B, Tryjanowski P, Liu C, Rawlins S, Imeson A (2008) Attributing physical and
biological impacts to anthropogenic climate change. Nature 435:353–357

Rozas V, Lamas S, García-González I (2009) Differential tree-growth responses to local and large-
scale climatic variation in two Pinus and two Quercus species in northwest Spain. Ecoscience
16:299–310

Rubolini D, Ambrosini R, Caffi M, Brichetti P, Armiraglio S, Saino N (2007) Long-term trends
in first arrival and first egg laying dates of some migrant and resident bird species in northern
Italy. Int J Biometeorol 51:553–563

Saino N, Rubolini D, Jonzén N, Ergon T, Montemaggiori A, Stenseth NC, Spina F (2007)
Temperature and rainfall anomalies in Africa predict timing of spring migration in trans-
Saharan migratory birds. Clim Res 35:123–134

Saino N, Szep T, Romano M, Rubolini D, Spina F, Møller AP (2004) Ecological conditions during
winter predict arrival date at the breeding quarters in a trans-Saharan migratory bird. Ecol Lett
7:21–25

Sala OE, Chapin FS, Armesto JJ, Berlow E, Bloomfield J, Dirzo R, Huber-Sanwald E, Huenneke
LF, Jackson RB, Kinzig A, Leemans R, Lodge DM, Mooney HA, Oesterheld M, LeRoy Poff
N, Sykes MT, Walker BH, Walker M, Wall DH (2000) Global biodiversity scenarios for the
year 2100. Science 287:1770–1774

Santojanni A, Arneri E, Bernardini V, Cingolani N, Di Marco M, Russo A (2006) Effects of
environmental variables on recruitment of anchovy in the Adriatic Sea. Clim Res 31:181–193

Sanz JJ (2002) Climate change and breeding parameters of great and blue tits throughout the
western Palaeartic. Glob Change Biol 8:408–422

Sanz JJ (2003) Large-scale effect of climate change on breeding parameters of pied flycatchers in
Western Europe. Ecography 26:45–50

Sæther BE, Sutherland WJ, Engen S (2004) Climate influences on avian population dynamics. Adv
Ecol Res 35:185–209

Sæther BE, Tufto J, Engen S, Jerstad K, Rostad OW, Skåtan JE (2000) Population dynamical
consequences of climate change for a small temperate songbird. Science 287:855–856

Sinelschikova A, Kosarev V, Panov I, Baushev AN (2007) The influence of wind conditions in
Europe on the advance in timing of the spring migration of the song thrush (Turdus philomelos)
in the south-east Baltic region. Int J Biometeorol 51:431–440

Solomon S, Qin D, Manning M, Chen Z, Marquis M, Averyt KB, Tignor M, Miller HL (eds) (2007)
Climate change 2007: the physical science basis. Contribution of Working Group I to the 4th
assessment report of the Intergovernmental panel on climate change. Cambridge University
Press, Cambridge

Spina F, Massi A, Montemaggiori A, Baccetti N (1993) Spring migration across central
Mediterranean: general results from the ‘Progetto Piccole Isole’. Die Vogelwarte 37:1–94

Stenseth NC, Ehrich D, Rueness EK, Lingjærde OC, Chan KS, Boutin S, O’Donoghue M,
Robinson DA, Viljugrein H, Jakobsen KS (2004) The effect of climatic forcing on popu-
lation synchrony and genetic structuring of the Canadian lynx. Proc Natl Acad Sci USA
101:6056–6061



170 O. Gordo et al.

Stenseth NC, Mysterud A (2005) Weather packages: finding the right scale and composition of
climate in ecology. J Anim Ecol 74:1195–1198

Stenseth NC, Mysterud A, Ottersen G, Hurrell JW, Chan KS, Lima M (2002) Ecological effects of
climate fluctuations. Science 297:1292–1296

Stenseth NC, Ottersen G, Hurrell JW, Mysterud A, Lima M, Chan KS, Yoccoz NG, Ådlandsvik B
(2003) Studying climate effects on ecology through the use of climate indices: the North
Atlantic Oscillation, El Niño Southern Oscillation and beyond. Proc Roy Soc Lond B
270:2087–2096

Stige LC, Stave J, Chan KS, Ciannelli L, Pettorelli N, Glantz M, Herren HR, Stenseth NC (2006)
The effect of climate variation on agro-pastoral production in Africa. Proc Natl Acad Sci USA
103:3049–3053

Tøttrup AP, Rainio K, Coppack T, Lehikoinen E, Rahbek C, Thorup K (2010) Local temperature
fine-tunes the timing of spring migration in birds. Integr Comp Biol 50:293–304

Trigo RM, Pozo-Vázquez D, Osborn TJ, Castro-Díez Y, Gámiz-Fortis S, Esteban-Parra MJ (2004)
North Atlantic oscillation influence on precipitation, river flow and water resources in the
Iberian Peninsula. Int J Climatol 24:925–944

Vicente-Serrano SM, Cuadrat JM (2007) North Atlantic Oscillation control of droughts in north-
east Spain: evaluation since 1600 A.D. Clim Change 85:357–379

Visbeck MH, Hurrell JW, Polvani L, Cullen HM (2001) The North Atlantic Oscillation: past,
present, and future. Proc Natl Acad Sci USA 98:12876–12877



Impacts of the NAO on Atmospheric Pollution
in the Mediterranean Basin

Uri Dayan

Abstract There are several inherent problems in attributing pollution concen-
trations to changes in large-scale atmospheric circulation: (1) the year to year
variability being modulated by both, changes in circulation and changes in upwind
emissions, (2) the shorter life-time of some pollutants precluding a meaningful rela-
tionship with changes in circulation, and (3) the both-ways interaction between
trace gases, aerosols and climate. Simulations of transport of anthropogenic CO for
high and low phases of the NAO are presented followed by an observational-based
study relating the ozone seasonal variability across North Atlantic and the Western
Mediterranean to the NAO. Both phases of the NAO controlling dust transport to
the Mediterranean are described: the positive phase during summer over the western
region and the negative one regulating dust transport over the Eastern Mediterranean
in winter. Low NAO indices have been related to a higher cyclonic activity over the
western basin. On the contrary, other studies found no correlation between annual
wet deposition of African dust-related elements and the NAO. Although, at present,
there is no consensus on the process responsible for the observed low-frequency
variations in the NAO, most of them predict the continuation of the positive NAO
state until the mid twenty-first century implying a predominantly zonal circula-
tion over the western Mediterranean. This imply a reduced import of European
trace gases, an enhancement of long range transport of air pollutants from North
American sources and conditions in favor of mobilization and transport of North
African dust mainly to the western part of this fragile basin.
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1 Introduction: Problems in Attributing Pollution
Concentrations to Changes in Large-Scale Atmospheric
Circulation

The variations of atmospheric pollution concentrations and their relationships to
large-scale atmospheric circulation systems have been studied for a while (e.g.,
Davis and Kalkstein, 1990; Dayan and Lamb, 2008; Dayan et al., 2008; Kalderon-
Asael et al., 2009). Secondary pollutants such as ozone are primarily a result of
photochemical reactions among anthropogenic precursor emissions and as such, are
governed by air mass constituents such as temperature and humidity. Accordingly,
variation in trace gases concentrations are modulated by exposure to differing air
masses as controlled by changes in atmospheric circulation. Problems rising in
attributing pollution concentrations to changes in large-scale atmospheric circula-
tion stem from the fact that changes in upwind emissions and removal processes are
not necessarily synchronous with variations in circulation. Some efforts were done,
mainly through, coupled climate-chemistry models to treat and analyze simultane-
ously the changes in general circulation and atmospheric chemistry (Hein et al.,
2001; Dastoor and Larocque, 2004).

A second major drawback in trying to relate changes in pollutant concentration
to variation in circulation patterns is their different life time and distribution. For
example, aerosols are most relevant for short spatial and temporal scales as com-
pared to long-lived greenhouse gases such as CH4 and CO2 (Andrea, 2001) for
which, various meteorological and emission effects dominate large parts of the globe
(Voulgarakis et al., 2009). Radiative forcing of aerosols are of higher spatial vari-
ability than Green House Gases (GHG) forcings due to the relatively short aerosol
life time of the order of a week (Kostler et al., 2010). Consequently, such short life
time of the pollutants preclude a meaningful relationship with changes in large scale
circulations.

Changes in synoptic circulation patterns

Changes in radiative forcing (VIS-scattering ; IR-absorption)

Redistribution of dust

Changes in local climate

Changes in atmospheric stability and hydrological cycles

Interactive Feedback Effects: Aerosols - Circulation

5

Fig. 1 Flow diagram of the interactive feedback effects: aerosols – circulation
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Beside these above mentioned problems, at times, both ways interactions exist
between trace gases, aerosols and atmospheric circulation patterns. Tegen et al.
(1996) described the interactive feedback effects between mineralogical aerosols
and atmospheric circulation emphasizing that: “. . .both sources and removal of
dust are dependent on local climate, changes in radiative forcing by dust may
induce changes in regional circulation patterns and therefore to further changes in
dust sources and sinks. . .”. Such interactive feedback effects between aerosols and
circulation is shown in Fig. 1.

2 Fundamental Approaches Relating Circulation
to Environment - Examples

Due to the strong potential for highly interactive feedback effects between typical
environmental phenomena related to several modes of the circulation, a method-
ology consisting of both interactions is needed. This methodology will take into
account both approaches: on how the circulation affects the environment (i.e.,
climatically related variables such as air pollutants) and how the environment
affects the circulation. Here, we adopted Yarnal (1993) ideas who addressed these
both approaches followed by some examples on studies relating circulation to the
environment.

Yarnal explained that in the “Circulation to Environment” classification you first
classify the circulation into distinct several patterns and then relate it to the envi-
ronment, whereas in the second method you classify the circulation data along
environment-based criteria (Fig. 2).

The first example demonstrating the impact of circulation on air trace gases is
a recent study by Theoharatos et al. (2010) investigating the relationship between
synoptic-scale circulation patterns, induced thermal stresses and its possible associ-
ation to air pollution over Athens, Greece. Here, the authors have shown that poor
air quality conditions for SO2 and O3 were related to a northward displacement of
the Subtropical Jet Stream and large-scale subsidence.

Liu et al. (2009) explained the “Middle East ozone maximum”, a summertime
enhancement in ozone observed by the Tropospheric Emission Spectrometer satel-
lite instrument as caused by strong descent in the middle and upper troposphere
featuring both Arabian and Saharan anticyclones (Fig. 3).

Another study showing the impact of circulation on aerosols was done by Moulin
et al. (1998) who used 11-year of daily Meteosat data to develop a satellite-derived
climatology of African dust transport. They found that the dust transport patterns
are related to cyclogenesis over North Africa.

The last example, this time, depicting the impact of air quality on climate is
Lelieveld et al. (2002) study which indicates the influence of elevated European
sulfate emissions on cooling of the Mediterranean sea surface temperatures during
the mid-1970s. This cooling led to a reduction in evaporation and consequently, less
precipitation over the basin.
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Fig. 2 Both alternative methods to relate environmental phenomena to circulation (adapted from
Yarnal, 1993)

Fig. 3 Monthly mean ozone mixing ratio in July 2005 at 464 hPa from the Tropospheric Emission
Spectrometer (from Liu et al., 2009)
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3 Circulation to Environment: The Role of the NAO
in Controlling the Pathways of Pollution
to the Mediterranean

The North Atlantic Oscillation (NAO) index is determined by the intensity and
position of the Icelandic low and the Bermuda Azores high. Several studies have
identified the NAO as the dominant mode of variability of the surface atmospheric
circulation in the Atlantic (Barnston and Livezey, 1987; Kushnir and Wallace, 1989;
Hurrell, 1995). The NAO affects not only climatic conditions, but also, climatic-
derived conditions such as air pollutant transport and dispersion. Consequently, this
is also the oscillation influencing pollution transport over the Northern Hemisphere
at large, and more specifically over Western Europe and the western Mediterranean
(Eckhardt et al., 2003). Further on, several studies results will be presented to show
the strong influence of the NAO on the strengths and locations of the main pollu-
tant transport pathways over the Mediterranean. These changes in these pathways
are mainly changes in the mean circulation patterns over Western Europe and the
western Mediterranean Basin associated with the NAO and believed to be the main
factor for their interannual variations.

Eckhardt et al. (2003) used the Flexpart Lagrangian particle dispersion model to
simulate the transport of CO over Europe and the Mediterranean Basin. CO was used
as tracer of anthropogenic pollution due to its long life time. The simulation was
performed for the 20% lowest and highest NAO for December through February of
1979–1993. They found out that during positive NAO phases, reduced CO outflow
from Central Europe to the Mediterranean were obtained due to stronger westerly
winds flowing over Europe and most of the pollution was transported northward.
These strong westerlies characterizing positive phases of the NAO serve as con-
veyor belt to transport O3 formed over the Eastern US to Europe and the Western
Mediterranean. This conclusion was reached by Crielson et al. (2003) who used the
tropospheric O3 residual technique which utilizes coincident observations of Total
Ozone Mapping Spectrometer (TOMS) and stratospheric O3 profiles from the Solar
Backscatter Ultraviolet instruments to examine the spatial distribution of O3 and its
positive relationship with the NAO (Fig. 4).

NAO controls not only trace gases but particulate as well. Moulin et al. (1997)
used Meteosat data from 1983 to 1994 to develop a satellite climatology of African
dust transport to the Mediterranean. They found that the interannual variations
in dust transport over the Western Mediterranean is well correlated (R = 0.66,
p = 0.027) with the NAO index during summertime. This positive correlation is
explained by the frequent passage of cyclones sweeping the western basin during
positive phases of the NAO and mobilizing dust from North Africa.

Contrary to the NAO positive phase impact on the dust transport during summer
over the western basin, Dayan et al. (2008) presented evidence on the role of the
negative phase of the NAO in controlling dust transport during winter to the South
Eastern Mediterranean (SEM). In their study, they examined the atmospheric circu-
lation governing dust over the SEM for the “high dust season” (i.e., October–May)
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Fig. 4 Springtime depiction showing the interannual variability and positive relationship between
springtime tropospheric ozone residual anomaly for Region 5: Eastern North Atlantic and Western
Europe and springtime Hurrell NAO index from 1979–2000 (from Crielson et al., 2003)

for 37 years (1968–2004) and found a significant correlation (R = –0.66) between
the interannual variability of accumulated dust over Beer-Sheba, located in southern
Israel which represents the SEM and the NAO modulating the cyclonic activity over
the Mediterranean (Fig. 5).

These results indicate that the synoptic system that produces the majority of the
dust over the SEM is the Cyprus Low, a cold cyclone, contributing over 2/3 of both,
the total yearly dust and rain fields. Namely, the same synoptic system controls both
modes of deposition, i.e., wet and dry, and therefore have a similar relationship with
the NAO over the SEM.

In another study, Avila and Roda (2002) could not find any correlation between
the NAO and wet deposition of African dust over a rural western Mediterranean site
in north-east Spain. They suggested that contrary to the Eastern Mediterranean, the
two variables controlling wet deposition over the Western Mediterranean vary in
an opposite direction with respect to the NAO, i.e., precipitation inversely and dust
updraft directly, therefore, canceling each other effects.

In summary we can say that both phases of the NAO have a major role in control-
ling the transport of particulate matter (mineralogical dust) over the Mediterranean
Basin. However, this control is seasonal dependent and differs substantially between
the two Mediterranean halves, with the positive phase of the NAO affecting the
Western Mediterranean during summertime, whereas, its negative phase produces a
larger impact over the Eastern Mediterranean and during winter.
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Fig. 5 Annual variation of accumulated dust over southern Israel representing the SEM for
October–May (dashed) and the NAOI averaged over December–March (solid) (from Dayan et al.,
2008)

4 Environment to Circulation: Influence of GHG Induced
Climate Change on the NAO

In the last section under the “Circulation to Environment” concept, we dealt with
the role of the NAO in controlling the export and import pathways of pollution to
the Mediterranean Basin based on observations. Here, we will present some studies
results, based mainly, on atmospheric model simulations to demonstrate the influ-
ence of the increase GHG concentrations on the NAO variability as a sign of global
climate change.

Paeth et al. (1999) examined the NAO variability with an observational data set
and several model data sets including GHG-induced external forcings. They have
shown that the IPCC (BAU) scenario results predict the continuation of the recent
positive NAO phase until mid of the twenty-first century. Furthermore, they found
statistical evidence that radiative forcing due to increasing GHG concentrations has
an impact on the simulated variability of the NAO on time-scale exceeding 60 years.
Never the less, such evidence could not be discerned for the real NAO due to its
strong interannual variability. The implication of a persisting positive phase of the
NAO for the next 30–50 years is a predominantly zonal circulation over Western
Europe and less pollution from European sources transported to the Mediterranean
Basin.

Osborn (2004) analyzed the simulated response of the winter NAO to GHG
forcing using seven coupled climate models. Even though, not all models showed
agreement between NAO pattern and regional scale changes expressed as sea level
pressure trends for winter atmospheric circulation, a clear correspondence was
found for two coupled ocean-atmosphere models, the CCSR (Emori et al., 1999)
and the ECHAM-4 (Bacher et al., 1998). All models showed a mean increase of
0.25 hPa/K of global mean temperature increase caused by enhanced GHG forcing
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over the Mediterranean Basin. Osborn (2004) main conclusion is that a combination
of internal variability and GHG forcing as external variability, has contributed to the
NAO increase observed from the 1960s to the 1990s leading to strongest zonal wind
over Europe strengthening meridional flow over the Mediterranean.

Based on numerous papers indicating an existing positive relationship between
GHG and the NAO (e.g., Paeth et al., 1999; Osborn, 2004; Stephenson et al., 2006),
Dayan and Lamb (2005) analyzed the atmospheric circulation that controls wet
deposition over Europe and the northern Mediterranean. A positive phase of the
NAO is indicative of a predominantly zonal circulation over Europe as compared
to a negative phase characterized by relatively strong meridional flows (Paeth et al.,
1999). The predominance of the meridional flow and sulfate loaded-deposition years
found by Dayan and Lamb (2005) is consistent with the significant negative correla-
tion (R = –0.43, p < 0.005) obtained between the 16-year time series of the 925 hPa
meridional wind and the NAO. A further confirmation of this phenomenon is the sig-
nificant correlation (R = –0.39, p < 0.005) found between the meridional wind and
sulfate deposition over Europe. The overall downward trend in sulfate deposition
observed for the last 16 years over Europe and the northern Mediterranean Basin,
the concurrent increases in average temperature (Klein Tank et al., 2002) and the
increased frequency of extreme warm-weather events for the summer (Domonkos
et al., 2003) suggest, along with the decline in SO2 emissions, that this period was
characterized by predominantly zonal circulation, as indicated by the trend towards
greater prevalence of positive NAO. Consequently, Dayan and Lamb (2005) reached
the conclusion that negative NAOI years correspond to predominant meridional flow
leading to more sulfate deposition over Europe as compared to positive NAO years
characterized by a zonal flow and less pollution (Fig. 6). Their conclusion corrobo-
rates Duncan and Bey (2004) who emphasized the strong influence of the NAO on
the strengths and locations of the export pollution (e.g., O3) pathways from Europe
to the Mediterranean and northern Africa.

Fig. 6 Block diagram of the
meteorological and chemical
contributions to changes in
sulfate deposition over
southern Europe (from Dayan
and Lamb, 2005)
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5 Future Phases of the NAO and Possible Implications on Air
Pollution over the Western and Eastern Mediterranean Basin

Most recent studies point at the difficulty to identify a preferred timescale of vari-
ability for the NAO as well as the large amount of its intra-seasonal variability as
main reasons for the lack of consensus on the process responsible for its present
observed low-frequency variations (Hurrell and Deser, 2010) and, obviously, our
inability to predict its trend and variability in the future. Moreover, although this
oscillation is natural, it seems to respond to external forcing in addition to its
inherent internal variability.

Kuzmina et al. (2005), based on results obtained from 12 coupled climate mod-
els, found that the forced model runs resulted in stronger NAO as compared to the
control runs. This indicates a possible intensification of the NAO in the future with
further increases in GHG concentrations in the atmosphere.

In contrary to Kuzmina et al. (2005) study, Selten et al. (2004) suggest that the
strengthening of the westerlies over the North Atlantic is not caused by GHG but
rather to a climate variation governed by increased precipitation over the tropical
Indian Ocean.

To summarize this section, we can say, with much prudence, that presently there
are two opposed scientific views as regarded to the NAO trend and variability, sev-
eral researchers consider that external climate forcings, such as volcanic eruptions
or increased GHG, are the main drivers for a predominance of positive phases of
the NAO while other groups consider that physical driven processes internal to the
climate system are responsible in driving NAO variations.

Until the scientific community understands better the causes and effects of the
observed NAO trend and variability, we should restrict our conclusions on future
NAO’s implication on air pollution over the Mediterranean Basin by presenting the
anticipated impacts of both prevailing modes (positive and negative phases) over
this basin as experienced so far. Based on our present limited knowledge, the future
NAO’s implications are as follow:

A prevailing positive NAO over the Western Mediterranean is likely to:

(1) Reduce the import of European trace gases;
(2) Enhance the long range transport of pollutants from upwind eastward sources,

e.g., North America;
(3) Enhance the mobilization and transport of dust from North African sources to

the Mediterranean.

A prevailing negative NAO over the Eastern Mediterranean is expected to enhance
cyclonic conditions favorizing the passage of more deep cyclones mobilizing and
transporting dust from North African sources to this part of the basin.
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Evaluation of the Relationship Between the NAO
and Rainfall Erosivity in NE Spain During
the Period 1955–2006

Marta Angulo-Martínez and Santiago Beguería

Abstract Rainfall erosivity is the ability of precipitation to erode soil.
Microerosion processes due to the impact of raindrops on the soil – rainsplash –
represent an important mechanism of detachment of soil particles, which might be
removed thereafter by surface runoff. The annual and interannual patterns of rainfall
erosivity are controlled by the variability of rainfall intensity. This study analyses
the interannual variability of daily rainfall erosivity due to precipitation in the NE
of Spain during the period 1955–2006, and its connection with the North Atlantic
Oscillation (NAO). It was found that the erosive power of rainfall is stronger dur-
ing the negative phase of NAO and weaker during positive NAO conditions, as are
the rainfall amounts. Daily rainfall erosivity series were adjusted to a Generalized
Pareto probability distribution for positive and negative NAO phases for assessing
the effect of NAO on extreme events. Results showed higher values expected for
a given return period in most of the area under negative NAO conditions. These
findings would be useful in the implementation of soil conservation strategies.

Keywords Rainfall erosivity · EI · North Atlantic Oscillation · R factor · NE Spain

1 Introduction

The concept of rainfall erosivity refers to the ability of any rainfall event to erode
soil. It links together the dynamic properties of rainfall as a consequence of rainfall-
generating processes and their impact on the soil surface, and involves two main
mechanisms: (i) rainsplash – the detachment of soil particles due to the kinetic
energy of the raindrops –, and (ii) runoff erosion – motion of soil particles by shear
stress exerted by the surface runoff. Rainfall erosivity is responsible of changes in
the soil properties as: crusting, disruption of aggregates, removal of nutrient-rich
parcels of soil, etc. Rainfall erosivity represents one of the main mechanisms of
degradation in semiarid landscapes where vegetation is scarce. Its influence depends
on the characteristics of soil, topography and land use, as well as on other features of
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the rainfall regime (D’Odorico et al., 2001). Rainfall erosivity estimates are needed
for the estimation of soil erosion amounts through space and time. In the context
of climate change the effect of altered rainfall characteristics combined with other
aspects as biomass and changes in the soil moisture are some major concerns of soil
conservation studies.

Empirical studies have demonstrated an exponential relationship between rain-
fall intensity and rainfall erosivity (Brown and Foster, 1987; Coutinho and Tomás,
1995; Van Dijk et al., 2002). This relationship allows introducing some important
characteristics of the rainfall events as: (i) the raindrop size distribution and their
associated kinetic energy, and (ii) the rainfall intensity at detailed time intervals.

Among the several indices developed to estimate rainfall erosivity the most
extensively used is the USLE/RUSLE R factor, which is calculated from the EI30

index (Wischmeier, 1959; Wischmeier and Smith, 1978; Brown and Foster, 1987;
Renard et al., 1997). At many sites worldwide the R factor has been shown to be
highly correlated with soil loss (Van der Knijff et al., 2000; Diodato, 2004; Shi et al.,
2004; Hoyos et al., 2005; Curse et al., 2006; Onori et al., 2006; Domínguez-Romero
et al., 2007).

One of the main disadvantages of the RUSLE R factor is the need for high
frequency – typically lower than 15 min or pluviograph data –, long data series.
Information of this nature is rarely available with adequate spatial and temporal
coverage, and daily records are usually the best available data at most locations.
Attempts to estimate rainfall erosivity from daily rainfall records or storm event
data have been based largely on exponential relationships (Richardson et al., 1983;
Bagarello and D’Asaro, 1994; Petkovsek and Mikos, 2004; Angulo-Martínez and
Beguería, 2009). Due to the high temporal and spatial variability of rainfall ero-
sivity (Angulo-Martínez et al., 2009), accurate records based on long data series
are required in order to evaluate temporal or spatial trends that may be linked with
atmospheric circulation patterns.

Previous work has shown that the spatial and interannual variability of rain-
fall intensity can be explained by atmospheric circulation patterns (Hurrell, 1995;
Jones et al., 1997; Hurrell et al., 2003). The main atmospheric circulation pat-
tern that affects the climate of Europe is the North Atlantic Oscillation (NAO).
The NAO is characterized by a north–south sea-level pressure dipolar pattern, with
one of the centres located over Iceland and the other one approximately over the
Azores Islands. This dipolar pattern reflects the strong contrast in meridional pres-
sure over the North Atlantic region. The positive phase of the NAO reflects below
normal heights and pressure across the high latitudes of the North Atlantic, and
above-normal heights and pressure over the central North Atlantic. The NAO neg-
ative mode produces high-pressure blocking in the northeast Atlantic, and a more
meridional circulation than the opposite mode (Jacobeit, 1987; Moses et al., 1987).
Upper-air troughs and incursions of polar air over the Mediterranean are more fre-
quent during negative NAO, and the Atlantic storm tracks are displaced south. All
these factors are responsible of wetter conditions in the western Mediterranean
(Jacobeit, 1987; Moses et al., 1987; Maheras, 1988; Kutiel et al., 1996). In con-
trast, the NAO positive mode is characterized by moisture transport across the North
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Atlantic that has a more southwest to northeast orientation and extends further
into northern Europe and Scandinavia. Hence, moisture transport and rainfall are
reduced over southern Europe and the Mediterranean (Hurrell, 1995; Hurrell and
van Loon, 1997; Moulin et al., 1997; Marshall et al., 2001). The NAO shows a clear
signal throughout the whole year, but with stronger intensity and extension during
winter due to the stronger meridional gradients.

The influence of the NAO on precipitation over the Iberian Peninsula has been
recognized in previous studies (Rodó et al., 1997; Esteban-Parra et al., 1998;
Rodríguez-Puebla et al., 1998; Serrano et al., 1999), with a clear difference between
the western (Atlantic) and eastern (Mediterranean) areas of the region. It is pos-
sible to identify a large part of central and southern Spain and southern Portugal
for which the influence of the NAO is dominant. In contrast, the southeast-
ern Mediterranean coast of Spain is dominated by more easterly Mediterranean
influences.

There are no previous studies relating rainfall erosivity to atmospheric telecon-
nection patterns in the Iberian Peninsula. Some works have addressed the influence
of the El Niño-Southern Oscillation (ENSO) on rainfall erosivity for some areas of
United States (D’Odorico et al., 2001) and Peru (Romero et al., 2007). Since the
North Atlantic Oscillation controls the interannual variability of rainfall over the
region, there is a need to know in which way rainfall erosivity is related to NAO.
Since rainfall erosivity is more related to single extreme precipitation events than
to average events, the relationship between the NAO and rainfall erosivity is not
necessarily explained by the negative correlation between the NAO and total pre-
cipitation amounts. In addition, this knowledge may help agricultural managers to
take soil conservation measures to protect the soil.

The aim of this study is to assess the influence of the NAO on daily rainfall ero-
sivity in NE Spain, during the period 1955–2006. A second objective is to identify
the changes in the probability of occurrences of extreme daily erosivity events in
relation with daily NAO phases.

2 Study Area and Methods

2.1 Study Area

The study area covers the northeast of Spain, encompassing an area of about
147,000 km2 that corresponds to the administrative territorial province demarks
which conform the Ebro Basin. The study area is geographically complex. It
encloses several mountain ranges and a main central valley, the Ebro basin. The area
is limited to the north by the Cantabric Sea, the Cantabrian Range and the Pyrenees,
with maximum elevations above 3000 m a.s.l. At the south and southwest the Iberian
Range closes the Ebro valley, with maximum elevations in the range of 2000–2300
m a.s.l. To the east valley is closed by the Catalan Prelittoral Range, with maximum
elevations of 1000–1900 m a.s.l., and then continues to the Mediterranean sea.
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The climate is influenced by both the Atlantic and the Mediterranean, and the
effect of the relief on precipitation and temperature. The bordering mountain ranges
isolate the central valley, blocking the maritime influence and resulting in a con-
tinental climate with arid conditions (Lana and Burgueño, 1998; Vicente-Serrano,
2005). A climatic gradient in the NW–SE direction is notable, determined by strong
Atlantic influences in the north and northwest of the area during much of the year,
and the influence of the Mediterranean to the east. The mountain ranges add com-
plexity to the climate of the region, with the Pyrenees extending the Atlantic Ocean
influence to the east by increasing precipitation. Precipitation in inland areas is
characterized by alternating wet and dry periods as a consequence of the seasonal
displacement of the polar front and its associated pressure systems. Inter-annual
variability in precipitation can be very high, and prolonged dry periods can be
followed by torrential rainfall events that last for several days. The most extreme
precipitation events have been recorded along the Mediterranean seaside (Romero
et al., 1998; Llasat, 2001; Peñarrocha et al., 2002).

Rainfall erosivity reproduces the characteristics of the precipitation in the study
area, as revealed by station-data (Fig. 1). Three different areas can be recognized,
following a NW–SE gradient. The NW zone, influenced by the Atlantic, shows the
highest monthly rainfall values and minimum rainfall erosivity; the highest erosivity
is attained at the beginning of the summer, coinciding with late spring storms. The
central zone includes the majority of the observatories, with precipitation amounts
that are lower than in the NW zone (although still abundant), though erosivity is

Fig. 1 Homogeneous monthly rainfall erosivity regions in NE Spain (EI index, see Methods,
Section 2), and precipitation associated obtained by means hierarchical cluster
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Fig. 2 Spatial surface of the cultivated soil in the NE Spain (68,000 km2); data: Corine Land
Cover version 8/2005 (EEA, 2000)

greater and shows two annual peaks, one in late spring (May–June) and a second
(highest) at the end of summer (August–September). The NE zone has a typical
Mediterranean rainfall behavior, with maxima in spring and autumn and highest
erosivity in autumn. It is important to note that the spring rainfall peaks are not as
erosive as those of the autumn, due to differences between these seasons in rainfall
generation mechanisms. Spring rainfall events are usually frequent, but tend to have
low intensity. In contrast, precipitation in autumn is usually attributable to a few
very intense events.

Due to its complex climatology (as a consequence of being a meteorological
border region) and the contrasted relief, the Ebro Basin has a long history of social,
economic and environmental damage caused by extreme rainfall events (García-
Ruiz et al., 2000; Lasanta, 2003; Llasat et al., 2005). The main activity in this area
is agriculture, representing approximately 46% of the land use. It is extended around
the Ebro valley occupying a broader area close to the Mediterranean coast (Fig. 2).
During winter agricultural soils remain uncovered. Consequently, rainfall erosivity
is the principal cause of soil erosion with no limiting factor at that time. Mountain
areas represent approximately 20% of the study region.

2.2 Daily Rainfall Erosivity Database

The database consisted of 156 daily rainfall series from the Spanish Meteorological
Agency (AEMET) for the period 1955–2006 (Fig. 3). Data on cumulative
precipitation were taken every day at 0600 LT. The series were obtained via a
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Fig. 3 Spatial distribution of the 156 daily rainfall observatories in the study area for the period
1955–2006

process that included reconstruction, gap filling, quality control and homogeneity
testing (Vicente-Serrano et al., 2010).

Daily rainfall series were transformed into daily rainfall erosivity records based
on an exponential relationship between the rainfall volume, P (mm/d), and rainfall
erosivity index, EI (MJ mm/ha/h/d; Richardson et al., 1983):

EI = a Pb + ε, (1)

where a and b are empirical parameters and ε is a random, normally dis-
tributed error. Parameters a and b are adjusted month-by-month to take account
of intra-annual variations in rainfall characteristics. This leads to the more general
expression:

EIm = am Pbm + ε, (2)

where m = {1, ..., 12} represents the month of the year. Parameter estimation in the
model is achieved by weighted least squares (WLS) regression after a logarithmic
transformation of the terms in Equation (2). Weights were assigned to the obser-
vations in order to reduce the excessive influence of small erosive events during
parameterization (Angulo-Martínez and Beguería, 2009).

For obtaining the values of the parameters a and b it is necessary to count
with data on daily EI and P. This data was provided by the automated system for
hydrologic information of the Ebro basin water authority (SAIH-Ebro). This dataset
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consisted on 110 series of rainfall data with 15 min resolution, covering the period
1997–2007. Daily EI values were calculated from these series following the RUSLE
methodology, and were used for estimating the parameters in Equation (2). Given
the good spatial coverage of the dataset, spatial fields of the parameters a and b were
obtained by spatial interpolation, and their values at the location of the AEMET
observatories were recorded. These values where then used to obtain daily series of
EI for the period 1955–2006, using the AEMET daily rainfall data.

2.3 Atmospheric Circulation Events: North Atlantic
Oscillation Index

Following Jones et al. (1997) a North Atlantic Oscillation index (NAOI) was calcu-
lated as the normalized difference between time series of sea level pressure recorded
at two points in the southwest Iberian Peninsula (Gibraltar, 35◦N 5◦W) and south-
west Iceland (Reykjavik, 65◦N, 20◦W). Daily sea-level pressure grids from the
ds010.0 Daily Northern Hemisphere Sea Level Pressure Grids data set (University
Corporation for Atmospheric Research, 1979) were used for calculating the NAOI.
We selected those grid points located closest to the mentioned points.

Although the NAO influence is more intense during winter time, in the present
study we considered the whole year. Positive and negative events of the NAO index
were identified as those days with values of the NAO index higher than 0.5 and
lower than –0.5, respectively.

2.4 Differences in Daily Rainfall Erosivity Between Positive
and Negative NAO Phases

To evaluate the relationship between the phase of the NAOi and monthly rain-
fall erosivity we generated different daily rainfall erosivity (EI) series regarding
the value of NAOi – positive (negative) daily EINAOi series were created with the
daily EI values which were greater (inferior) of 0.5 (−0.5) NAOi values, dur-
ing the period 1955–2006. Daily rainfall erosivity was summed to obtain monthly
positive – EINAOi+ – and negative – EINAOi− – rainfall erosivity for NAOi. We com-
puted the relative difference EIdif between median annual and monthly and in every
observatory by:

EIdif = (EINAO− − EINAO+)
/

EINAO+, (3)

where EINAOi− and EINAOi+ are the median annual and monthly rainfall erosivity
during negative and positive days of the NAOi. Month maps of EIdif were produce
to help visualize spatial differences in the effect of NAOi on rainfall erosivity.

The statistical significance of the relative differences was evaluated using the
Wilcoxon-Mann-Whitney (WMW) rank test (Siegel and Castelan, 1988). The non-
parametric WMW test, though less powerful than the t test, was preferred due to
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its robustness against non-normality of the variables (Helsel and Hirsch, 1992). The
monthly rainfall erosivity data series during daily negative NAO were compared
with the monthly rainfall erosivity data series with the opposite NAO sign, month
by month. The significance level was established at α= 0.05.

2.5 Extreme Value Analysis of Rainfall Erosivity During Positive
and Negative NAO Phases

Changes in the probability distributions of extreme rainfall erosivity depending on
the NAO phase were analyzed using the extreme value theory (Hershfield, 1973).
Peaks-over-threshold (POT) series of daily erosivity (EI) were obtained for positive
and negative NAO phases, selecting only the observations for which EI exceeded
a value corresponding to the 95th percentile of the respective series. The resulting
series were fitted to a Generalized Pareto (GP) distribution by the maximum likeli-
hood approach. GP is the limit distribution of a POT variable, provided that the POT
occurrences fit a Poisson process, i.e. that they are time independent. The appropri-
ateness of the GP distribution to model the daily erosivity POT series was checked
visually by means of the L-moment ratios diagram and by a Kolmogorov-Smirnov
test (Beguería, 2005; Beguería et al., 2009).

The GP distribution is described by a shape parameter k and a scale parameter α,
with probability density function:

f (x) = 1

α

[
1 − k

α
(x − ε)

]
(4)

and distribution function:

P(X ≤ x) = 1 −
(

1 − κ
(x − ε)

α

) 1
κ

, (5)

where x is the daily rainfall erosivity exceeding the threshold value ε, which acts
as a location parameter. Estimates of α, κ can be obtained by maximum likelihood
(Rao and Hamed, 2000). The highest expected precipitation XT over a period of T
years is obtained as:

XT = ε + α

κ

[
1 −

(
1

λT

)κ]
, (6)

where λ is the average number of events per year.
Maps of the extreme events corresponding to return periods of 10 and 50 years

were produced for positive and negative NAO phased based on the GP models fit-
ted to the POT series. These maps were compared in order to evaluate differences
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in expected extreme events depending on the NAO. Though NAO mostly influ-
ences during winter season, some influence can be recognised during autumn and
spring. Therefore the POT analysis was applied to the period between October and
February.

3 Results

3.1 Differences in Average Daily Rainfall Erosivity Between
Negative and Positive NAO Phases

The results of the WMW test comparing the distributions of daily erosivity during
positive and negative NAO phases yielded 92 (59%) of significant series globally.
Monthly results are shown in Table 1. These differences were present almost all
the year, however being especially evident from autumn to early spring (October–
March). Most observatories reflected this behaviour. During summer (June–August)
the influence of NAO on rainfall erosivity was almost non-existent.

The spatial distribution of the significant relative differences between the daily
rainfall erosivity recorded during negative and positive NAO phases for every month
are shown in Fig. 4. The NAO influence can be noted from November to April, with
different spatial patterns. From June to October we found no influence of NAO in
rainfall erosivity, in addition, the relative differences were not significant for most
of the area during June to September.

Higher differences were found closer to the Mediterranean. The highest differ-
ences between positive and negative NAO phases occurred from November to April,
though March did not show any difference, most noticeable in the Mediterranean
area where rainfall erosivity under negative NAO phases was between 6 and 30 times
higher to the values registered under positive NAO. November showed the highest
differences, affecting almost one half of the area extending from the Mediterranean
coast to the west towards the centre of the Ebro valley.

Table 1 Difference in
monthly erosivity
between positive and
negative NAO phases
(Wilcoxon-Mann-Witney
test): number and proportion
of series with significant
differences

Month Significant series

Jan 144 (92%)
Feb 136 (87%)
Mar 68 (44%)
Apr 147 (94%)
May 109 (70%)
Jun 27 (17%)
Jul 40 (26%)
Aug 36 (23%)
Sep 11 (7%)
Oct 94 (60%)
Nov 152 (97%)
Dec 145 (93%)
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Fig. 4 Relative differences in median monthly rainfall erosivity during negative and positive NAO
phases. White masked areas indicate no significant difference

3.2 Differences in Extreme Rainfall Erosivity Between Negative
and Positive NAO Phases

The GP model provided a very good fit to the POT series of rainfall erosivity, as
shown by the L-moment diagrams (Fig. 5). Independently of the sign of the NAO,
the empirical L-moments of the rainfall erosivity series plotted closest to the the-
oretical curve of the GP distribution. The results of the Kolmogorov-Smirnov test
allowed accepting the GP distribution for the data, since only in very few cases
the null hypothesis that the data came from a GP distribution was rejected. This
result agrees with recent studies that demonstrated the high performance of the GP
distribution in fitting extreme hydrological variables using partial duration series
(Hosking and Wallis, 1987; Madsen and Rosbjerg, 1997; Beguería, 2005). Here we
also found that the GP distribution has a good performance in fitting daily rainfall
erosivity data.

By adjusting the daily rainfall erosivity series for the selected months to the GP
probability distribution we obtained the probability of occurrence of daily rainfall
erosivity records associated with negative and positive NAO conditions. Results
show greatest rainfall erosivity values expected under negative NAO conditions.
Differences could be found between observatories. Those located inland to the south
of the region did not show significant differences, however, as expected by results
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Fig. 5 L-moments ratio diagram, comparing empirical L-moment ratios (L-skewness and
L-kurtosis) with the ones of several widely used extreme value distributions: Generalized Extreme
Value (GEV), Log-Normal (LN), Pearson III (PIII) and Pareto (GP)

obtained in the precedent section. The mountainous areas and the Mediterranean
coast showed a high contrast between the expected rainfall erosivity values under
negative or positive conditions.

The rainfall erosivity values expected for a return period of 10 years related to
negative and positive NAO conditions during winter and the respective standard
error are shown in Fig. 6. Under negative NAO conditions daily rainfall erosivity
values of 50 up to 385 (±8 to 22) MJ mm ha/h/d may be recorded in the northern
and eastern half of the region. The highest values are concentrated at the north-east
perimeter, close to the Mediterranean coast from the Ebro Delta upwards to the north
and in the Central Pyrenees. Under positive NAO most of the region shows low daily
rainfall erosivity values ranging between 5 and 50 (±0.5 to 8) MJ mm/ha/h/d. High
erosivity values are only expected in localized areas such as the Ebro Delta and in
the Central Pyrenees.

The results are very similar for a return period of 50 years (Fig. 7), although the
spatial pattern of the very high erosivity values excludes the Pyrenees region and
the highest erosivity values are thus confined to the Ebro Delta.
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Fig. 6 Spatial distribution of expected daily rainfall erosivity during winter (October–March) cor-
responding to a return period of 10 years under negative (a) and positive (b) NAO phases, and their
respective standard errors (c and d, respectively)

Fig. 7 Spatial distribution of expected daily rainfall erosivity during winter (October–March) cor-
responding to a return period of 50 years under negative (a) and positive (b) NAO phases, and their
respective standard errors (c and d, respectively)
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4 Discussion and Conclusions

Rainfall erosivity bridges the gap between rainfall dynamics and its direct impact
over the surface of the soil, taking into account the energy of the raindrops hitting
the soil, and the runoff which will remove the disaggregated soil particles. There
is an increasing interest regarding the effects of the climate dynamics, especially in
a context of climate change, in the environment. However, very few studies have
related the atmospheric circulation patterns to rainfall erosivity due mostly to the
lack of accurate rainfall erosivity series long enough to make this analysis possible.

The NAO is responsible for most of the climatic variability in the North Atlantic,
modifying direction and intensity of the westerly winds, the track of the polar
depressions and the location of the anticyclones. During the negative phase cyclones
move southward increasing precipitation on the western Mediterranean. On the con-
trary, during the positive phases, the Azores subtropical high is reinforced, leading
to a drier weather in the Mediterranean region.

This study has shown that atmospheric dynamics, in this case the NAO, have
influenced interannual variability of rainfall erosivity at NE of Spain for the period
1955–2006. Higher rainfall erosivity values were related to negative NAO condi-
tions whereas the high pressures associated with positive NAO conditions resulted
in lower rainfall erosivity values. This difference was highest towards the east of the
study area (Mediterranean region), and the centre of the Ebro valley, and during the
winter months (November–April). Agriculture is a major land use in this area, and
during this time of the year the agricultural soils are mostly uncovered and exposed
to the erosive power of the rain, intensifying the impact of the NAO on soil erosion.

Knowledge of the spatial and temporal patterns of rainfall erosivity will help
deepening our understanding of the processes of soil erosion, and might prove
helpful for designing soil protection measures.
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Impacts of the North Atlantic Oscillation
on Landslides
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Abstract Western Iberia landslides are mostly triggered by rainfall, as, in fact, are
most landslides worldwide. Results obtained using empirical relationships between
rainfall amount and duration, and slope instability show that critical rainfall condi-
tions for failure are not the same for different types of landslides. While rapid debris
flows are usually triggered by very intense showers concentrated in just a few hours,
shallow translational soil slips are most commonly triggered by intense precipita-
tion falls within the 1–15 days long range. On the contrary, activity of the more
deeply-seated landslides of rotational, translational and complex types is related to
successive weeks of nearly constant rainfall, over periods of 30–90 days. Large-
scale patterns such as the El Niño and the North Atlantic Oscillation (NAO) change
slowly and have been shown to have an impact in both the precipitation regime and
the temporal occurrence of different landslide types in different areas of the world.
In this work a particular attention is devoted to the impact of NAO on the landslide
events that have occurred in the region located just north of Lisbon between 1956
and 2010. Results show that the large inter-annual variability of winter precipitation
observed in Portugal is largely modulated by the NAO mode. The application of a
3-month moving average to both NAO index and precipitation time series allowed
the identification of many months with landslide activity as being characterized by
negative average values of the NAO index and high values of average precipitation
(above 95 mm/month). Landslide activity in the study area is related to both intense,
short duration precipitation events (1–15 days) and long-lasting rainfall episodes
(1–3 months). The former events trigger shallow translational slides while the later
episodes are usually associated with deeper and larger slope movements. The asso-
ciation between the NAO and landslide activity is shown to be more evident for the
group of deep seated landslide events.
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1 Introduction

According to Cruden (1991) a landslide can be defined as the movement of a mass
of rock, earth or debris down a slope. Furthermore, the centre of gravity of the
affected material in a landslide always moves in a downward and outward direc-
tion (Terzagui, 1950). The landslide classification proposed by Cruden and Varnes
(1996) is the most widely adopted and it considers five landslide types, distinguished
according to the type of rupture and displacement mechanisms: fall, topple, slide,
lateral spread and flow.

Landslide factors are multiple and usually occur at the same time making it dif-
ficult to define in any particular case “what is the cause of the landslide”. Glade
and Crozier (2005) based on previous work by Crozier (1986) and Popescu (1994),
proposed the classification of landslide causes in the following classes: predispos-
ing factors, preparatory factors and triggering factors. This classification crosses
with three different stability states on slopes defined by the same authors: stability,
marginal stability and active instability (Glade and Crozier, 2005).

Landslide predisposing factors are those inherent terrain characteristics (e.g.,
slope geometry, soil and rock characteristics) that can be assumed as static at
the short and mid-term and that control the likelihood of landslide occurrence
in space. Landslide preparatory and triggering factors are dynamic and can be
subdivided in geomorphologic processes, physical processes and anthropogenic
processes (Popescu, 1994). When acting as preparatory factors, these processes pro-
mote the decrease of the stability margin of the slope without starting the slope
movement. When acting as triggering factors, processes are the immediate cause of
slope instability, and it is possible to establish a cause-effect relationship between
triggering factor occurrence and landslide occurrence. Therefore, it is clear that
geomorphologic, physical and anthropogenic factors may act both as landslide
preparatory factors and landslide triggering factors depending on process intensity
and temporal extent, as well as on the previous stability state of the slope (Glade
and Crozier, 2005).

Rainfall is the most important physical process responsible for the triggering of
landslides in the Mediterranean region, as in most regions worldwide (Wieczorek,
1996; Corominas, 2001; Guzzetti et al., 2007). Although the decisive role played by
rainfall, there is no general “universal rule” regarding rainfall thresholds related to
slope instability, despite the enormous effort done with this goal (e.g. Caine, 1980;
Fukuota, 1980; Crozier, 1986; Van Asch et al., 1999; Corominas, 2001; Polemio
and Petrucci, 2000; Guzzetti et al., 2007).

The control of rainfall on landslides differs substantially depending upon land-
slide depth and kinematics and the affected material. Shallow soil slips and rapid
debris flows are typically activated by short period of very intense rain while deep-
seated rotational and translational slides are usually associated with less intense
rainfall occurring in period lasting from several weeks to several months (Van Asch
et al., 1999). Therefore, even within a single region, different types of slope move-
ments may be associated with different rainfall characteristics that produce different
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hydrological triggering conditions (Van Asch et al., 1999; Polemio and Petrucci,
2000; Corominas, 2001; Zêzere and Rodrigues, 2002; Trigo et al., 2005).

Low frequency atmospheric patterns are associated with anomalous precipita-
tion at the seasonal scale, and this is the main rationale to study the relationships
between the atmospheric circulation patterns and landslide activity triggered by
rainfall. Previous studies have related the Southern Oscillation and landslide activ-
ity in different parts of the world (Coe et al., 1998; Godt, 1999; Ngecu and Mathu,
1999). More recently, the authors have found a significant relationship between the
North Atlantic Oscillation and the recent landslide-triggered events occurred in the
Lisbon Region (Trigo et al., 2005; Zêzere et al., 2005). Apparently, this relation-
ship is associated with the control that the NAO exerts, at the monthly and seasonal
scales, on the storms coming from the North Atlantic Ocean that directly affect the
Lisbon region (Zêzere et al., 2005, 2008). In this regard we are particularly inter-
ested to verify if this link holds for the recent unusual winter of 2009–2010 that has
been characterised by high intense precipitation (Vicente-Serrano et al., 2011) and
extreme negative NAO values (Cattiaux et al., 2010).

2 Hydrological Triggering Conditions of Landslides
and Relation with Rainfall Patterns

Debris flows, shallow soil slips and deep-seated rotational and translational slides
are among the most common of landslide types triggered by rainfall.

The generation of surface run-off and high peak discharges in first-order moun-
tain catchments is a critical triggering mechanism for debris flows (Van Asch et al.,
1999). This run-off occurs both on saturated and unsaturated soil conditions and
provides water to debris material that have accumulated in channels, thus increasing
the pore pressure within the debris mass which initiates the debris flow (Van Asch
et al., 1999). In such circumstances, the maximum fluid pressure that can be gener-
ated in the debris mass is controlled by the infiltration capacity of the soil and the
geometry of the slope (gradient, shape and roughness). The activation of debris flow
is typically associated with short-duration (minutes to hours) peak rainfall events.

Shallow translational soil slips are failures occurring on steep slopes at a critical
depth in general not more than 1–2 m. These landslides are typically triggered by
the rapid infiltration and the unsaturated percolation of water in the thin soil material
(colluvium deposits) which overlies impermeable rocks. The critical reduction of
the soil shear resistance and the consequent slope failure is due to the rapid and
temporary rise of the pore water pressure and the loss of soil apparent cohesion
resulting from soil saturation (Gostelow, 1991; Iverson, 2000). Activity of rainfall-
triggered shallow translational soil slips are usually associated with intense rainfall
accumulating within the 1–15 days period.

Deep-seated rotational and translational slides are slope failures occurring along
a slip surface located typically at a depth ranging from 5 to 20 m. Materials mobi-
lized by these landslides are soils and rocks that yield small effective hydraulic
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diffusivities (Iverson, 2000). Deep-seated landslides are triggered by the reduc-
tion of shear strength of involved rocks and soils, resulting from the steady rise
on the groundwater level (Gostelow, 1991; van Asch et al., 1999; Iverson, 2000).
Therefore, when compared with shallow soil slips deep landslides need larger abso-
lute amounts of water for triggering conditions, and are associated with larger
windows of antecedent rainfall (Van Asch et al., 1999). Activity of this type of land-
slides is usually related to successive weeks of nearly constant rainfall, over periods
lasting from 30 to 90 days.

3 Temporal Occurrence of Rainfall-Triggered Landslides
in Lisbon Region and Rainfall Triggering Thresholds

3.1 Rainfall Regime and Landslide Events

The rainfall regime in the Lisbon Region is characterized by high variability at the
inter-seasonal and the inter-annual scales. The mean annual precipitation (MAP) at
the reference rain gauge of S. Julião do Tojal is 730 mm where a daily rainfall data
series is available since 1956 (SJT, Fig. 1). Summer months are noticeably dry and
rainfall concentrates in the period lasting from October to March (78% of the total
amount; 72% of the total rainy days).

Fig. 1 Annual precipitation (climatological year) at the reference rain gauge of S. Julião do Tojal
(period: 1956/1957–2009/2010). Diamonds: Shallow landslides events; triangles: Deep landslides
events
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Although the term “landslide event” may be used to characterize the occurrence
of a single landslide, this term has a wider connotation as it is used to describe a
number of individual landslides triggered in a wide area by a single triggering event,
such as an earthquake or an intense rainstorm (Crozier and Glade, 1999). Within this
concept, a landslide event in the Lisbon region is a period (a date) for which at least
5 individual landslides are known to have occurred on natural slopes. This number is
in accordance with the typical landslide activity observed in the study area (Zêzere
et al., 1999).

The dates of landslide activity were reconstructed from field work, archive inves-
tigation and interviews with the population living in the study area. A particular
attention was given to the particular type(s) of landslide(s) occurred in each event,
and a distinction was made between shallow and deep-seated landslides. From
1956–1957 to 2009–2010, 25 landslide events were recognized corresponding to
a frequency of one event each 2.16 years, although some years were marked by the
occurrence of multiple events (e.g. 1989–1990, 1995–1996, 2009–2010). The total
area affected by the above mentioned landslide types within each landslide event

Table 1 Landslide events triggered by rainfall in the Lisbon region from 1956 to 2010

Landslide
event #

Date
(yyyy/mm/dd)

Critical rainfall
amount/duration
mm (dd)

Rainfall
intensity/
duration
mm/day (dd)

Return period
(years)

Dominant
landslide type

1 1958/12/29 149 (10) 14.9 (10) 2.7 Shallow
2 1959/03/09 175 (10) 17.5 (10) 4.4 Shallow
3 1967/11/15 137 (1) 137.0 (1) 62 Shallow
4 1968/11/15 350 (30) 11.7 (30) 7.6 Deep
5 1978/03/04 204 (15) 13.6 (15) 3.9 Shallow
6 1979/02/10 694 (75) 9.2 (75) 22 Deep
7 1981/12/30 174 (5) 34.7 (5) 14 Shallow
8 1983/11/18 164 (1) 164.0 (1) 194 Shallow
9 1987/02/25 52 (1) 52.0 (1) 2.1 Shallow

10 1989/11/22 164 (15) 11.0 (15) 2.2 Shallow
11 1989/11/25 217 (15) 14.4 (15) 4.7 Shallow
12 1989/12/05 333 (30) 11.1 (30) 6.3 Deep
13 1989/12/21 495 (40) 12.4 (40) 18 Deep
14 1996/01/09 544 (60) 9.1 (60) 11 Deep
15 1996/01/23 686 (75) 9.1 (75) 21 Deep
16 1996/01/28 495 (40) 12.4 (40) 18 Deep
17 1996/02/01 793 (90) 8.8 (90) 27 Deep
18 2001/01/06 447 (60) 7.4 (60) 5.1 Deep
19 2001/01/09 467 (60) 7.8 (60) 6 Deep
20 2006/03/20 156 (4) 39.0 (4) 13 Shallow
21 2006/10/27 219 (10) 21.9 (10) 11 Shallow
22 2006/11/28 427 (40) 10.7 (40) 9 Deep
23 2008/02/18 141 (1) 140.9 (1) 73 Shallow
24 2010/01/14 332 (30) 11.1 (30) 6 Deep
25 2010/03/09 632 (90) 7.0 (90) 8 Deep
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was the criterion used to distinguish between shallow and deep landslide events
reported in Fig. 1 and Table 1. Shallow (deep) landslide events are characterized by
more than 50% of landslide area associated to slip surfaces depth < 1.5 m (depth
> 1.5 m). According to this criterion, 13 deep and 12 shallow landslide events were
recorded. Interestingly, the nature of the events is non-stationary, with significant
changes in frequency of deep and shallow events between the first and second halves
of the period considered. Thus, shallow landslide events were more frequent from
1956 until 1989 (9 in 11 cases), while deep landslide events were dominant from
1989 to 2010 (11 in 14 cases).

3.2 Absolute Antecedent Rainfall Threshold

Following the approach used previously by the authors (Trigo et al., 2005; Zêzere
et al., 2005), the relationship between rainfall and landslide activity was assessed
by computing the cumulative absolute antecedent rainfall for the 1–5, 10, 15, 30,
40, 60, 75, and 90 consecutive days anteceding each landslide event. The Gumbel
distribution (Gumbel, 1958) was used to derive the return period for each rainfall
amount/duration combination. The critical rainfall combination (quantity-duration)
responsible for each landslide event is shown in Table 1, and it was obtained, assum-
ing as critical pair the combination with the higher return period. We acknowledge
this assumption lacks a physical basis, nevertheless it provides the best discrimi-
nation between landslide events and other rainfall periods not related with slope
instability (Zêzere et al., 2005).

The combination between rainfall intensity and critical rainfall duration for the
25 landslide events registered from 1956 to 2010 is shown in Fig. 2. The regression
analysis shows that rainfall intensity increases exponentially as duration decreases,
following the equation Ri = 92.03D–0.594 (r2 = 0.902), where Ri is the rainfall inten-
sity in mm/day and D is the duration of rainfall in days. Figure 2 also shows the
maximum yearly values for durations of 1, 5, 10, 15, 30, 40, 60, 75 and 90 days that
were computed for those years without landslide activity. The vast majority of these
values lie below the fitted curve, thus confirming that regression curve may be used
as a reliable rainfall intensity – duration threshold for the study area.

The above mentioned regression model was used to derive the minimum daily
rainfall needed to reach the precipitation triggering threshold at the reference rain
gauge (S. Julião do Tojal), for any of the following consecutive days: 1–5, 10, 15,
30, 40, 60, 75 and 90 (Zêzere et al., 2008). This calculation accounts for the contin-
uous cumulative absolute antecedent rainfall, and it is shown in Fig. 3 for the time
span lasting from 2000 to 2010. During this period, our model correctly predicted 7
landslide events (Landslide events # 18, 19, 20, 21, 22, 23 and 24), and the landslide
event # 25 is the solely “false negative” (i.e., unpredicted landslide event). In addi-
tion, there is no evidence of “false positives” (i.e., predicted landslide events that
did not occur).
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3.3 Calibrated Antecedent Rainfall Thresholds

Due to superficial and sub-superficial drainage, the impact of a particular rainy event
on slope hydrology decreases in time (Canuti et al., 1985; Crozier, 1986). In order
to account this effect in the analysis of rainfall-triggered landslide events, we recon-
structed the calibrated antecedent rainfall (CAR) for 3, 5, 10, 15 and 30 days using
the algorithm proposed by Crozier (1986):

CARx = KP1 + K2P2 + ...KnPn (1)

where CARx is the calibrated antecedent rainfall for day x; P1 is the daily rainfall
observed for the day before day x; Pn is the daily rainfall registered for the n-th day
before day x; and K (assumed to be 0.9) is the empirical parameter that accounts
for the decrease of the impact of a particular rainy event in time due to drainage
processes.

Table 2 summarizes the calibrated antecedent rainfall computed with Equation
(1) for the 25 landslide events registered in the Lisbon Region. The distinction
between shallow and deep landslide events concerning the number of days rele-
vant to the antecedent rainfall was confirmed by combining the daily rainfall and
the CAR (Fig. 4). The best result for shallow landslide events was obtained with the
combination between the daily rainfall and the 5 days CAR through the exponential
rule Dr = 151.57e−0.0336CAR (where Dr is the daily rainfall), whereas deep landslide
events are better discriminated by a combined threshold of daily rainfall = 16 mm
and 30 days CAR = 80 mm.

Differences on the relevance of antecedent rainfall for shallow and deep landslide
events are also remarkable regarding the number of previous consecutive days with
30 days CAR>50 mm (Table 2). This number ranges from 0 to 10 days for dates of
shallow movements occurrence, and increases up to a minimum of 15 days for dates
characterised by deep landslide activity, with the single exception of landslide event
#22.

4 Impact of NAO on Precipitation and on Landslide Occurrence
in Lisbon Region

Previous works have shown that the phase of the NAO pattern is the most important
to model the temporal precipitation distribution over western Iberia (Hurrell, 1995;
Trigo et al., 2004; Zêzere et al., 2005). In fact the authors have shown that the NAO
is (statistically) associated with the occurrence of landslide events, particularly those
triggered by prolonged periods (up to 3 months) of precipitation (Trigo et al., 2005;
Zêzere et al., 2005, 2008).

The NAO index used here was developed at the Climatic Research Unit
(University of East Anglia, UK) and is defined, on a monthly basis, as the differ-
ence between the normalized surface pressure at Gibraltar (southern tip of Iberian
Peninsula) and Stykkisholmur in Iceland (Jones et al., 1997). The NAO index for
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Fig. 4 Relationship between daily rainfall and 5-days (a) and 30-days (b) calibrated antecedent
rainfall (CAR) for landslide events in the Lisbon region (period 1956–2010). Diamonds: values
associated with shallow landslides events; triangles: values associated with deep landslides events;
small dots: values obtained from the yearly maximum daily rainfall and from the yearly maximum
CAR, computed for years without landslide events

winter months presents a positive trend for the last 3 decades of the twentieth
century, thus the corresponding distribution is dominated by positive values. In
order to remove this positive bias we have normalized all values of NAO index,
at the monthly scale, between 1938 and 2010 (the period with precipitation data
for the nearby SJT series). We apply the same approach developed previously
(Trigo et al., 2005; Zêzere et al., 2008) but updating it to the year 2010. Thus
a 3-month moving average was applied to filter the original NAO index and SJT
precipitation time series, restricting the analysis to monthly data from the wet
season (NDJFM), with the single exception of the landslide event #21 for which
October and September values were considered. October values are used to compute
November and December averages. Thus, values for February of year n, correspond
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to the rainfall and NAO index averages computed between December of year n–1
and February of year n, while values for November of any year are restricted to the
October and November values for that same year. For landslides episodes that have
occurred in the first 5 days of the month we only considered the NAO index and pre-
cipitation values from the previous 2 months (events 5, 12 and 17). The scatter plot
obtained with both filtered time series is shown in Fig. 5, being limited to the winter
(NDJFM) months. Small open diamonds represent months where landslide events
did not occur (or were not reported). Black circles correspond to months with only
one recognized landslide event (e.g. February 1996, event 17), while black triangles
represent those months with more than one landslide event (e.g. December 1989,
events 12 and 13). A number of relevant remarks can be raised in relation to Fig. 5:

1. The linear correlation between both time series is –0.58 (statistically significant
at the 1% level) increasing slightly to –0.61 if we restrict the analysis to those
months affected by landslide activity represented by the numbered black circles
and triangles (regression line is also represented).

2. All months characterized with landslide events are located above the 3-month
average precipitation (horizontal line indicating the threshold of 95 mm/month).
Furthermore, with the exception of event #23 all cases are characterized by neg-
ative values of the averaged NAO index. Interestingly, this event occurred on the
18 February 2008 corresponding to the new all time record of daily precipitation
observed in Lisbon (since 1865), Capital of Portugal located just 14 km south of
SJT (Fragoso et al., 2010).
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Fig. 5 Scatter plot between 3-month moving average NAO index and SJT precipitation time series
(November–March), for the period ranging between 1956 and 2010 (270 months). Small open
diamonds: months with no landslide events reported. Black circles: months with one recognized
landslide event. Black triangles: months with more than one recognized landslide event. Numbers
next to gray symbols represent the landslide episode number as given in Tables 1 and 2
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3. The majority of the multiple landslide events episodes (#12 to #16) are character-
ized by extremely negative average values of the NAO index (lower than –1) and
extremely high values of average precipitation (clearly above 200 mm/month).
This prolonged anomalous precipitation regime favors the occurrence of multiple
deep landslide events (Table 1).

5 Conclusion

Landslide events occurred since 1956 in the Lisbon region were triggered by rain-
fall. Events dominated by shallow soil slips have been related to short periods (1–15
days) of intense rainfall, whereas events characterized by the occurrence of deep
seated slope movements have been associated to longer periods (30–90 days) of less
intense rain. The distinction between landslide types concerning the number of days
relevant to the antecedent rainfall was confirmed combining the daily rainfall and
the calibrated antecedent rainfall (CAR) from 3 to 30 days for each landslide event.
An exponential rule was identified (Dr = 151.57e−0.0336CAR) for the 5 days CAR,
which is a threshold for shallow landslide events, while deep landslide events were
better discriminated by a combined threshold of daily rainfall = 16 mm and 30 days
CAR = 80 mm.

These different rainfall triggering conditions are consistent with the different
hydrologic processes associated with different types of slope movements. Intense
rainfall allows the rapid growth of pore water pressure and the drop of capillar-
ity forces that sustain the apparent cohesion of thin soils. Therefore, shallow soil
failures occur within the soil material or at the contact with the underlying less
permeable bedrock. Long lasting rainfall episodes enable the steady rise of the
groundwater table and the development of positive pore water pressures into the
soil. Consequently, deep seated failures occur in relation to the reduction of shear
strength of affected materials.

Despite the different relationships existing between the activity of shallow and
deep seated landslides and the rainfall triggering conditions, it was possible to derive
a single exponential law relating rainfall intensity and the rainfall critical duration
for the total set of landslide events occurred in the Lisbon region from 1956 to 2010.
The fitting of the curve to the 25 landslide events is impressive (r2 = 0.9) and the
vast majority of rainfall episodes that did not cause landslides lie below the curve,
thus confirming the curve as a consistent rainfall intensity/duration threshold for the
triggering of landslides in the study area.

The linear correlation between the 3 month average NAO index and precip-
itation is statistically significant (–0.61) for those months characterized by the
occurrence of landslide events. The complete set of landslide events lies above
the 3-month average precipitation, and 24 in 25 events present negative values of
the 3-month average NAO index. Taking into account the different rainfall periods
associated with shallow and deep seated landslides events, the association between
the NAO and landslide activity is more evident for the group of deep seated land-
slide events. In addition, the majority of months characterized by the occurrence of
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multiple landslide events exhibit extremely high values of average precipitation and
extremely negative average values of the NAO index.

However, it must be stressed that it is not so clear-cut to establish the sequence
of physical phenomena that link the NAO configuration with local landslide activ-
ity. Without pretending to describe the entire chain of physical processes involved
these must include; (1) the NAO control of the preferred path for north Atlantic
storm tracks, (2) how these low pressure systems influence the precipitation regime
of western Iberia, (3) to what extent the precipitation anomalies impact local soil
moisture at different temporal scales, and (4) how these changes can be critical for
surpassing water pressure thresholds that can trigger landslides.
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The Impact of the NAO on the Solar and Wind
Energy Resources in the Mediterranean Area

David Pozo-Vazquez, Francisco Javier Santos-Alamillos,
Vicente Lara-Fanego, Jose Antonio Ruiz-Arias, and Joaquín Tovar-Pescador

Abstract The influence of the NAO on the solar and wind energy resources in the
Mediterranean area, in particular, and over the whole North Atlantic area, in gen-
eral, has been explored based on the analysis of 20 years of reanalysis and satellite
data. The analysis was carried out for the winter and annual periods and proved
the existence of a marked influence of the NAO pattern on the spatial and temporal
variability of the solar and wind energy resources in the study area. Particularly,
the NAO signature on the solar/wind energy resources was found to be a north-
south dipolar pattern, with the positive/negative centre over the Mediterranean area.
Although the spatial patterns obtained are similar, the nature of the relationship
obtained for wind energy was found to be less linear and more complex than that
attained for solar energy. A composite analysis revealed that interannual variability
of the solar and wind energy resources in the Mediterranean area can reach values
above 20% in winter and 10% in the annual case associated with changes in the
NAO phase. Finally, the analysis of the spatial patterns of the NAO influence on
the solar and wind energy resources revealed the existence of spatial and local bal-
ancing between these two energy resources in the study area. Results are of interest
regarding the estimation of the expected interannual variability of the wind farms
and solar plants production in the study region.

Keywords NAO · Balancing renewable energy · Solar energy · Wind energy

1 Introduction

According to the latest estimates, it is expected that the worldwide primary energy
demand will increase by 45% and the demand for electricity will increase by 80%
between 2006 and 2030 (IEA, 2008). As a consequence, and without a decisive
action, energy-related greenhouse gases (GHG) emissions will more than double by
2050 and the increased oil demand will intensify the concerns over the security of
supplies. There are different pathways to stabilize GHG concentrations, but a key
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issue in all of them is the replacement of fossil fuels by renewable energy sources.
European Union (EU) regulations, for example, set a binding target for 20% of the
EU’s total energy supply to come from renewable by 2020 (corresponding to a sharp
increase from the modest 6.5% observed in 2007). Furthermore, they set a firm target
of cutting 20% of the EU’s greenhouse gases emissions by 2020 relative to 1990.
In this scenario, solar and wind energies -the renewables with the most mature- will
necessarily play a key role.

There are three main solar technologies. The first one is the direct conversion
of sunlight into electricity (Photovoltaic, PV effect), the concentrating solar power
(CSP) and the solar thermal collectors for heating and cooling (SHC). PV and CSP
technologies are meant to produce electricity, while SHC can only be used for heat-
ing and cooling purposes. PV systems enable direct conversion of sunlight into
electricity through semi-conductor devices, through the global horizontal irradiance
(GHI) they receive. Today, PV provides 0.2% of total global electricity generation,
being Germany the leading country in the world, with 5 GW installed capacity, fol-
lowed by Spain with above 4 GW (about 4% of the installed capacity). While its use
is small today, PV power has a particularly promising future. Actually, global PV
capacity has been increased at an average annual growth rate of more than 40% since
2000 and it has significant potential for long-term growth over the next decades.
Particularly, PV is projected to provide around 5% of global electricity consump-
tion by 2030, rising to 11% by 2050 (IEA, 2010a). In this context, the Mediterranean
area (France, Italy, Greece) are expected to play a major role (IEA, 2010a). The basic
concept of CSP is relatively simple: CSP devices concentrate energy from the sun’s
rays to heat a receiver to high temperatures. This heat is then transformed first into
mechanical energy (by turbines or other engines) and then into electricity. The solar
energy that CSP plants use is measured as direct normal irradiance (DNI), which
is the energy received on a surface tracked perpendicular to the sun’s rays. CSP
developers typically set a bottom threshold for DNI of about 2000 kWh/m2/year.
Below that, other solar electric technologies that take advantage of both direct and
diffuse irradiance, such as PV, are assumed to have a competitive advantage. Good
DNI is usually found in arid and semi-arid areas with reliably clear skies, which
typically lies at latitudes from 15 to 40◦ North or South. As a consequence, one
of the most favorable areas for the CSP technology is the Mediterranean basin.
In 2010, the global stock of CSP plants neared 1 GW capacity, mainly in Spain
(about 0.5 GW). Projects now in development or under construction in more than a
dozen countries (including China, India, Morocco, Spain and the United States) are
expected to totalize 15 GW, and CSP is expected to contribute about 5% (1500 GW)
of the annual global electricity production in 2050 (IEA, 2010b). Particularly, poten-
tial in the Middle East and North Africa would cover about 100 times the current
consumption of the Middle East, North Africa and the European Union combined
(IEA, 2010b). Finally, wind energy is probably the most cost-effective of the renew-
able energy technologies. It must be stressed that wind energy was the renewable
source with the fastest growing rate: since 2000, cumulative installed capacity has
grown at an average rate around 30% per year (Global Wind Energy Council, 2007).
In 2008, wind energy provided nearly 20% of electricity consumption in Denmark,
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more than 11% in Portugal and Spain, over 4% of all EU electricity and nearly 2%
in the United States (IEA, 2009). By 2030, wind electricity is estimated to be pro-
duced annually from over 1000 GW of wind installed capacity, corresponding to 9%
of global electricity production with an expected rising to 12% in 2050 (IEA, 2009).

The Mediterranean area presents some special features regarding the transition
from a fossil era to a greener one. In fact the region presents considerable wind and
outstanding solar energy resources that would make this transition easier. According
to different studies (DLR, 2007; DESERTEC, 2010; Price Water House Cooper,
2010), Europe and North Africa together could produce by 2050 about 80% of
their electricity needs from renewables, if their respective grids were sufficiently
interconnected.

1.1 Energy and Meteorology

The expected huge development of the renewable energies in the coming decades
will demand a corresponding development of the so-called energy meteorology
science. Energy meteorology includes all the aspects of the meteorology and clima-
tology relevant for the renewable energies. In fact, the meteorological and climate
information is a key issue at the various stages of a renewable energy project,
as outlined in Fig. 1. Particularly, in the first stages (project development), the
climate information is required in terms of the resource evaluation. This evalu-
ation includes data obtained based on direct measurement, satellites and models

Fig. 1 The relationship between the weather and climate and different activities related to the
renewable energy
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estimations. Once operating, weather forecasts are needed for the yield integration in
the power grid. This requires information from both satellite (nowcasting) and fore-
casts from Numerical Weather Prediction models (forecasting) (Lara-Fanego et al.,
2011). Accurate information on expected solar irradiance or wind speed is used for
the management of the electricity grids, the scheduling of conventional power plants
and also for decision making on the energy market. Monthly and seasonal forecasts
are also of interest for maintaining operation and strategic planning, as they can
potentially allow the electricity system operators to estimate the energy production
availability and the electric network operator to conveniently adapt demand and
resources (Weisser and Foxon, 2003).

Accurate resource evaluation is a key issue in the first stages of a renewable
energy project. Particularly, as the life span of wind farms or solar plants (both
PV and STPP) is about 20 years, the economic feasibility study of the project
should be considered an adequate estimation of the interannual variability of the
resources. Usually, the resource evaluation is mainly based on field measurements
collected at meteorological stations. Since these measures are expensive and time
consuming, typically only a few years of data are available for the investment
decision making (Barbour and Walker, 2008). However, a few years of measure-
ments do not generally account for the natural climate variability of the resources.
Consequently, the projected production could significantly vary from 1 year to
another and through decades. Therefore, some complementary studies, usually
based on satellite estimates or model simulations, are necessary for a reliable
renewable energy resources evaluation. Aside from these very important economic
aspects, the evaluation of interannual variability is crucial regarding the reliabil-
ity of a power system with a high penetration of renewable energy. Particularly, an
important area of research regarding the resources evaluation is the analysis of the
balancing between different renewables. There are two different types of balancing:
spatial and local balancing. Spatial balancing takes place if the combined output
of many variable renewable energy plants, based on same or different resources
(mainly wind and solar), at different locations over a wide area, is smoother than
the output of individual power plants (von Bremen, 2008). Note that the spatial
balancing is a consequence of the different weather and climate conditions over
large regions. On the other hand, local balancing takes place when, within the same
location, the combined output of two different renewable energy plants, based on
different resources (wind and solar), is smoother along time than the output of each
individual plant. Several studies show that the existence of spatial or local balancing
allows increasing the reliability of solar and wind plants yields, provided the grid
are sufficiently interconnected (von Bremen, 2008; Cassola et al., 2008; Kempton
et al., 2010).

Although other phenomena, as aerosols or solar cycles, may play a significant
role, interannual variability of the solar radiation is mainly related to changes in the
cloud cover associated with changes in the large scale circulation patterns (Sanchez-
Lorenzo et al., 2008, 2009; Chiacchio and Wild, 2010; Papadimas et al., 2010).
Concerning the wind resources, surface winds are also mainly driven by large scale
circulation. Nevertheless, local features such as surface roughness, local thermal
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contrast and orography can modify their spatial and temporal features, especially
in areas of complex topography as the Mediterranean region (Burlando, 2009; Li
et al., 2010). On the other side, the North Atlantic Oscillation (NAO) is recognised
as a major actor regarding the interannual variability of the large scale circula-
tion in the Mediterranean area, especially during winter (Hurrell et al., 2003).
Particularly, the impact of the NAO on the cloud cover variability and on solar radi-
ation at the surface at the whole North Atlantic area has been previously described
(Trigo et al., 2002; Pozo-Vázquez et al., 2004; Lohmann et al., 2006; Sanchez-
Lorenzo et al., 2008, 2009; Chiacchio and Wild, 2010; Papadimas et al., 2010).
However, the NAO impact on the wind and, therefore, wind energy resources is
almost unexplored. Therefore, the NAO can plausibly have significant effects on the
wind and solar energy resources in the Mediterranean basin which are worth to be
analyzed.

In this work we present an analysis of the impact of the NAO on the solar and
wind energy resources in the Mediterranean area. Particularly, the study aims to
evaluate the role of the NAO in the interannual variability of the wind and solar
energy. Monthly means of daily integrated wind and solar energy data, covering
the whole North Atlantic and the Mediterranean area, including the north of Africa,
are analyzed. The dataset was derived from satellite retrievals (solar energy) and
meteorological reanalysis (wind energy and cloud cover) and extends over a period
of about 20 years. We first carried out a correlation analysis to explore the linear
relationship between the NAO and the solar and wind energy. An analysis of the
cloud cover-NAO correlation is also undertaken. In a second part, the composite
analysis is used to study the linear and non-linear component of the solar and wind
energy anomalies response to the NAO phases. Finally, the eventual existence of
balancing between the wind and solar energy resources associated with the NAO
cycle is explored. The work is organized as follows: Section 2 describes the dataset
and the processes used to derive the wind and solar energy data. Section 3 deals with
the results. Finally, in Section 4 some concluding remarks are outlined.

2 Data Description

Two datasets have been used in this work. Firstly, the ERA-Interim reanalysis
dataset was used to derive cloud cover data and the wind energy resources. The
ERA-interim global reanalysis are the third generation of reanalysis of the European
Center for Medium Range Weather Forecasting (ECMWF). Original data have a
spatial resolution of about 0.7º and a temporal step of 3 h (Simmons et al., 2007).
In this work we have analyzed the period 1989–2008. Wind speed at 10 m above
the surface at 3 h interval was used to estimate daily integrated values of the wind
energy based on:

Edaily−wind =
8∑

1

(
1

2
ρv3

)
3, (1)
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where v is the wind speed every 3 h and ρ is the density of the air at sea level. Note
the energy units are (W·h). Based on these daily integrated wind energy estimates,
monthly means values were computed. Finally, winter season and annual mean val-
ues were computed based on the monthly values. December through February were
used for winter, while annual values were computed from December of the preced-
ing year to November of the considered year. Regarding the cloud cover, daily mean
values were computed based on the 3 h interval values. Then, monthly mean values
and winter and annual mean values were computed based on the same procedure
that for the wind data.

Solar energy was derived from the Irradiance at the Surface derived from ISCCP
cloud (ISIS) dataset (Lohmann et al., 2006). It consists of 3-hourly values of direct
normal and global irradiances at the surface that have been derived by means of one-
dimensional radiative transfer computations. The ISIS dataset covers the time period
1984–2004, with a spatial resolution of 280 by 280 km. Note that 3-h temporal
resolution of ISIS enables the study of daily cycles. The daily integrated solar energy
estimates were obtained along the period 1985–2004 based on the global irradiance
data:

Edaily−solar =
8∑

1

GHI × 3, (2)

where GHI is the global irradiance every 3 h. As for the wind energy, and based on
these daily integrated solar energy estimates, monthly means values were computed
and, then, winter season and annual mean values were obtained.

Both the ERA-interim and the ISIS dataset have a global coverage. In this work,
although the analysis has been focused in the Mediterranean region, the study area
has been extended to the whole North Atlantic region, including the north of Africa,
from latitude 20º northward.

Finally, the winter and annual NAO index as defined by Hurrell et al. (2003) was
used to monitor the NAO.

3 Results

3.1 NAO-Solar Energy Correlation Analysis

Figures 2a and 2b show the sample correlation coefficients between the NAO index
and the solar energy for the winter and annual cases, respectively. During the win-
ter, a dipolar pattern can be observed: while almost the whole Mediterranean region
presents positive correlations, most part of central and northern Europe presents
negative values. The highest positive correlation values (0.8) are located over the
southwest of the Iberian Peninsula. Also over most part of the central and east-
ern Mediterranean area high positive values (0.6) are observed. On the other hand,
the highest negative correlations are located over the north west of Russia (–0.6)
and British Islands (–0.4). Note also the relatively weak, but significant, negative
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Fig. 2 (a) Correlation between the NAO index and the solar energy for the winter season. The
period of analysis covers 2005–2004. Dots indicate negative correlation while continuous line
indicates positive correlation. Shading indicates local statistical significance of the difference at
90% confidence level based on a t-test. (b) as in (a) but for the annual data

correlation obtained over Egypt. Results are in agreement with those recently pre-
sented by Papadimas et al. (2010), which showed the existence of a Mediterranean
solar radiation spatial variability mode associated with the NAO during the win-
ter. Regarding the annual correlation map, it resembles winter case but displaced
north-eastward and with weaker values. Particularly, the highest positive correla-
tions (0.6) are found over Poland and the Baltic area. Regarding the Mediterranean
area, weak but statistically significant positive correlations (0.2) are found over the
southwest of the Iberian Peninsula and the eastern Mediterranean area and weak
negative correlations over the north of Egypt.

Since interannual variability of the solar radiation is mainly associated with cloud
cover, the former NAO-solar energy correlation patterns should resemble the NAO-
cloud cover spatial correlation over the study area. Figures 3a and 3b shows the
correlation between the NAO index and the total cloud cover for the winter and

Fig. 3 (a) Correlation between the NAO index and the cloud cover for the winter season. The
period of analysis covers 1989–2008. Dots indicates negative correlation while continuous line
indicates positive correlation. Shading indicates local statistical significance of the difference at
90% confidence level based on a t-test. (b) as in (a) but for the annual data
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annual cases, respectively. As expected, both the winter and annual patterns are in
agreement with those observed in Fig. 2. In particular it should be noted the negative
correlation pattern covering the majority of the Mediterranean area during winter
(Fig. 3a), with the maximum negative values (–0.3) located over the central and
eastern sectors. On the other hand, positive correlation values (0.6) are found over
Ireland. These results are in agreement with the analysis of the cloud-cover NAO
relationship of Trigo et al. (2002). Concerning the annual case (Fig. 3b), negative
correlation values (about –0.3) are observed over the west of the Iberian Peninsula
and the eastern Mediterranean area, in agreement with the patterns observed in
Fig. 2b. In any case, correlations are, both for the winter and annual case, weaker
than those obtained for the solar energy.

3.2 NAO-Wind Energy Correlation Analysis

Figure 4a, b show the correlation between the NAO index and the wind energy for
the winter and annual cases, respectively. In both cases, a dipolar pattern can be
observed, with negative correlation values over the whole Mediterranean region and
positive correlations concentrated over central and northern Europe. Noteworthy,
the correlations are weaker than those obtained for the solar energy, indicating a
weaker linear relationship between the NAO and the wind energy. Note that annual
dipolar pattern seems to be shifted south-eastward compared to the winter case.
Particularly, for winter, the maximum positive correlations (0.6) are found over the
north of the British Islands and the Scandinavian Peninsula. For the annual case,
these high positive values are also observed in central Europe. On the other hand,
the maximum negative values are found over Greece in winter and over the north
of Algeria in the annual case. Note the striking feature over the Gibraltar Strait area
during winter. Over this area, high positive correlation values (0.6) are found while

Fig. 4 (a) Correlation between the NAO index and the wind energy for the winter season. The
period of analysis covers 1989–2008. Dots indicate negative correlation while continuous line
indicates positive correlation. Shading indicates local statistical significance of the difference at
90% confidence level based on a t-test. (b) as in (a) but for the annual data
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negative values are found in the rest of the Mediterranean area. This feature, which
deserves more research in the future, is probably related to the special topographic
characteristic of this area.

3.3 Solar Energy Composite Analysis

In this section, composite patterns of winter solar energy anomalies are obtained
as a function of the state of the NAO. Data are represented as anomalies (in per-
centage) from the mean of complete study period (1985–2004). Figure 5a shows
the composite of solar energy anomalies for winters in which the value of NAO
index was positive (NAO>1) and Fig. 5b for winters in which the NAO index was
negative (NAO<–1). The differences between positive NAO and normal NAO (i.e.,
–1<NAO<1) winters (Fig. 5c) and negative NAO and normal NAO winters (Fig. 5d)
are also shown. Finally, the differences between the anomalies during positive and
negative NAO winters (i.e., the differences between Fig. 5c, d) are represented in
Fig. 5e. Note that Fig. 5c, d, f represent the spatial patterns of the maximum inter-
annual changes (from one winter to other) that can be expected in the solar energy
resources. During positive NAO winters (Fig. 5a), the solar energy presents pos-
itive anomalies over the whole Mediterranean area and negative anomalies over
central Europe and the north of the British Islands. The spatial pattern of anomalies
observed during negative NAO winters are similar but of reverse sign (Fig. 5b). Both
patterns are in agreement with the correlation patterns presented in Fig. 2a. When
comparing the anomalies during positive NAO and normal NAO winters (Fig. 5c),
the whole Mediterranean area presents statistically significant positive anomalies.
The maximum values (10–15%) are observed over the Iberian Peninsula, Greece and
Turkey. On the other hand, the north of the British Islands presents the highest neg-
ative anomalies (about –10%). The comparison between negative and normal NAO
winters (Fig. 5d) shows the existence of statistically significant negative anomalies
(–4 to –8%) over the Iberian Peninsula, the south of France and over certain areas
of Greece and Turkey. In addition, statistically significant positive anomalies (+4 to
+8%) are found over eastern and northern Europe. By comparing the anomalies dur-
ing positive and negative NAO winters (Fig. 5d), noticeable interannual changes in
the availability of solar energy during the winter season can be expected in certain
areas of the study region. Particularly, over the Iberian Peninsula, the northern part
of Greece and Turkey, central Europe and the British Islands, interannual changes in
the solar resources of values up to 15% can be expected associated with interannual
changes in the NAO phase.

Similarly to Figs. 5 and 6 presents the solar energy anomalies associated with
the NAO phases but on annual basis. In general, the annual spatial patterns of
anomalies resemble their winter counterparts but with weaker anomalies. As for
the winter case, statistically significant positive anomalies are found over the whole
Mediterranean area when comparing positive NAO and normal NAO years (Fig. 6c),
but anomalies are considerable weaker (about 4% compared to 10% of the win-
ter case). When comparing negative and normal NAO years (Fig. 6d) statistically
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Fig. 5 Composites of winter season observed solar energy anomalies as a function of the NAO
phase. (a) During the positive phase (NAO>1). (b) During the negative phase (NAO<–1). (c)
Difference between the positive phase and the normal phase (–1<NAO<1). (d) Difference between
the negative phase and the normal phase. (e) Differences between the positive and negative phase.
Data are anomalies in percentage from the long term mean. Continuous line indicates positive
or zero anomalies and dotted line indicates negative anomalies. Shading indicates local statistical
significance of the difference at 90% confidence level based on a t-test

significant negative anomalies (about –3%) are found over the South of France and
Italy and positive anomalies (about 2%) over the southeast of the Iberian Peninsula,
Tunis and the east of Turkey. The differences between positive and negative NAO
years (Fig. 6e) show that important interannual changes in the availability of solar
energy can be expected in certain areas of the study region, but of a lower magnitude
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Fig. 6 As in Fig. 5 but for the annual data

than those observed for the winter case. Particularly, in the Mediterranean region,
interannual changes of values, between 4 and 8%, can be expected associated with
interannual changes in the NAO. Results are in agreement to Lohmann et al. (2006)
analysis of the interannual variability of the GHI in the Mediterranean area.

3.4 Wind Energy Composite Analysis

As in Fig. 5 for the solar energy, Fig. 7 presents the composite patterns of wind
energy anomalies during the winter associated with the different phases of the NAO.
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Fig. 7 As in Fig. 5 but for the wind energy anomalies

During positive NAO winters (Fig. 7a), positive anomalies are observed over the
British Isles and the Scandinavian Peninsula, reaching up to 20%. Also positive
anomalies but weaker (+10%) are observed over central Europe, the northwest of
Morocco/Gibraltar Strait area, the north of Egypt and the eastern of Turkey. On the
other hand, over the Iberian Peninsula, the central Mediterranean and the Black Sea
areas, negative anomalies of values between –5 and –10% are found. When com-
paring these anomalies with those observed during normal NAO winters (Fig. 7c),
some interesting features are obtained. Particularly, statistically significant and pos-
itive values of up to 30% are observed over the British Islands and the Scandinavian
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area. Positive differences of values between 15 and 30% are observed also over
the northwest of Morocco, central Europe and certain areas of the south and north
of Turkey. On the other hand, statistically significant negative differences (–15 to
–30%) are found over the Iberian Peninsula, north of Algeria and the northwest of
Turkey. The pattern observed during negative NAO winters (Fig. 7b) is not the oppo-
site of that observed during the positive NAO winters. This result is indicative of an
important non-linear relationship between the wind energy and the NAO in the study
area during winter. Particularly, during negative NAO winters, positive anomalies
are observed over the whole Mediterranean basin (10–20%) and the Scandinavian
area (about 20%), while negative anomalies are observed over the Iberian Peninsula
(–10 to –20%). When comparing these anomalies with those found during normal
winters (Fig. 7d), statistically significant positive differences are observed over Italy,
Greece and Turkey (+20%) and over the Scandinavian area (+40%). On the other
hand, negative differences are observed over the Iberian Peninsula and the north of
Morocco (–20 to –40%). Finally, the patterns in Fig. 7e indicate that interannual
changes in the winter NAO from positive to negative phase (or vice-versa) may
lead to important changes in the wind resources availability. Particularly, over the
central Mediterranean expected changes from one winter to other can reach about
20%, while over Turkey and the northwest of Morocco these changes can reach up
40%. Remarkably, and as a consequence of the non-linear influence of the NAO on
the wind resource, anomalies observed in Fig. 7e in the Mediterranean area are of
the same order of magnitude of those of Fig. 7c, d. Therefore, it can be concluded
that in many areas of this region, as Turkey, Greece or the northwest of Morocco,
interannual variability of the wind resources from one winter to other can be really
high. This reflects the marked interannual variability of the NAO: over these areas,
wind resources experiment noticeable changes from one winter to another. This hap-
pens not only when the NAO changes from the positive to the negative phase, but
also when the NAO changes from a positive or negative phase to a normal phase or
vice-versa (Fig. 7c–e).

The composite anomaly patterns for the annual case (Fig. 8) are similar to
their winter counterparts but displaced south-eastward and with weaker anoma-
lies. Particularly, as for the winter case, and as may be expected from Fig. 4b, the
annual case also presents an important non-linear relationship between the NAO
and the wind energy resources. Notably, Fig. 8a, b do not present opposite pat-
terns. Statistically significant negative anomalies (about –8%) are found over the
central Mediterranean area when comparing positive NAO and normal NAO years
(Fig. 8c). Positive anomalies are observed over central and northern Europe and
over the Iberian Peninsula, with values in the order of 8%. When comparing nega-
tive and normal NAO years (Fig. 8d) statistically significant and positive differences
(with values about 10%) are found over the central and eastern Mediterranean areas,
the north of the Iberian Peninsula and some areas in central and northern Europe.
On the other hand, statistically significant negative differences are observed over
the south of the Iberian Peninsula and the north of Morocco and Algeria. Finally,
Fig. 8f indicates the existence of an important interannual variability of the wind
resources in the study region associated with interannual changes in the NAO from



226 D. Pozo-Vazquez et al.

Fig. 8 As in Fig. 7 but for the annual data

positive to negative phase (or vice-versa). Particularly, in the central and eastern
part of Mediterranean region, over the Gibraltar Strait area and over the northwest
of Morocco, these changes can reach up to 10%. Nevertheless, and as a consequence
of the important non-linear relationship between the wind energy resources and the
NAO, these changes are of a lower magnitude than the changes observed when the
NAO changes from a positive or negative phase to the normal phase (or vice-versa)
(Fig. 8c, d). Similarly to the winter analysis, it can be concluded that in certain
areas of the Mediterranean (namely the northwest of Morocco, the Gibraltar Strait
and Greece), interannual variability of the wind resources can be really high. This
situation reflects the fact that wind resources over these areas experiment marked
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changes from 1 year to other not only when the NAO changes from the positive
to the negative phase, but also when the NAO changes from a positive or negative
phase to a normal phase or vice-versa (Fig. 8c–e).

3.5 The NAO and the Balancing of the Solar and Wind Energy
Resources

The previous sections revealed that the variability of the solar and wind energy
resources in the study region associated with the NAO presents considerable spa-
tial differences. Notably, the spatial patterns of the NAO influence on the solar
and wind resources reveal in some cases the existence of spatial balancing. For
instance, the dipolar pattern of the spatial correlation in Fig. 2a indicates the exis-
tence of spatial balancing of the solar resources between the central and northern
Europe, on one side, and the Mediterranean basin, on the other. Even more, there
exists also a weaker but more interesting (because of the availability of the solar
resources) balancing between the north of Egypt and the rest of the Mediterranean
area. Unfortunately this spatial balancing is not present in the annual analysis
(Fig. 2b). Regarding the wind, the dipolar pattern in Fig. 4a also reveals the exis-
tence of spatial balancing between northern Europe and the Mediterranean area as
earlier highlighted by Pryor et al. (2006). Compared to the winter solar energy
case, the strength of this balancing seems to be weaker. In addition, during win-
ter, there exists also spatial balancing between the western Mediterranean (Gibraltar
strait) and the rest of the Mediterranean region. Regarding the annual case, and
unlike the solar resources, the spatial balancing is also present but displaced south-
west-ward (Fig. 4b). Finally, the comparison of Figs. 2a and 4a reveals that the
NAO impact on the solar and wind resources over the study area presents a similar
north-south dipolar pattern but the sign of the dipoles are just opposite. Therefore,
it can be concluded the existence of a notably local balancing between the solar
and wind resources almost over the whole study region during winter. Regarding
the Mediterranean region, the strength of this balancing seems to be especially high
in the central part, over Greece, where correlation between the NAO and the solar
energy is higher than 0.6 (Fig. 2a) and between the NAO and the wind energy with
circa –0.6 (Fig. 4a). For the annual case (Figs. 2b and 4b) the balancing is also
present but weaker. Concerning the Mediterranean area, the southwest of the Iberian
Peninsula, Greece and Turkey present a remarkable balancing. For instance, over the
southwest of Iberian Peninsula the NAO-solar energy correlation reaches about 0.2
while NAO-wind energy correlation is about –0.4.

4 Summary and Conclusions

The influence of the NAO on the solar and wind energy resources in the
Mediterranean area has been explored based on the analysis of 20 years of reanal-
ysis and satellite data. Particularly, the role of the NAO cycle in the interannual
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variability of the solar and wind energy resources was analyzed based on correlation
and composite analysis. Although the study is focused on the Mediterranean area,
for the sake of completeness, the analysed data covered the whole North Atlantic
and Mediterranean area, including the north of Africa. The analysis was carried
out twice for the winter and annual periods and aimed to contribute to a better
understanding of renewable energy resources in the study region.

Regarding the winter solar energy, a north south dipolar pattern of correlation was
found, with the positive centre of the dipole over the Mediterranean and the nega-
tive one over central and northern Europe. Correlation coefficient over the whole
Mediterranean area reached values above 0.6, with the highest value (0.8) over the
Iberian Peninsula. The annual case presented a correlation map resembling the win-
ter case but displaced north-eastward and with weaker values. A similar analysis
for the cloud cover instead of for the solar energy was able to explain the former
results. In any case, the NAO-cloud cover correlation was found, both for the winter
and annual case, to be weaker than those obtained for the solar energy. The compos-
ite analysis revealed some additional features of the NAO-solar energy relationship.
Particularly, positive anomalies (10–15%) were found over the Iberian Peninsula,
Greece and Turkey associated with the positive phase NAO winters. On the other
hand, during negative NAO winters, negative anomalies (–4 to –8%) were found
over the Iberian Peninsula, the south of France, Greece and Turkey. As a conse-
quence, over these areas, interannual changes in the winter solar energy resources of
values of up to 15% can be expected associated with interannual changes in the NAO
phase. Regarding the annual analysis, the composite analysis showed similar results
but anomalies were considerable weaker. For instance, the positive NAO years were
found associated with positive anomalies (4%) over the whole Mediterranean area.
Negative NAO years were found associated with negative anomalies over the South
of France and Italy (–3%) and positive anomalies (2%) over the southeast of the
Iberian Peninsula, Tunis and the east of Turkey. As a consequence, for the entire
Mediterranean region, interannual changes of values between 4 and 8% were found
associated with interannual changes in the NAO phase.

The NAO-wind energy relationship was found to be considerably more com-
plex than the NAO-solar energy one. Particularly, the winter correlation analysis
proved the existence of north-south dipolar pattern, with positive values over cen-
tral and northern Europe and negative values over the Mediterranean area. For the
latter area, negative correlation values (–0.4 to –0.6) were observed, except over
the Gibraltar Strait area, where positive correlation values were found. The annual
correlation analysis showed a similar pattern, but shifted south-eastward. Thus over
the Mediterranean area, the maximum negative values were observed over Greece
(–0.6) in the winter case and over Algeria (–0.6) in the annual case. Noteworthy,
in general the correlations were weaker than for the solar energy case, indicating a
weaker linear relationship between the NAO and the wind energy. The composite
analysis revealed additional features regarding the complex relationship between
the NAO and the wind energy in the study area. For instance, the winter anal-
ysis proved the existence of positive anomalies (15–30%) over the northwest of
Morocco and the south and north of Turkey, and negative anomalies (–15 to –30%)
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over the Iberian Peninsula, north of Algeria and the northwest of Turkey associ-
ated with the positive phase of the NAO. The composite pattern observed during
negative NAO winters was not the opposite of the observed during the positive
NAO winters. Particularly, the main features during this negative phase were the
presence of positive anomalies (+20%) over Italy, Greece and Turkey and negative
anomalies (–20 to –40%) over the Iberian Peninsula and the north of Morocco. As
a consequence, notable interannual changes in the winter wind energy resources
associated with interannual changes in the NAO phase were found over the central
Mediterranean (20%), Turkey and the northwest of Morocco (+40%). The annual
composite patterns showed to be similar to their winter counterparts but the patterns
were displaced south-eastward and the anomalies were weaker. Particularly, over
the central Mediterranean, negative anomalies (–8%) were found associated with
the positive phase of the NAO. During the negative phase, positive anomalies (10%)
were found over the central and eastern Mediterranean area and the north of the
Iberian Peninsula, while negative anomalies (–10%) were found over the south of
the Iberian Peninsula and the north of Morocco and Algeria. Consequently, inter-
annual changes in the annual wind resources of values over 10% were found in
the central and eastern part of Mediterranean region, over the Gibraltar Strait area
and over the northwest of Morocco associated with interannual changes in the NAO
phase.

Finally, the analysis of the spatial patterns of the NAO influence on the solar and
wind energy resources revealed the existence of spatial and local balancing. Among
others, the dipolar pattern of the spatial correlation obtained for the solar energy dur-
ing winter indicated the existence of spatial balancing of the solar resources between
the central and northern Europe and the Mediterranean. However, it should be noted
that this spatial balancing was not present in the annual analysis. The dipolar pattern
of the winter NAO-wind energy relationship also revealed the existence of spatial
balancing between northern Europe and the Mediterranean area for the wind energy.
Nevertheless, compared to the winter solar energy case, the strength of this balanc-
ing was found to be weaker. In addition, during winter, spatial balancing between
the western Mediterranean (Gibraltar Strait) and the rest of the Mediterranean region
was also found. Regarding the annual case, and unlike the solar resources, the spa-
tial balancing was also present but displaced south-westward. In addition to the
spatial balancing found for the wind and the solar energy, a significant local bal-
ancing between the solar and wind resources almost over the whole study region
was found associated with the NAO cycle. Regarding the Mediterranean region and
during winter, the strength of this balancing was found to be especially high in the
central section. In the annual case the most important local balancing was found over
the southwest of the Iberian Peninsula, Greece and Turkey, although the magnitude
was weaker than in the winter case.

The authors believe that the results above summarized are of interest regarding
the solar and wind energy resources evaluation in the Mediterranean area. In this
regard we would like to emphasise that, in the light of results obtained here, a more
in depth assessments of solar and wind resources should be required and that mea-
suring solar and wind data covering only a few years should be avoided. This will
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provide a better estimation of the expected interannual variability of the renewable
resources and, therefore, of the plant production interannual variability.
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