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ABSTRACT
The North Atlantic Oscillation (NAO) is a dominant pattern of large-scale variability in the Northern Hemisphere,
with important regional effects on the winter climate of Europe. Nested regional climate models (RCMs) can be useful
tools for studying the regional signal of the NAO. Therefore, it is important to assess whether they can reproduce the
observed NAO signal over Europe when driven by lateral boundary conditions from global climate models. In this
paper we investigate the NAO-related winter variability over Europe in a RCM simulation driven by large-scale fields
from an atmospheric global model simulation forced with historic sea surface temperature and sea ice distribution for
the period 1961–1990. We show that (1) the NAO-related winter variability signal over the European region shows
substantial topographically induced fine-scale features, both for temperature and precipitation, and (2) the model is
capable of reproducing many aspects of this fine-scale regional signal and, in particular, the topographically forced
regional response of precipitation to NAO-type circulations. We conclude that nested regional climate models can be
used to study the fine-scale regional signature of the NAO under different climatic conditions.

1. Introduction

The North Atlantic Oscillation (NAO) is an important compo-
nent of the variability of the Northern Hemisphere winter cli-
mate (e.g. Rodwell et al., 1999; Bojariu and Gimeno, 2003).
The NAO is defined in the sea level pressure (SLP) anomaly
field as a dipole-like structure characterized during the positive
phase by a strong Icelandic low and Azores high (e.g. Van Loon
and Rogers, 1978). Over land, positive NAO phase conditions
lead to negative surface air temperature anomalies over western
Greenland and northeastern Canada, and positive temperature
anomalies over central and northern Europe. In winter, dry con-
ditions over southern Europe and the Mediterranean area, and
positive precipitation anomalies from Iceland to Scandinavia,
are also associated with the positive NAO phase (e.g. Hurrell,
1995). Opposite conditions are found during the negative NAO
phase. Over the ocean, the two NAO phases determine opposite
changes in the North Atlantic westerlies and trades, the position
and intensity of the storm track, the heat and fresh water flux and
the pattern of sea surface temperature (SST) anomalies (Cayan,
1992; Rogers, 1997; Bojariu and Reverdin, 2002).

∗Corresponding author.
e-mail: bojariu@meteo.inmh.ro

The large-scale features of the influence of the NAO on the
European winter climate are well known (e.g. Hurrell, 1995).
However, the fine-scale characteristics of the NAO signal have
been analysed less extensively. The strength of the NAO signal is
highly variable within the European region due to local factors.
Hanssen-Bauer and Førland (2000) found that the effect of the
NAO on the long-term trends and decadal scale variability of
temperature and precipitation in Norway is locally modulated,
with the southwestern part of the country being most affected. A
pronounced spatial variability of the NAO signal over northern
Europe was also found by Uvo (2003).

A number of studies identified spatially variable responses
of Iberian precipitation to the NAO. These responses range
from a high sensitivity in the central and southwestern re-
gions of the peninsula to low sensitivity in the southeastern re-
gions due to the influence of topography and the Mediterranean
Sea (Rodo et al., 1997; Esteban-Parra et al., 1998; Rodrı́guez-
Puebla et al., 1998; Martin-Vide and Gomez, 1999; Ulbrich
et al., 1999; Sáenz et al., 2001; Goodess and Jones, 2002;
Muñoz-Dı́az and Rodrigo, 2003). Schmidli et al. (2002) found
that the correlation between precipitation and the NAO index
(NAOI) is negative and relatively stationary south of the main
Alpine crest, while it is highly intermittent north of the crest.
Finally, Bojariu and Paliu (2001) identified a strong influence of
the Carpathian mountains on the NAO-related temperature and

Tellus 57A (2005), 4 641



642 R. BOJARIU AND F. GIORGI

precipitation anomalies in Romania for the period 1961–1990.
Thus, the observational evidence suggests that topography and
land–sea contrasts add fine-scale detail to the NAO-related large-
scale temperature and precipitation signal over the European
region.

Regional climate models (RCMs) can be very valuable tools
for studying the fine-scale signal of the NAO because they can
reach horizontal resolutions of a few tenths of a kilometre. In
particular, the use of RCMs driven by lateral boundary condi-
tions from global model simulations can allow us to study how
the regional effects of the NAO can change under the forcing of
increased greenhouse gas concentrations. Indeed, during the last
decade, RCMs have been increasingly used for simulations of re-
gional climates under a variety of boundary conditions and forc-
ing scenarios (e.g. McGregor, 1997; Giorgi and Mearns, 1991,
1999), and a number of nested RCM simulations have been car-
ried out over Europe (e.g. Giorgi and Marinucci, 1996; Giorgi
et al., 1997; Jones et al., 1995, 1997; Christensen et al., 1997,
1998; Rotach et al., 1997; Machenhauer et al., 1998; Räisänen
et al., 2001; Räisänen and Joelsson 2001; Jacob et al., 2001;
Räisänen et al., 2004; Giorgi et al., 2004). However, to date no
investigation has been presented of the fine-scale NAO signal in
RCM simulations.

To fill this gap, we present an analysis of the NAO signature
in a multidecadal simulation over Europe with a RCM driven by
lateral forcing fields from a corresponding experiment with an at-
mospheric general circulation model (AGCM). The simulation,
which was completed under the European project PRUDENCE
(Prediction of Regional scenarios and Uncertainties for defining
EuropeaN Climate change risks and Effects; Christensen et al.,
2002), covers the period 1961–1990, during which the NAO
showed a multidecadal trend towards an increasingly positive
phase (Hurrell, 1995).

Our analysis is aimed at assessing whether the nested mod-
elling system captures the winter NAO variability signal over
Europe and its modulation by regional topographical features.
Large-scale NAO signals are essentially imposed by the large-
scale AGCM fields used to drive the RCM simulation, while
fine-scale signals are due to the internal RCM processes and forc-
ings (e.g. topography). A good overall simulation of the NAO
variability thus requires a good performance by both the global
model, which provides the lateral boundary conditions for the
RCM, and the RCM itself. In this paper we analyse the NAO sig-
nal in the RCM simulation and compare it with that of the driving
AGCM in order to assess the influence of the large-scale AGCM
forcing fields on the local topographical NAO-related features.
This comparison can also provide an illustration of the added
fine-scale information that can be obtained when using a nested
RCM to downscale AGCM information. This paper focuses on
the NAO-related spatial patterns rather than their predictabil-
ity, and this constitutes the first step towards the assessment
of regional NAO-induced signals under various climate change
scenarios.

We first perform an analysis of the NAO-related patterns for
the entire European domain, with emphasis on some key regions
where the NAO signal is strongly modulated by the local to-
pography, such as Scandinavia, the Balkan/Alpine region and
the Iberian Peninsula. As a more detailed illustrative example,
we then focus on a relatively small region encompassing the
Carpathian mountain chain and adjacent areas for which we have
available accurate observations from a relatively large number
of observing stations (104).

2. Model, data, experiment design
and methodology of analysis

2.1. Model, data and simulation

The simulation analysed in the present study is described in detail
by Giorgi et al. (2004). It was completed using the regional
model RegCM in the version originally developed by Giorgi
et al. (1993a,b) and later improved as described by Giorgi and
Mearns (1999) and Pal et al. (2000). The model horizontal grid
interval is 50 km and the domain covers most of Europe and
the Mediterranean Basin (Fig. 1) using a Lambert conformal
projection. The RegCM was run at its standard configuration,
with the model top at 80 hPa, 14 vertical sigma layers and five
levels below about 1.5 km.

The driving lateral boundary conditions for the RegCM sim-
ulation are obtained from a corresponding experiment with the
Hadley Centre’s HadAM3H AGCM (Pope et al., 2000), which
uses a horizontal grid point spacing of 1.25◦ latitude and 1.875◦

longitude. The lateral boundary conditions are provided using
the modified relaxation procedure of Giorgi et al. (1993b) and
the RegCM is run continuously for the entire 1961–1990 period.
The HadAM3H simulation uses observed monthly SST, sea ice,

Fig. 1. RegCM domain and topography. The map projection is
Lambert conformal. Units are m.
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greenhouse gas (GHG) and sulfur emissions. From the sulfur
emissions, HadAM3H calculates sulfate aerosol concentrations
using an atmospheric sulfur model. SST, sea ice, GHG and sul-
fate concentrations are then interpolated onto the RegCM grid
and used by the regional model to calculate the corresponding
radiative forcing, including both direct and indirect aerosol ef-
fects (Giorgi et al., 2002, 2003). A brief summary of the salient
features of the 1961–1990 RegCM experiment is reported in
Section 3.1 and for more details the reader is referred to Giorgi
et al. (2004).

Since the effects of the NAO are most important during the
winter season, in this study we focus on winter climate as de-
fined by the period December–January–February (DJF). The ob-
served data used to evaluate the model simulation are taken from
the monthly data set developed at the Climatic Research Unit
(CRU) of the University of East Anglia (New et al., 2000). This
is a station-based 0.5◦ resolution gridded dataset of surface air
temperature and precipitation over land for the period 1901–
2001, out of which we extracted data for 1961–1990. The reso-
lution of the CRU data is thus similar to that of the RegCM.
For the more detailed analysis of the Carpathian region we
use observations of winter temperature and precipitation from
104 Romanian stations for the period 1962–1990. Monthly SLP
from the NCEP/NCAR reanalysis (Kalnay et al., 1996) are also
used to evaluate the model experiment. As a measure of the
observed NAO intensity we use the station-based DJF NAOI
provided by the Climate Analysis Section, NCAR, Boulder, CO,
USA, defined as the difference between the normalized SLP at
Ponta Delgada, Azores, and Stykkisholmur/Reykjavik, Iceland
(Hurrell, 1995).

2.2. Analysis methodology

We use a multivariate statistical method, the canonical corre-
lation analysis (CCA), to identify the NAO-related variabil-
ity. The CCA selects a pair of spatial patterns of two vari-
ables such that their time evolutions are optimally correlated
(Preisendorfer, 1988; Bretherton et al., 1992; Von Storch, 1995).
Prior to performing the CCA, the data are projected onto their
empirical orthogonal functions (EOFs) and only a limited num-
ber of EOFs are retained in order to minimize noise. Typically,
the canonical correlation tends to be overestimated if the num-
ber of EOFs is too large and a compromise needs to be achieved
between the requirement of having a high fraction of the total
variance captured in the set of CCA patterns and the constraint
to filter out noise from the data (Von Storch, 1995).

We apply the CCA to the pairs of variables SLP/temperature
and SLP/precipitation for both modelled and observed data. In
the EOF analysis we use the covariance matrix of the data. The
EOF and CCA patterns are normalized such that the temporal
coefficients are in standard deviation units. We compare the CCA
time evolution of temperature and precipitation with each other
and with the NAOI.

The use of non-standardized anomalies as input for the EOF
analysis and subsequent CCA (i.e. the use of the covariance ma-
trix) presents the advantage of a good representation of gradients
in the analysed fields, and thus facilitates the physical interpre-
tation of the results. However, some regional features tend to be
masked due to the contrast between different climate character-
istics coexisting in the analysis area. For this reason we perform
a parallel analysis by mapping the correlation coefficients be-
tween the principal component associated with the first EOF of
SLP over Europe (as a measure of the NAOI) and the temperature
or precipitation at each grid point (or station). Linear regression
and non-parametric Mann–Kendall rank statistics (τ ) (Sneyers,
1990) are used to detect trends in both modelled and observed
data.

3. Results

3.1. Brief description of the 1961–1990
RegCM simulation

As mentioned, the RegCM simulation analysed here has been de-
scribed in detail by Giorgi et al. (2004) and only a brief summary
of their main conclusions is given here. Overall, the RegCM cap-
tured well both the spatial patterns and seasonal evolution of the
large-scale average wind field, surface air temperature and pre-
cipitation. Seasonally averaged temperature biases were mostly
less than 1–2 ◦C. The model showed a tendency to overestimate
precipitation, particularly in the spring season. However, the pre-
cipitation biases (10–20%) were mostly within the estimated
uncertainties in the observational data sets.

Giorgi et al. (2004) also examined the simulated interannual
variability of temperature and precipitation over different Euro-
pean areas and found that the RegCM underestimated the tem-
perature variability in winter over central and eastern Europe
while it reproduced well the observed winter variability over
the Mediterranean region. Summer temperature variability was
instead generally overestimated. Concerning precipitation, the
variability was well reproduced over western, central and east-
ern Europe, while it was overestimated over the Mediterranean
Basin in summer.

Finally, an analysis of the simulated trends during the period
1961–1990 showed that, despite the availability of a single sim-
ulation, the model was successful in reproducing some patterns
of observed trends, especially for precipitation. In particular,
the model reproduced the observed winter drying trend over the
Mediterranean area and the increasing winter precipitation trend
over continental Europe. The large-scale features of the RegCM
and HadAM3H simulations were generally similar because of
the strong influence of the forcing HadAM3H fields on the re-
gional model. Significant differences were, however, found at the
finer scales, either in response to local topographic and coast-
line forcings or because of the representation of local physical
processes.
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Fig. 2. Observed spatial pattern of leading CCA modes for the pairs
DJF SLP/temperature (a) and DJF SLP/precipitation (b) for the period
1961–1990. Units are hPa. The winter (DJF) SLP is from the
NCEP/NCAR reanalysis, while temperature and precipitation are from
the CRU dataset.

3.2. The observed winter NAO-related variability
signal over Europe during 1961–1990

We identify the NAO-related patterns in observed tempera-
ture and precipitation over Europe by performing the CCA on
the CRU gridded data and the NCAR/NCEP Northern Hemi-
sphere SLP (north of 20◦N) for the winters (DJF) of 1961–1990.
Figures 2a and b illustrate the leading CCA spatial patterns of
SLP paired with averaged temperature and precipitation anoma-
lies, respectively. Tests with different numbers of EOFs sug-
gested that the best choice in terms of both highest correlation
and explained variance is to retain the first five EOFs of SLP,
precipitation and temperature. For the SLP/temperature pair,
the correlation coefficient associated with the first CCA mode
is 0.93 and the fraction of total variance represented is 0.40 for
SLP and 0.38 for temperature. For the SLP/precipitation pair,
the correlation coefficient associated with the first CCA mode is
also 0.93 and the fraction of total variance represented is 0.42 for
SLP and 0.26 for precipitation. The time evolution of the CCA
modes is significantly correlated with the NAOI for the anal-
ysed period, with correlation coefficients of 0.88 and 0.81 for
the SLP/precipitation and the SLP/temperature pairs, respec-
tively (Fig. 3a). The spatial patterns of the observed first CCA
mode over Europe are shown in Fig. 4a for the SLP/temperature
pair and in Fig. 5a for the SLP/precipitation pair. The CRU tem-
perature and precipitation data are interpolated onto the RegCM
grid and do not include ocean values.

The patterns displayed in Figs. 2, 4a and 5a are consistent
with the large-scale features of winter NAO variability revealed
by other studies (e.g. Van Loon and Rogers, 1978; Hurrell, 1995).
During the positive NAO phase, enhanced westerly circulation
prevails, bringing warm air from the North Atlantic to northern
and central Europe. Also, the Atlantic storm track is displaced
northwards from its average position and the baroclinic activ-
ity over the Mediterranean Sea is strongly inhibited due to a
reduction of the north–south thermal gradient. This causes the
observed negative precipitation anomalies over southern Europe.

Opposite conditions are found during the negative NAO phase,
when enhanced northeasterly wind anomalies prevail over north-
ern and central Europe and induce negative surface air tempera-
ture anomalies there. The Atlantic storm track is then displaced
southwards of its average position and the advection of moist
air over the Iberian Peninsula as well as the baroclinic activ-
ity over the Mediterranean area are enhanced. This causes the
observed tendency for above normal precipitation over south-
ern Europe during negative NAO phases (e.g. Lamb and Pepler,
1987; Hurrell, 1995; Ulbrich et al., 1999; Sáenz et al., 2001). The
effect of the displacement of the Atlantic storm track between
the two NAO phases (Rogers, 1997) is clearly revealed in the
observations by a dipole structure in the precipitation field, with
the peak amplitudes located over southern Scandinavia and the
Iberian Peninsula (Fig. 5a).
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Fig. 3. (a) Time evolution of the NAOI (solid bold curve), the leading
observed DJF SLP/temperature CCA mode (solid curve) and the
leading observed SLP/precipitation CCA mode (dotted bold curve) of
Figs. 2a and b, respectively. (b) DJF RegCM time-series of the leading
SLP/temperature (solid bold curve) and SLP/precipitation (dotted bold
curve) first CCA modes. (c) DJF HadAM3H time-series of the leading
SLP/temperature (solid bold curve) and SLP/precipitation (dotted bold
curve) first CCA modes. Also shown are the corresponding linear
regression trend lines (dashed-dotted for NAOI, solid thin for
temperature and dotted thin for precipitation).

Fig. 4. Spatial pattern of the first CCA mode of DJF SLP (contoured,
hPa) and temperature (shaded, ◦C) representing the observed (a) and
the simulated NAO-related variability by the HadAM3H (b) and
RegCM (c) over Europe for the period 1961–1990. The SLP contour
interval is 1 hPa and solid (dotted) contours are used for the positive
(negative) SLP. Zero lines are bold. The observed SLP pattern is the
regional portion of the hemispheric patterns in Fig. 2.

In terms of the NAO–precipitation relationship, the spatial
structure revealed by the CRU gridded data is generally in agree-
ment with other analyses performed with raw data from meteo-
rological stations. For example, using EOF and cluster analysis
applied to data from 125 northern European meteorological sta-
tions for the period 1967–1996, Uvo (2003) identified basically
the same NAO-related features in the local precipitation field
over northern Europe as found in the CCA spatial pattern of
Fig. 5a. A strong precipitation variability centre is located over
the southwestern Norwegian coast due to the enhancement of
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Fig. 5. Spatial patterns of the first CCA mode of DJF SLP (contoured,
hPa) and precipitation (shaded, mm/day) representing the observed (a)
and simulated NAO-related variability by the HadAM3H (b) and
RegCM (c) over Europe for the period 1961–1990. The SLP contour
interval is 1 hPa and solid (dotted) contours are used for the positive
(negative) SLP. Zero lines are bold. The CRU SLP pattern is the
regional portion of the hemispheric patterns in Fig. 2.

precipitation by orographic uplift of moist westerly flow dur-
ing the positive NAO phase. Less precipitation variability of
opposite sign is identified over southeastern Sweden due to the
precipitation shadowing effect of the Scandinavian mountains,
which presents a barrier to the influence of the NAO, and to the
exposure of this area to southeasterly winds from the Baltic Sea.

Another important centre of variability is the Iberian Penin-
sula, where the NAO signal is strongly affected by the precipita-
tion shadowing effect of the topographic massifs of the Iberian
Plateau. This is illustrated by the spatial pattern of the first CCA

mode of Fig. 5a and is in agreement with an analysis of Iberian
precipitation performed by Rodrı́guez-Puebla et al. (2001) using
data from 56 meteorological stations (see their Fig. 1). Addi-
tional topographically modulated variability centres are found
along the western coasts of the Balkan Peninsula and Turkey
(see Fig. 5a).

The CCA patterns are based on EOFs, which themselves
are derived from the covariance matrix of the underlying data.
They represent gradients accurately but tend to obscure features
present in regions characterized by relatively smaller climate
fluctuations. Correlation maps between the principal component
associated with the first EOF of SLP over Europe and the CRU
grid point temperature and precipitation have been computed to
obtain a clearer signal in regions characterized by smaller climate
fluctuations. The first EOF of the NCEP/NCAR SLP over Eu-
rope is quite similar to the CCA patterns presented in Fig. 2 and
it represents 50% of the total variance in the SLP field. Its corre-
lation coefficient with the NAOI is 0.87. Observed correlations
for three key centres of variability characterized by pronounced
spatial gradients (northern Europe, the Iberian Peninsula and the
central Mediterranean) are shown in Figs. 6a, 7a and 8a.

For northern Europe (Fig. 6a), the correlation map clearly
shows the effect of regional topography on the NAO patterns,
which induces positive correlations over the western Norwegian
coasts. For the Iberian Peninsula (Fig. 7a) the correlation map
shows that even though most of the area is significantly influ-
enced by the NAO, the strength of the influence of the NAO is
greater over the central and southwestern regions (Rodo et al.,
1997; Goodess and Jones, 2002). This feature is masked in the
CCA pattern (Fig. 5a) due to the low level of rainfall variability
in this region.

Over the central Mediterranean (Fig. 8a) we can observe a
sharp variation in correlation across the Alpine chain and over
the Balkan region. The prevailing negative correlation between
the NAO and precipitation over this region is also supported
by the analysis of station data of Tomozeiu et al. (2002). They
attribute the downward trend in winter precipitation over the
Italian Peninsula observed in recent decades to the influence of
the NAO.

3.3. The NAO variability signal over Europe in the
RegCM and HADAMH3 simulations

We use the same analysis as in Section 3.2 to identify the NAO
signal in the 30 yr RegCM experiment, and for comparison
purposes the HADAM3H corresponding fields used to drive the
regional model. The first five EOFs of SLP, precipitation and
temperature are retained in all cases for the subsequent CCA.
The NAO-related first CCA mode of the SLP/temperature pair
derived from HadAM3H has a correlation coefficient of 0.98 and
a fractional total represented variance of 0.54 for SLP and 0.36
for temperature. The HADAM3H NAO-related first CCA mode
of the SLP/precipitation pair has a correlation coefficient of 0.99
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Fig. 6. Correlation coefficient between the first principal component of
the DJF SLP and precipitation at each grid point of the northern
European region included in our model domain: (a) observations
(CRU), (b) HadAM3H simulation, (c) RegCM simulation. Statistically
significant coefficients at the 0.95 confidence level are greater than 0.39
in magnitude. Shading indicates HadAM3H topography in (b) and
RegCM topography in (c) (units of m).

Fig. 7. Correlation coefficient between the first principal component of
the DJF SLP and precipitation at each grid point of the Iberian
Peninsula: (a) observations (CRU), (b) HadAM3H simulation, (c)
RegCM simulation. Statistically significant coefficients at the 0.95
confidence level are smaller than −0.39. Shading indicates HadAM3H
topography in (b) and RegCM topography in (c) (units of m).
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Fig. 8. Correlation coefficient between the first principal component of
the DJF SLP and precipitation at each grid point of the central
Mediterranean region: (a) observations, (b) HadAM3H simulation, (c)
RegCM simulation. Statistically significant coefficients at the 0.95
confidence level are greater than 0.39 in magnitude. Shading indicates
HadAM3H topography in (b) and RegCM topography in (c) (units
of m).

and a fractional represented variance of 0.38 for SLP and 0.27
for precipitation. For the RegCM SLP/temperature pair the cor-
relation coefficient associated with the first CCA mode is 0.95
and the fraction of total variance represented is 0.50 for SLP and
0.32 for temperature. The RegCM SLP/precipitation pair has
a correlation coefficient associated with the first CCA mode of
0.98 and a fraction of total variance represented of 0.43 for SLP
and 0.31 for precipitation.

The spatial patterns of the first CCA temperature and precip-
itation modes in the RegCM and HadAM3H are compared with
observations in Figs. 4 and 5. The first EOF of the RegCM SLP
(not shown) is quite similar to the CCA SLP pattern presented in
Fig. 4b and represents 50% of the total variance in the modelled
SLP field. The correlation coefficients of its principal compo-
nent with the RegCM CCA time series are 0.94 and 0.82 for
the temperature-paired and precipitation-paired patterns, respec-
tively. In agreement with observations, the simulated large-scale
coupled SLP patterns display a zonal circulation with northern
and southern Europe characterized by an out-of-phase relation-
ship. However, the simulated dipole centres are shifted eastwards
compared with their observed position in both the HadAM3H
and RegCM simulations. As mentioned, the simulation of these
large-scale centres of variability is primarily determined by the
large-scale forcing fields of HadAM3H (Figs. 4b and 5b).

The spatial features of the simulated regional temperature re-
sponses to the NAO-type circulation show some differences com-
pared with observations in both the HADAM3H and RegCM
simulations. In the model-derived temperature CCA patterns
(Figs. 4b and c) the simulated Scandinavian centre of variabil-
ity is reduced compared with observations. This feature is due
to a shift in the position of the northern centre of action in the
driving AGCM fields compared with observations. The magni-
tude of negative thermal coefficients over Greece, Turkey and
the eastern Mediterranean is underestimated by the models.

For precipitation, the amplitude of the first CCA mode is
overestimated over southern and central Europe in both mod-
els (Figs. 5b and c) but the details of the NAO-related variability
are reproduced remarkably well by the RegCM experiment in
the regions where the response to the NAO is modulated by
the topography and land–sea contrast, in particular over south-
ern Scandinavia, the western Iberian Peninsula and the Balkan
Peninsula. The HadAM3H precipitation patterns show a shift
relative to the coast in all these key regions. Furthermore, an
artificial shadowing effect is apparent in the HadAM3H pre-
cipitation pattern over the central portion of southern Scandi-
navia which is not found in the observations. Finally, the inten-
sification of precipitation variability over the western Turkish
coast, which is present in the CRU and RegCM data, is absent
in the HadAM3H pattern. All these features are due to the rela-
tively coarse representation of topography in HADAM3H and we
conclude that the RegCM simulation is able to better represent
the topographically forced details of NAO-related precipitation
variability.
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Figure 6 compares observed and simulated correlation maps of
the first principal component of SLP and precipitation over north-
ern Europe. The combined effect of the Scandinavian mountains
and the easterly circulation from the Baltic region is well simu-
lated by the RegCM model, with the correlation strength showing
a maximum over the western Norwegian coasts and a minimum
over the southeastern regions of Sweden (the shadowing effect).
In addition, both the RegCM and CRU data exhibit an area of
significant NAO-related precipitation variability over the south-
western Swedish coast (Fig. 6). This feature was also found by
Uvo (2003) from station observations. The HADAM3H shifts the
western Norwegian maximum to the east and does not simulate
the southeastern Swedish maximum.

The local details of NAO-related Iberian precipitation are also
generally reproduced by the RegCM in both the covariance based
CCA (Fig. 5) and the correlation map (Fig. 7), although the cor-
relation coefficients are generally higher in the model than in
the observations. The strongest linkage between precipitation
and the NAO is in the central, northeastern and southwestern
portions of the Iberian Peninsula, and the RegCM captures this
linkage. In addition, in both the RegCM and the observations
the correlation decreases over the southeastern and Cantabrian
coasts. Using observed data, Sáenz et al. (2001) showed that
during the positive NAO phase the main mode of precipitation
variability is associated with a strong reduction of baroclinic ac-
tivity in the baroclinic waveguide which joins the eastern branch
of the Atlantic storm track and the Mediterranean Basin. During
the negative NAO phase, the increase in baroclinic activity is not
significant, suggesting a non-linear behaviour of the precipita-
tion response to the large-scale circulations over the southeastern
coasts. Muñoz-Dı́az and Rodrigo (2003) explain this behaviour
in terms of the increasing influence of the Mediterranean Sea
from west to east and of the topographic barrier of the Sierra
Nevada mountains. The decrease in correlation strength over the
southeastern Iberian coast (as a results of the shadowing effect
of the Sierra Nevada mountains) which is present in both the
CRU (Fig. 7a) and RegCM (Fig. 7c) patterns is absent in the
HadAM3H data (Fig. 7b). The HadAM3H also does not capture
the maximum negative correlation over central Spain. Again,
similarly to the case for the Scandinavian region, the RegCM
performs better than its corresponding AGCM in capturing the
topographically induced detail of precipitation variability over
the Iberian Peninsula.

Table 1. Mann–Kendall τ statistics for the NAOI and the time series of: the first principal component of the DJF NCEP/NCAR SLP over Europe
and the observed DJF (CRU) CCA SLP/temperature and SLP/precipitation pairs; the time-series of the first principal component of simulated DJF
SLP over Europe and the CCA DJF SLP/temperature and DJF SLP/precipitation pairs. The bold value are significant at the 95% confidence level
and the italic value significant at the 90% confidence level

NCEP/NCAR CRU CCA CRU CCA HadAM3H HadAM3H HadAM3H RegCM RegCM RegCM CCA
NAOI EOF SLP SLP/T SLP/P EOF SLP CCA SLP/T CCA SLP/P EOF SLP CCA T/SLP P/SLP

1.72 2.00 1.09 0.53 0.96 1.07 0.88 1.03 0.96 0.70

Over the central Mediterranean region (Fig. 8) both the global
and regional models capture the change in the correlation sign
across the Alpine crest, which was also found by Schmidli et al.
(2002). Over the Italian and Balkan peninsulas the models and
the observations show a prevalence of negative correlations, al-
though in the CRU observations these extend further north over
the Balkan region than in the simulations. The topographic sig-
nal of the coastal Balkan mountains is especially evident in the
RegCM results.

Although the time evolution of the NAO-related signals is not
the main concern here, we briefly analyse some temporal trends
of the coefficients of the CCA modes, which can be viewed as
alternative regional NAO indices. These are shown in Fig. 3 for
the SLP/temperature and SLP/precipitation pairs. The linear re-
gression between the NAOI and the time-series associated with
the CRU and simulated CCA modes (Fig. 3) suggests the exis-
tence of an upward trend in both observed and modelled indices.
In addition, the τ values of the Mann–Kendall test (Table 1)
computed for the observed and simulated time-series show pos-
itive values in all cases (although with a low significance level),
implying the presence of upward trends in the data. The model
simulations capture the observed trend in the CCA modes, al-
beit the magnitude of the trends is underestimated. The simulated
trend is mostly determined by the NAO-related features from the
AGCM transmitted to the RCM and this result suggests that the
SST forcing in the driving AGCM may be an important factor in
determining the trend. However, a more robust conclusion on the
issue of simulated trends in NAO-related patterns would require
ensembles of simulations.

3.4. The local NAO variability signal over the
Carpathian region

In this section we analyse in more detail the model per-
formance in capturing the local NAO-related signature over
Romania using observed data at 104 Romanian stations for the
period 1962–1990. Figures 9 and 10 show the first observed and
simulated CCA modes in the RegCM and HadAM3H models for
the SLP/temperature and SLP/precipitation pairs, respectively.
In all cases presented in this paragraph, temperature and precip-
itation are extracted for a domain covering Romanian territory
(from 20◦E to 30◦E and from 43◦N to 49◦N). The local spatial
coefficients derived from the 104 stations were interpolated onto
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Fig. 9. Spatial pattern of the first CCA mode of the DJF
SLP/temperature pair for the interval 1962–1990 derived from (a) 104
Romanian meteorological stations (interpolated onto a 0.5◦ grid), (b)
the HadAM3H simulation and (c) the RegCM simulation. Shading
indicates topography (m) from a 10′′ resolution data (a) and in the
HadAM3H (b) and RegCM (c) models.

a 0.5◦ longitude–latitude grid by applying a Cressman procedure.
Note that the observing stations only cover Romanian territory
and features outside the Romanian borders are due to the spatial
interpolation.

The CCA spatial patterns of hemispheric SLP linked to ob-
served Romanian temperature and precipitation (not shown) are

Fig. 10. The same as in Fig. 9 but for precipitation.

similar to the NCEP/NCAR-derived ones (Fig. 2), displaying
an NAO-related dipole structure. Their time-series are statisti-
cally correlated with the NAOI for the analysed interval (0.75
and 0.76 for temperature and precipitation, respectively). The
correlation coefficient associated with the SLP/temperature and
SLP/precipitation CCA pairs is 0.89 and 0.88, respectively. The
fraction of total variance represented is 0.24 (0.32) for the SLP
paired with temperature (precipitation) and 0.47 (0.35) for tem-
perature (precipitation) paired with the SLP.
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A dominant feature of the central and eastern European region,
where Romania is located, is the presence of the Carpathian
chain, which stretches between 45◦N and 50◦N and encloses
the Hungarian Plain and the Somes-Transylvanian Plateau (see
Figs. 8, 9 and 10). Comparison of the RegCM topography maps
of Figs. 9c and 10c with the finer-scale topographic data of
Figs. 9a and 10a shows that the model captures the general shape
of the Carpathian chain, although the chain itself is smoother than
in reality and some local topographical features are not repre-
sented. The improvement in the topographical representation of
the Carpathians between the RegCM and HADAM3H models is
also evident from Figs. 9b,c and 10b,c.

The Carpathians represent a strong element of roughness for
the atmospheric flow, and the uplift across the Carpathian slopes
substantially modulates the precipitation patterns over the re-
gion (Ion-Bordei, 1988). The winter NAO-related signal in the
temperature field is stronger in the extra-Carpathian regions due
to the topographic forcing imposed on the atmospheric flow by
the Carpathian mountains (Ion-Bordei, 1988; Bojariu and Paliu,
2001). This signal mainly manifests itself in an intensification of
the NAO-related variability to the east and west of the Carpathian
Massif, with the eastern centre being more intense due to the
greater roughness of the eastern Carpathians (Fig. 9a). Another
maximum centre is located in the northwestern portions of the
intra-Carpathian region. The main minima in the first tempera-
ture CCA mode are found over the branches of the Carpathian
chain (Fig. 9a).

The observed winter pattern of precipitation anomalies re-
veals a strong NAO signal over the southwestern and southern
areas of Romania due to an enhanced (decreased) frequency
of Mediterranean cyclones reaching this region during negative
(positive) NAO phases. A second centre of variability is located
over eastern Romania (east of the Carpathians) due to cyclones
following a trajectory over, and being intensified by, the Black
Sea (Fig. 10a).

The comparison between simulations and observations shows
that the RegCM model reproduces a number of features of the re-
sponse of both the temperature (Fig. 9) and precipitation (Fig. 10)
to the NAO large-scale winter variability over Romanian terri-
tory. The eastern Romania temperature/SLP pattern is reason-
ably well reproduced by the RegCM model (see Fig. 9), along
with some elements of the thermal structure over the southern
regions of Romania. These patterns are less effectively simu-
lated by HadAM3H. RegCM also captures the blocking effect
of the Carpathian chain over the western regions of Romania,
which is instead lost by HadAM3H (Fig. 9b). The simulated
signal over the western slopes of the Carpathians is, however,
underestimated by both models. The winter CCA pattern for the
RegCM-simulated precipitation anomalies (Fig. 10c) presents
a north–south gradient with a maximum located south of the
Carpathian chain. This feature is in agreement with observations
(Fig. 10a). It is noteworthy that the second centre of precipitation
variability located east of the Carpathians and due to the influ-

ence of the Black Sea is also captured by the regional model.
Neither of these features is present in the HadAM3H patterns.
The agreement between simulated and observed CCA precip-
itation patterns decreases in the northern regions of Romania,
probably because of the smoothed model topography.

In summary, even the relatively smooth model representation
of the Carpathian chain allows the RegCM model to capture
some important aspects of the regional signature of the NAO
over Romania. A finer-scale representation of the Carpathian
chain would probably lead to a better simulation of the local
details associated with the variability of the NAO.

4. Summary and conclusions

In this paper we analyse the winter NAO signal in a nested re-
gional climate simulation over Europe for the period 1961–1990.
The phenomenon-oriented approach used here to validate the
model results ensures that both the variable climatic features and
the underlying physical mechanisms are correctly represented by
the model. First, an analysis of observations shows that the NAO
signature on the winter temperature and precipitation variabil-
ity exhibits substantial topographically induced fine-scale de-
tail, particularly over Scandinavia, the Iberian Peninsula and the
central Mediterranean. Overall, the RegCM simulation showed
a good performance in capturing the main regional features of
the European winter climate response to the NAO variability,
both in its large-scale and fine-scale features. The large-scale
response is primarily determined by the driving global model
fields while the fine-scale response is mostly modulated by the
regional model topography. As a result, because of its finer to-
pographical representation, the RegCM performs better than the
forcing HadAM3H in describing the topographically induced
signal of the NAO-related variability. In general, the RegCM
shows a better performance in simulating the NAO signal for
precipitation than for temperature. One of the reasons for this
is that the topographic forcing is a dominant feature affecting
winter precipitation, and this forcing is well simulated by the
RegCM.

In agreement with observations, upward trends have been
found in all simulated NAO indices. This provides some support
to the hypothesis that the SST forcing in the AGCM experiment
may play a role in the decadal NAO variability simulated by the
driving model and transmitted to the RegCM model (Rodwell
et al., 1999). However, a more robust conclusion on this issue
requires ensembles of simulations. The consistency of the NAO-
related trends in the HadAM3H and RegCM time-series also
indicates that the temporal variability simulated by the AGCM
is correctly downscaled by the regional model. In addition, the
agreement between a number of RegCM and observed fine-scale
features of the NAO precipitation signal over the Iberian, Scandi-
navian, Alpine, Balkan and Carpathian regions demonstrates the
important role played by the topographic forcing in modulating
the large-scale NAO variability over Europe.
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Our results suggest that the interaction of large-scale NAO-
type circulations with topography is generally more important for
precipitation than for temperature. Moreover, our analysis shows
that despite the chain of uncertainties from the driving ACGM
fields to the nested regional model, RCM simulations are capable
of capturing both the broad and fine-scale regional features of
variability associated with a non-stationary phenomenon like the
NAO. It is important to stress that because the large-scale signal
is essentially dominated by the forcing AGCM fields and the
smaller-scale signal is dominated by the RCM description of
local forcings (e.g. topography and coastlines), the successful
simulation of NAO-related effects requires a good performance
in both the driving global model and the nested regional model.

Pozo-Vázquez et al. (2001) studied the linearity of local cli-
mate responses to the NAO in observed data over Europe and
found that the NAO–climate relationship is not stationary in time.
Non-stationarity was also found by Solonosky et al. (2001) in a
study of circulation and temperature data over Europe from the
1770s to 1995. These results suggest that the extrapolation of
current NAO–temperature linkages to future climate conditions
should be taken very cautiously.

As a preferred internal mode of the extratropical atmosphere,
the NAO will evolve in a changing climate system, possibly lead-
ing to non-stationary changes in its regional and local responses.
As a result, nested RCMs can be especially useful tools (e.g.
compared with statistical downscaling) to study small-scale re-
sponses to the NAO-related variability under changing forcing
conditions (e.g. greenhouse gas concentration).
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