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ABSTRACT: Atmospheric teleconnections have an important influence on the variability of the Mediterranean climate. This
region has a unique and sensitive climate due to its complex topography and atmospheric circulation, thus making it challenging
in climate simulations. This article focuses on the representation of five teleconnections in and around the Mediterranean region
and how they affect one another and the region.

The Regional Climate Model, RegCM4, has been used to simulate the climate from 1969 to 1999 for a domain covering the
Mediterranean and the surrounding region. A generalized method for calculating the indices for these patterns was identified
and the corresponding indices were constructed from the modelled data and compared with reanalysis data. The modelled data
was found to be highly correlated with the 20th Century Reanalysis data and the probability density functions (PDFs) were
very similar to the reanalysis data, showing that the teleconnections were successfully represented within the model.

Maps of the influence of these teleconnections on temperature, precipitation and wind were also comparable to the reanalysis
data, thereby suggesting that model data can be used for future projections of teleconnections and their effects on these
parameters. With the use of this high-resolution data, inter-pattern relationships suggested in previous studies (such as that
between the Mediterranean Oscillation and North sea-Caspian Pattern) became more evident. This article also shows how the
influence of teleconnections on winds affects the circulation and hence the temperature and precipitation of the region.
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1. Introduction

The climate in the North Atlantic and European region is
strongly affected by the Icelandic Low and Azores High
pressure systems. Their influence extends all over the
Northern Hemisphere especially over the Mediterranean
Sea. This inland sea is composed of complex characteris-
tics that give it a unique climate and a higher sensitivity
to climate change (Lionello et al., 2006; Martin-Vide and
Lopez-Bustins, 2006) and thus more challenging for cli-
mate modelling. Apart from its complex orography the
climate in this region is also affected by atmospheric
circulation patterns. Typically, coupled semi-permanent
pressure systems such as the Azores High and the Ice-
landic Low (Bauer and Morikawa, 1976; Christoforou and
Hameed, 1997; McIlveen, 2010; Ackerman and Knox,
2011) give rise to circulation patterns (Hurrell et al., 2003),
commonly referred to as teleconnections (Meehl and van
Loon, 1979; Wallace and Gutzler, 1981; Esbensen, 1984;
Barnston and Livezey, 1987; Rogers, 1990; Kutiel and
Benaroch, 2002; Kutiel et al., 2002; Hurrell et al., 2003;
Kutiel and Helfman, 2004; Krichak and Alpert, 2005;
Kutiel and Türkeş, 2005; Li et al., 2006; Bueh and Naka-
mura, 2007).

* Correspondence to: J. M. Ciarlo ̀ , Department of Physics, University
of Malta, Msida MSD2080, Malta. E-mail: james.ciarlo.06@um.edu.mt

Teleconnections have been defined as a type of atmo-
spheric circulation that tend to be quasi-stationary to a
particular geographic location, generally on the synop-
tic scale and are usually composed of two or more dis-
tant areas of air pressure that have a strong negative
correlation to one another (Wallace and Gutzler, 1981;
Barnston and Livezey, 1987; Kutiel and Benaroch, 2002;
Kutiel and Helfman, 2004). The teleconnections tend to
have a strong influence on meteorological parameters in
the surrounding regions, and these can have a significant
impact on ecology and economy (Hurrell et al., 2003;
Trigo et al., 2004). This study focused on the teleconnec-
tions located at sea level pressure (SLP) and 500 hPa lev-
els described in Table 1. The teleconnections discussed in
this study include the Mediterranean Oscillation (MO:
Conte et al., 1989; Palutikof et al., 1996; Palutikof, 2003;
Vicente-Serrano et al., 2009), North Atlantic Oscillation
(NAO: Walker and Bliss, 1934; Wallace and Gutzler, 1981;
Barnston and Livezey, 1987; Hurrell, 1995; Davies et al.,
1997; Jones et al., 1997; Moulin et al., 1997; Trigo et al.,
2002; Hurrell et al., 2003; Vinther et al., 2003; Burroughs,
2007; Vicente-Serrano et al., 2009), North Sea-Caspian
Pattern (NCP: Kutiel and Benaroch, 2002; Kutiel et al.,
2002; Kutiel and Türkeş, 2005), Southern Europe-North
Atlantic pattern (SENA: Rogers, 1990; Kutiel and Kay,
1992) and Western Mediterranean Oscillation (WeMO:
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Martin-Vide and Lopez-Bustins, 2006; Vicente-Serrano
et al., 2009).

There are several other teleconnections that are likely
to have an influence on the Mediterranean Sea, typi-
cally the Arctic Oscillation (AO) or Northern Annular
Mode (NAM) (Thompson and Wallace, 1998; Ambaum
et al., 2001; Tourre et al., 2006), East Atlantic pattern
(EA: Wallace and Gutzler, 1981; Esbensen, 1984; Barn-
ston and Livezey, 1987; Kutiel and Kay, 1992), East
Atlantic-Western Russia pattern (EAWR: Esbensen, 1984;
Barnston and Livezey, 1987; Krichak and Alpert, 2005),
Central African-Caspian Oscillation (CACO: Kutiel and
Helfman, 2004), and North-Africa/Western Asia pattern
(NAWA: Paz et al., 2003; Tourre and Paz, 2004; Tourre
et al., 2006) and Scandinavian pattern (SCA: Wallace
and Gutzler, 1981; Barnston and Livezey, 1987; Bueh
and Nakamura, 2007), however, these patterns were not
included due to data storage limitations associated with a
significantly larger domain.

All of these teleconnections are located relatively close
with respect to each other and some studies (Franzke and
Feldstein, 2005; Moore et al., 2013) show that they can
have some level of influence on each other. Franzke and
Feldstein (2005) discuss the combined effect of the NAO
and EA with other teleconnections in the northern Pacific
Ocean, and Moore et al. (2013) revealed a combined influ-
ence of the NAO with the EA as well as with the SCA on
the SLP. Other studies have focussed on such behaviour,
however, many of these had a low statistical significance,
if any, due to the limited number of data points used.
Kutiel and Benaroch (2002) had suggested that the NCP
was partly responsible for the oscillatory variation in the
Mediterranean region implying a possible effect on the
MO. Conte et al. (1989) found a weak (but not statistically
significant) correlation between the MO and the NAO,
however, Palutikof (2003) found a statistically significant
positive relationship with the exception of the summer
months, implying that the two patterns act independently
in summer. The WeMO was found to have no statistically
significant relationship with EA, and NAO as revealed in a
study by Martin-Vide and Lopez-Bustins (2006), however,
they also found no statistical significance with EAWR.

Research has shown that variations on the influence of
atmospheric circulation patterns can occur across small
distances, such as 100 km (Vicente-Serrano et al., 2009),
making spatial resolution an important factor in climate
simulations. General Circulation Models (GCMs) have
been found useful and effective at the representation of
large-scale patterns, however, these models do not produce
appreciable results for the identification of variability in
smaller regions such as southern Europe and the Mediter-
ranean (Conway and Jones, 1998; Trigo and Palutikof,
2001; Li et al., 2006). Some low-resolution GCMs have
been used on various occasions to project future changes
in the variation and influence of teleconnections (Palutikof
et al., 1996; Goodess and Jones, 2002; Trigo et al., 2002;
Hurrell et al., 2003; Palutikof, 2003; Bueh and Nakamura,
2007).

For such complex regions applying downscaling tech-
niques at higher resolutions, for example, using dynamical
downscaling through Regional Climate Models (RCMs) or
statistical downscaling models (Murphy, 1999; Zorita and
vonStorch, 1999; Hertig and Jacobeit, 2013), seem more
suitable (Conway and Jones, 1998; Trigo and Palutikof,
2001; Li et al., 2006). The community model, RegCM4
(described by Giorgi et al., 2012), is classified as one of
the abovementioned RCMs. This model was found to be
able to reproduce precipitation and circulation over the
Mediterranean and European region (as well as others:
Almazroui, 2012; Diro et al., 2012; Giorgi et al., 2012;
Ozturk et al., 2012; Diallo et al., 2014; Llopart et al.,
2014; Reboita et al., 2014) with small biases, mostly in
winter (Giorgi et al., 2012; Fuentes-Franco et al., 2014).
Some of these biases were associated to the higher resolu-
tion of the model (Grassi et al., 2013). For these param-
eters, over the Mediterranean and European region, the
RegCM4 was found to provide improved results when
compared with its predecessor, RegCM3 (Giorgi et al.,
2012; Llopart et al., 2014).

The objective of this article is to assess the use of
RegCM4 to adequately calculate teleconnection indices.
The influence of the indices on each other and the cli-
mate in the Mediterranean and surrounding region was also
assessed to evaluate the effects of these teleconnections
within the model. The details describing the simulation
and the method used to calculate the teleconnection indices
are presented in Section 2. The analysis is presented and
discussed in Section 3, where the indices obtained from
the simulation data were compared to data from the 20th
Century Reanalysis (20CRv2: Compo et al., 2009). The
analysis was composed of a comparison of the index val-
ues, their inter-pattern correlations, as well as the effects
of the teleconnections on temperature, precipitation and
wind. The conclusions of this article were summarized in
Section 4.

2. Data and method of analysis

The analysis was based on ensemble mean data obtained
from three 1969–1999 climate simulations performed
using RegCM4.4-rc8 (version: sr3846 08/07/2013),
developed by National Center for Atmospheric Research
(NCAR) and maintained by the Earth System Physics
of the Abdus Salam International Centre for Theoretical
Physics (hereafter referred to as RegCM4; Giorgi et al.,
2012). The domain chosen, set at a resolution of 50 km,
covered 54∘W to 90∘E, and 17∘ to 75∘N, to include tele-
connections surrounding the Mediterranean Sea listed in
Table 1. This domain is larger than the Mediterranean to
include regions necessary to describe the teleconnections
affecting the basin (while the 20CRv2 domain is larger to
fit the RegCM region in the Mercator projection).

The boundary conditions selected for the simulations
were the NCEP/NCAR Reanalysis Product version 1
(Kalnay et al., 1996) at 2.5∘ grid data for the principal
driving data and ECHAM5 data (Roeckner et al., 2003;

© 2015 Royal Meteorological Society Int. J. Climatol. (2015)



TELECONNECTIONS IN THE MEDITERRANEAN REGION USING REGCM4

Table 1. The teleconnections studied described according to altitude and geographical location of the nodes.

Positive node Negative node Reference

Lat (∘N) Lon (∘E) Lat (∘N) Lon (∘E)

MO Algiers Cairo Conte et al. (1989)
500 hPa 36.4 3.1 30.1 31.4
NAO Gibraltar Reykjavik Jones et al. (1997)
SLP 36.2 −5.4 64.1 −21.9
NCP North Sea Caspian Sea Kutiel and Benaroch (2002)
500 hPa 55.0 0.0/10.0 45.0 50.0/60.0
SENA Piacenza NW Iceland Kutiel and Kay (1992)
SLP 45.0 10.0 65.0 −20.0
WeMO Càdiz Padova Martin-Vide and Lopez-Bustins (2006)
SLP 36.3 −6.1 45.4 11.8

Table 2. The selections chosen for the three RegCM4
simulations.

Simulation # Advection
scheme

Pressure gradient force scheme

1 Enabled Full fields
2 Disabled Hydrostatic deductions
3 Disabled Full fields

Roeckner et al., 2006) for sea surface temperatures.
Three simulations were run, varying the settings that
primarily affect the pressure and wind fields, namely
the Semi-Lagrangian Advection Scheme for tracers and
humidity and the pressure gradient force scheme as shown
in Table 2. This would result in more complex tracer and
humidity advection in simulation 1, thereby influencing
cloud liquid water formation, radiative forcing and pres-
sure; more complex pressure gradient force calculations
in simulation 2, possibly resulting in more turbulent wind
flows; less complex but smoother overall general circula-
tion in simulation 3, giving a more streamlined wind flow
and less cloud liquid water formation. An ensemble mean
constructed from these simulations would reduce pressure
and wind uncertainties resulting from intra-variability due
to different model configurations. The ensemble mean
obtained from these three simulations was used to evaluate
the model-derived teleconnection indices; identify which
teleconnections are linked together; and classify how the
teleconnections influence climatological parameters in the
model region.

The reference data used for comparison with the simula-
tion output was the NOAA-CIRES 20th Century Reanaly-
sis version 2 (20CRv2) Ensemble Mean taken at six-hourly
intervals for the time period of 1969–1999. This dataset
was selected because it provided a complete four-time
daily interval for the 1969–1999 time period at a low
observation errors (Whitaker et al., 2004; Compo et al.,
2006; Compo et al., 2011), ideal for statistically reli-
able results. The most notable limitations of the 20CRv2
include inhomogeneous observational density during the
first half of the 20th century and unreliable precipita-
tion data in the Tropics (Ferguson and Villarini, 2012;
Ferguson and Villarini, 2013; Lee and Biasutti, 2014),

both of which do not affect this study. The pressure at
mean sea level (in Pa) and geopotential heights (GPH)
at 500 hPa (in m) data were used to construct reference
teleconnection indices for comparison with the RegCM4
teleconnection indices. These indices were then compared
with air temperature (in K), U and V-wind (in m s−1) at
the 1000 hPa level, and precipitation rate at the surface
(in kg m−2 s−1) using correlation field plots for tempera-
ture and precipitation, and similar correlation field plots
which included vectors (henceforth referred to as ‘correla-
tion vector fields’) for the winds to account for the effect
on direction.

The state of a particular teleconnection is quantified
with the use of an index, which relates the difference
between the nodes based on the statistical z-test (Walker
and Bliss, 1934; Wallace and Gutzler, 1981; Kutiel and
Helfman, 2004). The generalized method described in
Equations (1)–(3), was identified and applied to each
teleconnection, following techniques used by Conte
et al. (1989), Kutiel and Benaroch (2002) and Kutiel
and Helfman (2004) to provide index values specific
for the teleconnections described in these studies. How-
ever, as both the RegCM and 20CRv2 datasets were
gridded, the data for each node was taken as a single
grid point for every representative set of the coordi-
nates shown in Table 1. Such station-based indices were
found to be better at representing atmospheric forcing
when using data with a greater atmospheric variability
(Criado-Aldeanueva and Soto-Navarro, 2013). Thus, the
station-based method was chosen in preference to princi-
pal component based techniques as the high atmospheric
variability resulting from the four-time daily RegCM4 data
would provide a better representation of the teleconnection
effects.

The data for the period 1969–1999 was used to calculate
the index value, z of time step i and month j, as represented
in Equation (1). Diffij describes the difference between
the positive (largest pressure anomalies) and negative
(the smallest pressure anomalies) nodes of the same time
step and month, as shown in Equation (2). The quantity,
Diffj represents the average of all Diffij values associated
with a month j, irrespective of years, thereby resulting
in 12 climate averages in the entire time period. Lastly,
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𝜎j(Diffij), given in Equation (3), is the standard deviation
for the month j, where N is the number of time steps
considered in the expression.

zij =
(

Diffij − Diffj

)
∕𝜎j

(
Diffij

)
(1)

Diffij = (Positive node)ij − (Negative node)ij (2)

𝜎j

(
Diffij

)
=

√√√√(1∕N)
i=N∑
i=0

(
Diffij − Diffj

)2
(3)

3. Analysis and results

3.1. Teleconnection indices

The first objective of the analysis was to compare the tele-
connection indices obtained from the ensemble RegCM4
simulation output with those obtained from the 20CRv2
data. The SLP and 500 hPa GPH data were extracted
from the grid points representing the nodes described
in Table 1, and the method described in Section 2 was
used to calculate the teleconnection indices from both the
RegCM4 and 20CRv2 data. A simple comparison of the
time series for the monthly moving average of the telecon-
nection indices (Figures S1–S3, Supporting Information)
between 1969 and 1999 reveals a great similarity between
both the RegCM4 and 20CRv2-derived indices. However,
this is not enough to compare the relative differences
between each pair of time series and evaluate whether
the simulation results deviate significantly from the
reanalysis data.

The teleconnection indices constructed from the
RegCM4 data were thus compared with those constructed
from the 20CRv2 data using Pearson correlation across the
1969–1999 time period. The resulting correlation coeffi-
cients are presented in Table 3; these were all found to be
positive and statistically significant to the 0.001 level, with
the NAO and SENA having coefficients closest to 1. The
time series shown in Figures S1–S3 visualize the different
values obtained by the Pearson correlation. PDFs shown
in Figures 1–3, were constructed to compare the distri-
butions of the teleconnection indices. These plots were
mostly identical with very similar means and standard
deviations, showing that the results for the indices were
reliable. Therefore, despite the fact that the coefficients
for MO, NCP and WeMO deviated further from a value of
1, these results were deemed acceptable as the objective
of a climate simulation is to obtain long-term projections
of the climatology rather than short-term day-to-day
forecasts.

3.2. Inter-pattern analysis

As the influence of teleconnection patterns extends over
large distances, and these teleconnections are relatively
close to each other, it is likely that they would interact as
suggested by Franzke and Feldstein (2005) and Moore

Table 3. Pearson correlation coefficients for RegCM4-derived
indices compared with 20CRv2-derived indices. All coefficients

were statistically significant to the 0.001 level.

MO NAO NCP SENA WeMO

R 0.632 0.840 0.657 0.797 0.610

(a)

(b)

Figure 1. MO (a) and NAO (b) teleconnection index PDFs for 20CRv2
and RegCM4-derived indices for the period of 1969–1999.

et al. (2013). Such interactions may cause interference
or strengthen the effect of other teleconnections. The
nature of inter-pattern correlation was quantified using
a Pearson correlation analysis on the 20CRv2-derived
indices and the RegCM4-derived indices as shown in
Tables 4 and 5, respectively; the latter also shows the
absolute error of these values when compared with
the values of Table 4, as described by Abramowitz
and Stegun (1972).
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(a)

(b)

Figure 2. NCP (a) and SENA (b) teleconnection index PDFs for 20CRv2
and RegCM4-derived indices for the period of 1969–1999.

It is important to note that despite the similarities, there
were a few minor differences between the data presented
in Tables 4 and 5. Rogers (1990) had described a similarity
between the NAO and SENA teleconnections, which in
this analysis was quantified at a value of 0.859. This is
similar to the concept described by Kutiel and Benaroch
(2002) where the NCP and EAWR may be representations
of the same teleconnection, even though Barnston and
Livezey (1987) describe the EAWR with a third weaker
pole which is disregarded by Krichak and Alpert (2005) for
the NCP. However, the remaining inter-pattern correlations
of NAO and SENA were very different; therefore one
cannot describe them as different indices of the same
teleconnection.

The NCP and MO were found to have a low correlation
of 0.041/0.161 (20CRv2/RegCM4, respectively), which
could contradict the link suggested by Kutiel and Benaroch
(2002). A weak correlation of 0.206/0.306 between the

Figure 3. WeMO teleconnection index PDFs for 20CRv2 and
RegCM4-derived indices for the period of 1969–1999.

MO and NAO agrees with the results of Conte et al. (1989)
and Palutikof (2003). The relationship between the WeMO
and NAO was found to be very low at 0.094/0.097, which
explains why Martin-Vide and Lopez-Bustins (2006)
observed no interaction between these patterns. The NCP
and WeMO had the highest negative correlation, with a
value of −0.553, and together with the MO to WeMO
and the SENA to WeMO relationship, describe a degree
of interference in the effects of each of these patterns
with the WeMO, possibly as a result of the proximity
of one pattern’s positive node with the other’s negative
node.

Comparing Tables 4 and 5, one can note that out of
10 inter-pattern correlations, the RegCM4 reproduces
5 interactions with absolute errors smaller than 0.05,
2 interactions with errors smaller than 0.07 and 3 with
errors smaller than 0.15. One should also note that all
the correlation values obtained by the RegCM4-derived
indices are larger in magnitude that those from the
20CRv2-derived indices. As the process of downscal-
ing data to a higher resolution, which occurs within a
RCM, increases the detail of the parameter dynamics,
it is possible that the more highly resolved points used
to calculate the teleconnection indices reveal a more
pronounced interaction (as suggested by Grassi et al.,
2013), thereby resulting in the observed differences in
Tables 4 and 5.

3.3. Significance of correlation field plots

The most sought after effect of a teleconnection is how
the state of that teleconnection can affect the climate of
adjacent regions. In order to better understand their nature
and the reliability of the model to reproduce the expected
teleconnection indices, the influence on air temperature,
precipitation and wind was investigated with the use of
correlation field plots. For these plots, the correlation
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Table 4. The Pearson correlation coefficients between the
20CRv2-derived indices. All coefficients were statistically

significant to the 0.001 level.

NCEP MO NAO NCP SENA WeMO

MO 1 0.206 0.041 0.230 −0.100
NAO 1 0.067 0.859 0.094
NCP 1 0.342 −0.553
SENA 1 −0.388
WeMO 1

Table 5. The Pearson correlation coefficients between the
RegCM4-derived indices and absolute error (in italics) of these
values compared with the 20CRv2 correlations. All coefficients

were statistically significant to the 0.001 level.

RegCM4 MO NAO NCP SENA WeMO

MO 1 0.306 0.161 0.353 −0.122
NAO 0.100 1 0.104 0.845 0.097
NCP 0.120 0.037 1 0.406 −0.596
SENA 0.123 0.014 0.064 1 −0.439
WeMO 0.022 0.003 0.043 0.051 1

coefficient, R is regarded as significant to the 0.05 level if
the magnitude of R corresponds to the value obtained from
the expression described by Burroughs (2007), shown in
Equation (4).

|R| ≥ 1.96∕
√

N (4)

The quantity, N represents the number of samples
(44 921), thereby making the threshold, |R|= 0.009.
Therefore, correlation coefficients, with magnitudes
smaller than 0.009, would be regarded as non-significant.
However, when considering the problem of multiplicity
(Katz and Brown, 1991) a confidence level of 0.05 for
the number of hypothesis assumed in the correlation
field (108× 170) requires a p-value of 2.723× 10−6 using
the Bonferroni adjustment. As a result of this, using
t-statistics (Cohen et al., 2003), the constant of 1.96,
presented in Equation (4), is replaced with 4.83, as shown
in Equation (5), resulting in a correlation threshold, |R| of
0.023, with a p-value of 1.087× 10−6.

|R| ≥ 4.83∕
√

N (5)

However, Katz and Brown (1991) also explained the
need to account for autocorrelation of the parameters, by
dividing the degrees of freedom with a ‘variance infla-
tion factor’, in order to obtain the correct p-value. This
is dependent on the autocorrelation coefficient of every
individual time series, therefore after accounting for the
maximum and minimum possible autocorrelations, a num-
ber of factors were considered for the p-value. In these
cases, when considering Equation (5), the threshold value,
|R| varied between 0.023 and 0.028. However, the small-
est value for the contours presented in Sections 3.4 to 3.6
is 0.1, therefore, any correlation coefficient of magnitude
higher than 0.1, in Figures 4–6, were considered to be sta-
tistically significant to the 0.05 level.

3.4. Influence on temperature

The NAO depends on the Icelandic Low and Azores High
(Davies et al., 1997; Moulin et al., 1997; Hurrell et al.,
2003), as a result, the strongest influence of the teleconnec-
tion is around these two locations (Figure 4). Similarly, all
teleconnections displayed the strongest influence around
the areas of their respective nodes. The influence of the
remaining teleconnections on temperature is shown in the
Supporting Information. The MO (Figure S4) and NCP
(Figure S5) displayed a positive correlation with the tem-
perature surrounding the geographical location in relative
proximity to the positive poles and negative correlations
with the areas surrounding the negative poles; the NAO,
SENA and WeMO (Figures 4, S6 and S7, respectively)
however, displayed the opposite of this. This is probably
caused by the influence of the teleconnection on circula-
tion (described in Section 3.6), as warmer air from the
South is carried North during the positive index phase,
on the East side of the negative pole. One can also note
that both the NCP and MO affect temperature in a similar
way inside the Mediterranean basin, which would explain
the possible link between the two patterns described by
Kutiel and Benaroch (2002). However, the low influence
of the NCP on the East and West side of the basin, and
the lack of influence by the MO near the North and
Caspian Seas, explains why this interaction was so low in
Section 3.2.

3.5. Influence on precipitation

Despite the different influence on temperature, all telecon-
nections revealed a positive correlation with precipitation
in the areas close to the negative nodes, and vice versa for
the positive nodes. For example, the MO, with the posi-
tive node in the West of the Mediterranean and the negative
node in the East, shows a negative correlation with the pre-
cipitation in the West and positive in the East. Both the
MO and NCP displayed similar ‘seesaw’ behaviour over
the Mediterranean as described by Conte et al. (1989); this,
together with the correlation revealed in Section 3.2, shows
a significant but low correlation between the MO and NCP
(Figures 5 and S9), previously suggested by Kutiel and
Benaroch (2002).

The NAO (Figure S8) and SENA (Figure S10) displayed
a positive correlation on precipitation surrounding the area
of the Icelandic low and the northernmost parts of Europe
while displaying a negative relationship over the Azores,
Spain and part of the western Mediterranean, similar to
the description provided by Hurrell (1995). The remain-
ing teleconnections appeared to have a greater influence
over precipitation in the Mediterranean and Europe than
the NAO and SENA. The NCP (Figure S9) had a negative
correlation that dominated over northern Europe which
extended further, however weakly, towards the Mediter-
ranean according to the RegCM data. While the influence
of the MO was focused over the Mediterranean, the influ-
ence of the WeMO (Figure S11) extended over most of
Europe and the Mediterranean with a positive correlation
and a negative correlation over Spain and the Azores.

© 2015 Royal Meteorological Society Int. J. Climatol. (2015)



TELECONNECTIONS IN THE MEDITERRANEAN REGION USING REGCM4

75°N

70°N

65°N

60°N

55°N

50°N

45°N

40°N

35°N

30°N

25°N

20°N

60°W 40°W 30°W 20°W 10°W 10°E 30°E 40°E 50°E 60°E 70°E 80°E 90°E20°E0

60°W 40°W 30°W 20°W 10°W 10°E 30°E 40°E 50°E 60°E 70°E 80°E 90°E20°E0

75°N

70°N

65°N

60°N

55°N

50°N

45°N

40°N

35°N

30°N

25°N

20°N

(a)

(b)

Figure 4. Correlation field map for the period of 1969–1999 between the NAO index and air temperature (K) at 1000 hPa for 20CRv2 (a) and
RegCM4 (b). Correlations of magnitudes higher than 0.1 are statistically significant to the 0.05 level.

3.6. Influence on winds

Also, as expected, at the positive nodes of all teleconnec-
tions during the positive index phase, winds (at 1000 hPa)
are influenced towards a clockwise motion around the
nodes, and conversely, anti-clockwise around the negative
nodes, further strengthening the flow between the two
nodes, for example for the NCP (Figure 6) as described
by Kutiel and Benaroch (2002). Understandably, the
behaviour revealed in these ‘correlation vector fields’, is
inverted during the negative index phases of the telecon-
nections. The teleconnection influence on winds for the
MO, NAO, SENA and WeMO (Figures S12–S15) are
shown in the Supporting Information, all of which have
shown a strong influence on winds over the Mediterranean.

Each Figure shows the correlation fields obtained from
20CRv2 data and the RegCM4 simulation; these have

revealed very similar results that support the use of the
RegCM4 model for such studies. It is important to stress
the issue that the plots are not and cannot be identical
as the resolution of the 20CRv2 and RegCM4 data are
very different, however, the more highly resolved results
from the RegCM4 data further justifies the use of the
model for the projection of teleconnection indices and their
effects. With these correlation fields, one can provide an
understanding of the extent and nature of influence of each
teleconnection in relation to temperature, precipitation
and wind.

4. Summary and conclusions

This article has utilized the index calculation techniques
presented in a number of studies to obtain a generalized
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Figure 5. Correlation field map for the period of 1969–1999 between the MO index and precipitation rate (kg m−2 s−1) for 20CRv2 (a)
and RegCM4 (b). Correlations of magnitudes higher than 0.1 are statistically significant to the 0.05 level.

index for five teleconnections in and around the Mediter-
ranean. When compared with previous studies, this study
uses a very large data set (with over 44 000 time steps)
to explore the interaction between five teleconnections by
comparing the indices of these teleconnections as well
as mapping their effects on temperature, precipitation
and wind.

This study has revealed that the teleconnection index
PDFs calculated from the RegCM4 data were almost iden-
tical to those obtained from the 20CRv2. The correlation
coefficients also show that the temporal variation of the
modelled indices are reliable and the analysis revealed a
statistically significant correlation for all teleconnections,
with the highest coefficients observed for the NAO and
SENA. Therefore, one can state that the RegCM4 can
reproduce reliable teleconnections.

Most of the inter-pattern correlations were found to have
small errors, however, the error in the interaction of MO
with NCP and SENA was greater than 0.1, although one
should also note that the nodes of these patterns are found
in complex orographic regions resulting in a larger differ-
ence as a result of downscaling. The MO to NCP interac-
tion was suggested by Kutiel and Benaroch (2002) due to
the ‘seesaw’ behaviour displayed by the MO and NCP over
the Mediterranean, which was also observed in this study
and hence suggests a relationship between the two pat-
terns. It is possible that the difference observed was a result
of the higher resolution of the RegCM4 data as suggested
by Grassi et al. (2013). The model mechanism was an
unlikely cause of these differences, as the ensemble mean,
which included combinations for advection and pressure
gradient force, would have diminished such errors. In such
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Figure 6. Correlation field map for the period of 1969–1999 between the NCP index and wind speed (m s−1) for 20CRv2 (a) and RegCM4 (b).
The arrows describes the vector component, and the shading describes the magnitude of the correlation coefficient, representing the change in wind

effected by the teleconnection. Correlations of magnitudes higher than 0.1 are statistically significant to the 0.05 level.

a case, the higher correlation observed between the MO
and NCP in the RegCM4 data corroborates with the studies
of Kutiel and Benaroch (2002).

Rogers (1990) suggested a strong relationship between
the NAO and SENA, and that the latter is a part of
the NAO teleconnection. Despite the high correlation
observed between these patterns which reinforces the
strong relationship between the phenomena, the differ-
ence in their influence on the surrounding region and pat-
terns shows that they are not the same pattern. The high
correlation coefficient observed was probably a result of
the proximity between the nodes of the patterns, most

notably because of the Icelandic node. The inter-pattern
correlations corroborate the positive correlation coefficient
between MO and NAO observed by Conte et al. (1989) and
Palutikof (2003). Although a statistically significant corre-
lation between WeMO and NAO was found, this value is
very low and explains the lack of significance observed by
Martin-Vide and Lopez-Bustins (2006).

The 20CRv2 and RegCM4 correlation fields were
comparable, revealing small deviations from the driving
data and thereby increasing the confidence of possible
long-term projections. These results contrast with those
from GCMs and other low-resolution models used in
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the past and therefore, it can be stated with reasonable
confidence that RegCM4 simulation data could be applied
for future climatological projections of these five telecon-
nections and their regional atmospheric effects, with the
highest confidence associated with the NAO and SENA.
It is possible that the technique presented in this article
could be applied to different teleconnections and RCMs,
however, an extensive evaluation would be required.
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the change in wind affected by the teleconnection. Cor-
relations of magnitudes higher than 0.1 are statistically
significant to the 0.05 level.
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