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Summary In this paper, the surface and lower tropospheric
temperature trends in Greece and their relationship to the at-
mospheric circulation for the period 1955–2013 were exam-
ined, updating the study of Feidas et al. (Theor Appl Climatol
79:185–208, 2004) for data observed during the 12-year peri-
od 2002–2013. The trend analysis is based on a combination
of three statistical tests. The trends are now examined for all
the seasonal time series, new atmospheric circulation indices
were added in the analysis, and maps with the spatial distri-
bution of correlation between air temperature and atmospheric
circulation were constructed and analysed. The series updated
to 2013 for 18 stations reveal a clearer positive trend than that
found for the period 1955–2001 on both the annual and the
seasonal timescales. The warming signal detected only in
summer in the study of Feidas et al. (Theor Appl Climatol
79:185–208, 2004) has now intensified and spread in other
seasons. This warming appears to be mainly caused by the
very high temperatures in the last decade (after 2004) of the
record. At the national scale, there is now a match between
surface temperature trends in Greece and Northern
Hemisphere (NH) but only for summer, spring and annual
time series, which are the only time series presenting a statis-
tically significant warming trend in Greece. Satellite-induced
lower tropospheric temperatures now show a statistically sig-
nificant tropospheric temperature warming trend for the peri-
od 1979–2013, for both areas (Greece and NH). Lower tropo-
spheric and surface air temperatures for the same period
(1979–2013) show a very good agreement, with differences

only in winter and summer for Greece. The influence of at-
mospheric circulation on the temperature variability in Greece
was also examined using two more circulation indices: the
Eastern Mediterranean Pattern Index (EMPI) and the North-
Sea Caspian Pattern Index (NCPI). EMPI and especially
NCPI explain better now the temperature variance in
Greece, principally in winter. This connection, however, is
not only developed during winter, as expected, but is also
present for annual and other seasonal temperatures.

1 Introduction

According to the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change (IPCC) Bclimate
warming is unequivocal, and since 1950, many of the ob-
served changes are unprecedented over decades to millennia^
(IPCC 2013). Analysis of global air temperature data indicates
an average warming of 0.84 °C since 1860 with each of the
last three decades being successively the warmest on record
since 1850 (IPCC 2013).

The analysis of global climate variations, however, does
not present a uniform spatial and temporal pattern (Jones
and Moberg 2003). Regional climate variations often do not
follow the typical global climate change pattern. For example,
in the Mediterranean basin, many studies have found an evo-
lution in air temperatures similar to that observed on the globe
as a whole, namely, a cooling during the period 1955–1975
and an intense warming afterwards but with considerable var-
iability over space and time (Piervitali et al. 1997; del Río et al.
2011). However, discrepancies arise in air temperature trends
between the western and eastern Mediterranean. Whereas a
distinct warming has been reported for the central and western
Mediterranean (Piervitali et al. 1997; Brunet et al. 2007; del
Río et al. 2011; Longobardi and Mautone 2015; Ageena et al.
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2014), trends in the eastern Mediterranean are not clear and
consistent with the general temperature increase in the global
or hemispheric scale. Early studies on air temperature trends
in the Mediterranean detected a cooling in western
Mediterranean for the period 1950–1990 (Parker et al. 1994;
Sahsamanoglou and Makrogiannis 1992; Nicholls et al.
1996), whilst recent studies suggest either a general warming
for some regions as Turkey (Türkeş et al. 2002) and Serbia
(Bajat et al. 2015) or both warming and cooling for different
seasons and parts of the country for regions such as Greece
(Feidas et al. 2004; Nastos et al. 2011; Marougianni et al.
2012) and Egypt (Hasanean and Abdel Basset 2006).

Large-scale atmospheric circulation is an important el-
ement of the climate playing a key role in air temperature
variability. Several studies have reported the linkages of
atmospheric circulation patterns–expressed as climate
teleconnection or circulation indices–with air temperature
variability in the Mediterranean (Nastos et al. 2011;
Knezevic et al. 2014; Kutiel and Brunetti 2010; Türkeş
and Erlat 2009; Hatzaki et al. 2009; Feidas et al. 2004;
Xoplaki et al. 2003; Kutiel and Maheras 1998).

At the national scale, Greece was found to be different from
the rest of Europe in presenting a slight negative air tempera-
ture trend over the second half of the twentieth century, espe-
cially for winter (IPCC 1996; Proedrou et al. 1997; Retalis et
al. 1998; Luterbacher et al. 2000; Mitchell and Hulme 2000;
Feidas et al. 2004; Nastos et al. 2011; Marougianni et al.
2012). In a previous paper, Feidas et al. (2004) performed a
trend analysis on the annual and seasonal air temperature time
series of 20 weather stations in Greece for the period 1955–
2001, as well as on satellite-induced temperature data of the
lower troposphere for the period 1980–2001. Trend analysis
was based on a combination of three statistical tests. The in-
fluence of atmospheric circulation on temperature variability
in Greecewas also investigated using three circulation indices.
The results showed in general opposite–though not statistical-
ly significant–temperature trends for winter and summer
resulting to a nearly zero overall trend in the annual tempera-
tures. Temperature trends in Greece were found not to match
the strong warming trends observed in the Northern
Hemisphere. Finally, the Mediterranean circulation indices
presented the best correlation with winter temperatures in
Greece.

The aim of this paper is to analyse both the available
temperature series in Greece and atmospheric circulation
data, now updated with the 12-year period 2002–2013.
Trend analysis is still based on a combination of three
statistical tests. However, new results are obtained not
only by building on previous analysis but also by intro-
ducing new approaches and data: a more strict approach
was adopted to assess the homogeneity of the time series,
trends are now examined for all the seasonal time series,
new atmospheric circulation indices were included in the

analysis, and maps with the spatial distribution of corre-
lation between air temperature and atmospheric circula-
tion were constructed and analysed.

2 Data and methodology

2.1 Surface air temperature data

The trend analysis used a complete version of the data set
comprising mean monthly values of surface air tempera-
ture for 20 available stations in Greece, now updated to
2013. The selection of stations was first made based on
the length, completeness and geographical coverage of the
temperature data. These stations have the maximum com-
mon length of temperature records covering 59 years
(1955–2013). Series were updated to 2013 using data
mainly from the Hellenic National Meteorological
Service, which has the most complete historical records
of temperature measurements in Greece. Time series from
two out of the twenty stations used in the study of Feidas
et al. (2004) were removed due to their discontinued op-
eration, whereas time series from two other stations be-
came available and were added to the dataset. The geo-
graphical distribution of the stations is presented in Fig. 1
whereas their geographical coordinates and altitudes are
shown in Table 1.

CLIMAT and SYNOP reports of the Hellenic National
Meteorological Service (HNMS) were used to update the
datasets up to 2013. Mean daily and monthly air temper-
ature computation follows the same convention used in
the data prior to 2004. CIMAT data have undergone basic
quality checks on missing data and error detection made
on site in order to ensure the highest possible standard of
accuracy (WMO 2009). In addition, some station data
quality controls are further performed in this study, in-
cluding internal consistency check for unreasonable
values and spatial consistency check with data from the
neighbouring stations. Moreover, CLIMAT reports were
double checked for missing values using SYNOP reports.

Occasional missing data and errors were present in only ten
stations, not exceeding 15 monthly values in each time series,
which is an amount of missing values corresponding to about
2 % of their total observations during the period 1955–2013.
In these cases, a linear regression procedure was employed to
complete or correct the temperature record, based on the re-
corded values in neighbouring highest correlated reference
stations.

Prior to computing long-term trends, the homogeneity of
temperature time series with respect to non-climatic influences
must be assessed. In the present study, seasonal and annual
temperature data series were tested for discontinuities using
two homogeneity tests: the Alexanderson test (Alexanderson
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1986) and the cumulative residuals test (Allen et al. 1998).
Both methods compare data series to a reference series, which
is a standard methodology of detecting non-climatic
inhomogeneities.

Alexanderson test assumes that a standardized difference or
ratio series between the reference data and the data that are
being assessed is fairly constant. It sequentially segments the
series into two parts and then compares the mean for each of
the two segments before and after the point of segmentation to
estimate a sequence of the test statistic Ti (1 ≤ i ≤ n, where N is
the size of the time series). The To = max(Ti ) indicates the year
which is the most probable for a break. The critical value of To
at the 95 % significance level, for n = 59, is 8.71.

The cumulative residuals homogeneity test assumes that a
time series is homogeneous if its cumulative residuals from a
regression line based on the reference data set are not biased.
The bias hypothesis is tested for a given significance level by
testing graphically whether the cumulative residuals Ei can be
contained within an ellipsis. The magnitude of the ellipsis de-
pends on the size of the time series, on the standard deviation of
the data series being tested and on the significance level used to
test the hypothesis. In the present study, this procedure was
automated by computing the statistic ΔEo as the maximum
(minimum) distance of the cumulative residuals Ei from the
ellipse when Ei is not contained (contained) within the ellipsis.
A positive ΔEo indicates an inhomogeneity in the time series.

Table 1 Geographical coordinates and altitudes of the 20 stations used
in this study

Station Latitude Longitude Altitude (m)

1. Aghialos 39° 13′N 22° 48′E 15

2. Agrinio 38° 37′N 21° 25′E 46

3. Alexandroupoli 40° 51′N 25° 57′E 4

4. Araxos 38° 10′N 21° 25′E 14

5. Florina 40° 48′N 21° 25′E 662

6. Ioannina 39° 40′N 20° 51′E 484

7. Iraklio 35° 20′N 25° 11′E 48

8. Kerkyra 39° 37′N 19° 55′E 2

9. Kozani 40° 20′N 21° 48′E 625

10. Larisa 39° 38′N 22° 25′E 73

11. Methoni 36° 50′N 21° 43′E 34

12. Milos 36° 43′N 24° 25′E 182

13. Mytilene 39° 04′N 26° 35′E 5

14. Nat. Obs. Athens 37° 58′N 23° 43′E 107

15. Naxos 37° 06′N 25° 24′E 9

16. Skyros 38° 54′N 24° 33′E 4

17. Tatoi 38° 06′N 23° 47′E 235

18. Thessaloniki-AUTH 40° 37′N 22° 57′E 31

19. Thessaloniki-Mikra 40° 31′N 22° 58′E 5

20. Tripoli 37° 33′N 22° 21′E 663

Fig. 1 The geographical
distribution of the 20 stations used
in the study
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Both methods compare data series to a reference series
from either an individual station or a composite series form
the closest stations. Using as a reference series only data from
an individual station can be problematic because any detected
discontinuity (or absence of discontinuity) may be caused (or
masked) by climatic influences (Peterson et al. 1998). To iso-
late better the non-climatic influences, data from a number of
nearby stations can be used as an indicator of the regional
climate.

In the present study, to minimize potential inhomoge-
neities in the reference series, a composite reference series
was built for each of the 20 stations, as a simple average
of a number of 3 to 5 highly correlated neighbouring
stations. Only stations which were strongly correlated
with the candidate station (correlation over 0.8), at 95 %
significance level, were used in the development of the
composite reference series. After the homogeneity test
was applied on all the stations, those series with inhomo-
geneities were removed from the composite series and
new reference series were created as before.

Statistics of two homogeneity tests (To for Alexanderson
test and ΔEo for cumulative residuals test) for annual, winter
and summer time series of the 20 stations used in this study are
presented in Table 2. Both tests have found statistically sig-
nificant inhomogeneities in two stations (Kerkyra and
Skyros), for annual and seasonal data series (with the excep-
tion of summer). These two stations were excluded from fur-
ther analysis.

Finally, the anomalies of seasonal and annual mean
temperatures as departures from the mean of the 1961–
1990 period were estimated for each station. Annual and
winter temperature was conventionally computed to cor-
respond to the period started from December of the pre-
vious year.

The respective temperature time series for the Northern
Hemisphere (NH) expressed as anomalies from the average
of the 1961–1990 period were also used in this study to com-
pare with time series over Greece. This dataset (CRUTEM4)
has been developed by the Climatic Research Unit of the
University of East Anglia in conjunction with the Hadley
Centre at the United Kingtom Met Office and comprises land
air temperature anomalies on a 5° × 5° grid (Jones et al. 2012).

2.2 Satellite temperature data

Temperature data of the lower troposphere (0–8 km) derived
by theMicrowave Sounding Unit (MSU) operating onNOAA
polar-orbiting platforms were also used in this study. MSU is a
microwave atmospheric sounder makingmeasurements of mi-
crowave radiation emitted by the atmosphere in four channels
ranging from 50.3 to 57.95 GHz on the oxygen absorption
band, with a 115-km horizontal spatial resolution, from late
1978 to the early 2000s. These four channels measure

temperature through clouds from the surface to the lower
stratosphere. The follow-on instrument Advanced
Microwave Sounding Unit (AMSU) began operation in
1998. It makes measurements using a greater number of chan-
nels, with larger spatial resolution. Using the channels that
most closely match the four channels of the MSU instruments,
the MSU-based datasets can be extended up to the present.

The data were adjusted for time-dependent biases by
NASA and the Global Hydrology and Climate Center
(GHCC) at the University of Alabama in Huntsville (UAH)
and comprise low-troposphere, mid-troposphere and lower
stratosphere monthly mean temperature anomalies (departures
from the average of the 1980–2010 base period). Given that
the satellite sensors deteriorate over time, the data need to be
corrected for satellite drift and orbital decay, diurnal adjust-
ment, etc. After being corrected, the UAH lower troposphere
temperature data match more closely with temperature from
radiosondes and other sources of satellite data such as the
Remote Sensing Systems (RSS) temperature data (Christy et
al. 2007).

For the present study, the UAH lower troposphere seasonal
and annual temperature anomalies for NH and the area of
Greece (20–28°E and 34–42°N) for the period 1979–2013
were used to compare lower troposphere with surface air tem-
perature trends.

2.3 Statistical tests for trend analysis

Possible trends in the time series are detected by applying
the three tests proposed in the study of Feidas et al.
(2004):

i. The first test is a simple linear regression model based on
the linear equation Y t ¼ a∧ þ b∧ t þ Et, where t is time (in
years) Yt, is temperature in year t, b∧ is the slope of the
trend line and Et is the residual. Under the usual assump-
tion that the residuals Et are independent and normally
distributed, the null hypothesis Ηο: b = 0 is true when the
ratio t1 = b∧ / s1∧ b∧ð Þ is distributed as Student’s t with n-2
degrees of freedom, where s1∧ b∧ð Þ is the estimated stan-
dard error of slope b∧. The null hypothesis is rejected with
a two-tailed t-test when the test statistic t1 is greater than
the critical value tn-2;a/2, where a is the significance level.

ii. Thesecond test is a variation of the linear regression-based
model with the rigorous assumption that residuals Et are
not independent neither normally distributed. In this case,
it is assumed that there is autocorrelation among the re-
siduals that must be taken into account in the estimation of
the standard error s2∧ b∧ð Þ of slope b∧ (Grenander 1954;
Gryer 1986; Bloomfield and Nychka 1992). Again, the
null hypothesis Ηο is rejected by comparing the test sta-
tistic t2 = b∧ / s2∧ b∧ð Þ with the critical value tn-2;a/2.
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iii. The third test implemented is the Mann-Kendall non-
parametric rank statistic test (Sneyers 1990). First, the
statistical test di is calculated by the sum of the number
mi of terms Υj in the series preceding each term Υi (i > j),
such that Υj < Υi:

di ¼
X

i

mi ð1Þ

Then, the test computes the statistics u(di) for each term i of
the time series (1 ≤ i ≤ n), with the following formula (Michell
et al. 1966):

u dið Þ ¼ di−E dið Þ½ �=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
var dið Þ

p
ð2Þ

where E(di) and var(di) are the mean and variance, respective-
ly, of the di distribution:

E dið Þ ¼ i i−1ð Þ=4; var dið Þ ¼ i i−1ð Þ 2iþ 5ð Þ=72 ð3Þ

The null hypothesis Ηο: b = 0 is rejected when the
last value u(dn) of the u(di) statistics for the final nth

term of the series is greater–in absolute value–than 1.96
for a two-tailed test at 95 % level of significance.

The Mann-Kendall test is deemed the most suitable for the
trend analysis of climatological time series (Goosens and
Berger 1986). The advantage of the Mann-Kendall rank sta-
tistic is that it enables a climatic discontinuity (the start of an
abrupt and permanent change) to be localized approximately.
To this end, the retrograde series u′(di) is calculated using the
same methodology applied for the u(di) statistic. The begin-
ning of the change is localized based on the graphical repre-
sentation of the u(di) and u′(di) series, 1 ≤ i ≤ n, denoted as C1

and C2, respectively. An significant increasing (decreasing)
trend is identified at 95 % level of significance when the
increasing (decreasing) values of the u(di) become greater than
the critical value 1.96. The intersection of the curves C1 and
C2 identifies the start of the trend or change, whereas the
frequent overlap of these curves denotes the absence of any
trend in the time series.

2.4 Pressure indices

One of the objectives of this study is to relate the variability of air
temperature in Greecewith regional and large-scale atmospheric
circulation. To this end, we used the three circulation indices
(NAOI,MOI andMCI) of the study of Feidas et al. (2004) along

Table 2 Sift years and statistics of two homogeneity tests (To for
Alexanderson test and ΔEo for cumulative residuals test) for annual,
winter and summer time series of the 20 stations used in this study.

Positive ΔEo and To greater than 8.71 indicate an inhomogeneity in the
time series. Statistical significant inhomogeneities are indicated in italics

Annual Winter Summer

Station To ΔEo To ΔEo To ΔEo

1. Aghialos 8.3 −0.02 3.1 −0.39 6.5 −0.08
2. Agrinio 6.7 −0.04 8.1 −0.31 8.7 0.0

3. Alexandroupoli 6.6 −0.36 5.4 −0.06 6.2 −0.03
4. Araxos 4.1 −0.19 4.5 0.0 7.8 −0.05
5. Florina 3.8 −0.50 5.9 −0.68 3.0 −0.10
6. Ioannina 7.4 −0.13 5.6 −0.75 5.2 −0.73
7. Iraklio 6.9 −0.14 3.5 −0.40 7.0 −0.67
8. Kerkyra 24.3 (1978) +2.41 (1978) 23.2 (1974) +1.56 (1975) 7.4 −0.31
9. Kozani 7.4 −0.24 3.9 0.0 7.5 −0.57
10. Larisa 4.9 −0.14 3.4 −0.72 8.1 −0.23
11. Methoni 5.1 −0.26 6.4 −0.18 5.3 −0.33
12. Milos 5.1 −0.15 5.2 −0.01 6.8 −0.28
13. Mytilene 3.8 −0.03 5.6 −0.02 5.9 −0.05
14. Nat. Obs. Athens 6.9 −0.06 6.4 −0.17 8.7 −0.45
15. Naxos 8.0 −0.15 6.3 −0.53 7.7 −0.15
16. Skyros 40.3 (1992) +2.13 (1980) 23.5 (1981) +3.48 (1981) 16.0 (1992) −0.31
17. Tatoi 3.3 −0.51 8.1 −0.18 5.7 −0.42
18. Thessaloniki-AUTH 8.6 −0.09 8.6 0.00 5.4 −0.22
19. Thessaloniki-Mikra 5.7 −0.09 7.0 −0.52 6.0 −0.03
20. Tripoli 6.1 −0.84 6.8 −0.60 8.0 −0.27

Trend analysis of air temperature time series in Greece
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with another two new ones (NCPI and EMPI)whichwere found
tointerpretbetter theregionalsurfaceair temperaturevariability in
the EasternMediterranean.

a. NAOI. The North Atlantic Oscillation (NAO) is consid-
ered the dominant large-scale pattern of climate variability
in the North Atlantic atmospheric circulation. It is a large-
scale seesaw in atmospheric pressure between the sub-
tropical Azores high and the subpolar Icelandic low pres-
sure system. Opposite NAO states are associated with
opposite climate fluctuations between western
Greenland/Mediterranean and northern Europe/
Scandinavia (Walker 1924; Walker and Bliss 1932; van
Loon and Rogers 1978; Rogers and van Loon 1979). The
positive phase of NAO reflects a simultaneous strength-
ening of the two NAO centres of action which is usually
associated with stronger than average westerlies over the

middle latitudes leading to colder, dryer weather condi-
tions over Greenland/Mediterranean and a warmer, wetter
weather conditions over northern Europe/Scandinavia.
Analogously, the negative phase of NAO corresponds to
a simultaneous weakening of the two NAO centres which
is linked with a reverse climate pattern. Although the
NAO is present for all seasons, it is most dominant during
winter due to an intensified sea-air temperature contrast
(Barnston and Livezey 1987).

The NAO index (NAOI) is based on the difference of
normalized mean sea level pressure (SLP) between stations
representative of the dipole centres (Azores high and
Icelandic low). In this study, seasonal and annual NAO indi-
ces provided by National Center of Atmospheric Research
(NCAR) were used (https://climatedataguide.ucar.
edu/climate-data/hurrell-north-atlantic-oscillation-nao-
index-station-based). These indices were defined based on
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Fig. 2 Graphs of observed values, 5-year moving average and trend line of seasonal and annual air temperature time series at the station of
Alexandroupoli for the period 1955–2013
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the locations of Lisbon (Portugal) and Reykjavik (Iceland)
and are an update of the data published in Hurrell (1995).

b. MOI. The ‘Mediterranean Oscillation’ (MO) is a dipole
pressure pattern with opposite upper level pressure

Fig. 3 Maps with the spatial distribution of the seasonal and annual air temperature trend (in °C/year) of the time series (1955–2013). Circles and
squares denote positive and negative values, respectively. The filled black symbols denote a 95 % significance level

Feidas H.



between the western and eastern Mediterranean basin
(Conte et al. 1989; Colacino and Conte 1993; Piervitali
et al. 1999; Kutiel et al. 1996; Douguedroit 1998;
Maheras et al. 1999; Maheras and Kutiel 1999; Criado-
Aldeanueva and Soto-Navarro 2013). The MO phases are
linked to the cyclogenesis activity in the Mediterranean
with positive phase induced by anomalously intense cy-
clogenesis and vice versa (Sušelj and Bergant 2006).
Conte et al. (1989) proposed an index to measure the
intensity of MO expressed as the difference of normalized
geopotential height anomalies at the 500 hPa surface at
Algiers (western basin) and Cairo (eastern basin).

The Mediterranean Oscillation Index (MOI) was cal-
culated in this study using the monthly 2.5° × 2.5° gridded
reanalysis data of the National Center for Environmental
Prediction (NCEP) and NCAR (Kalnay et al. 1996) pro-
vided by the Earth System Research Laboratory (ESRL),
Physical Science Division of NOAA, from their website
at http://www.esrl.noaa.gov/psd/, since the available
recorded time series in Cairo and Algiers stations were
not complete. Moreover, gridded values have the
advantage of being less sensitive to errors in single
station records.

c. MCI. The Mediterranean Circulation Index (MCI) is a
new index devised by Brunetti et al. (2002), aiming to
develop an index more suitable for the central
Mediterranean based on opposite sea level pressure pat-
tern between the northwestern and south-eastern
Mediterranean. It is expressed as the normalized SLP dif-
ference between Marseille and Jerusalem. In this study,
MCI was calculated using the Trenberth Northern
Hemisphere monthly SLP gridded values calculated on a
5° (72 × 15) latitude × longitude grid from NCAR. Data
were extracted using the Climate Explorer of the Royal
Netherlands Meteorological Inst i tute (KNMI)
(http://climexp.knmi.nl).

d. EMPI. The Eastern Mediterranean Pattern (EMP) is a
teleconnection pattern of the upper atmospheric circula-
t ion at 500 and 300 hPa between the eastern
Mediterranean Sea and northeastern Atlantic, appearing
mainly in winter (Hatzaki et al. 2007). This dipolar oscil-
lation pattern is also present in autumn but is significantly
weakened with its position being shifted eastwards
(Hatzaki et al. 2007).

The EMP index (EMPI) was defined by Hatzaki et al.
(2007) as follows:

X i ¼ gpm 25�W; 52:5�Nð Þ−gpm 22:5�E; 32:5�Nð Þ ð4Þ

where i indicates the time step, and gpm (geopotential
metres) is the mean monthly or seasonal geopotential
height at the 500 hPa of the grid point representing
the centre of each pole.T
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The EMPI is then calculated as the standardized difference
between the index (X) defined in equation (4) and its seasonal

long-term average (X̅ ):

EMPIi ¼ X i−X
σ

ð5Þ

where σ is the standard deviation of X. In this study, the EMPI
was calculated using the monthly 2.5° × 2.5° gridded reanal-
ysis data of NCEP/NCAR.

A negative phase of the EMP is associated with an in-
creased zonal flow over Europe. On the contrary, during the
positive EMP phase, the Atlantic anticyclone is strengthened
inducing an intensified northerly meridional flow toward the
central Mediterranean.

e. NCPI. The North Sea Caspian Pattern (NCP) is an upper
level teleconnection between the North Sea and the North
Caspian centres of action. It was defined by Kutiel and
Benaroch (2002) who applied a Geographic Information
Systems technique along with a linear correlation between
pressure grid points to define these centres of action.

The NCP has been found to satisfactorily interpret the
regional climate variability in the Eastern Mediterranean,
with regard to both the precipitation and the surface air
temperature (Brunetti and Kutiel 2011; Nastos et al. 2011;
Kutiel and Brunetti 2010; Hatzaki et al. 2007; Kutiel and
Türkeş 2005; Kutiel and Benaroch 2002; Kutiel et al.

2002). Although the NCP is more pronounced during
winter, it is also prominent during the transitional seasons
(Kutiel and Benaroch 2002).

A negative (positive) NCP phase indicates an increased
counter-clockwise (clockwise) anomaly circulation
around the North Sea pole of the NCP and an increased
clockwise (counter-clockwise) anomaly circulation anom-
aly around the North Caspian pole of the NCP (Kutiel and
Benaroch 2002). This pattern induces an enhanced south-
westerly (northeasterly) air flow towards the Balkan
Peninsula and western Turkey.

An index expressing the NCP intensity was proposed
by Kutiel and Benaroch (2002) as the normalized differ-
ence of 500 hPa geopotential height between averages of
North Sea (0°E, 55°N and 10°E, 55°N) and North Caspian
(50°E, 45°N and 60°E, 45°N) poles. In this study, the
NCP index is calculated for each month of period 1955–
2013 according to the modified formula proposed by
Brunetti and Kutiel (2011), in which each of the two poles
is formed by five grid points at a 2.5° × 2.5° resolution
instead of 10° × 10°:

X i ¼ gpm 0�; 2:5�; 5�; 7:5�; 10�E; 55�Nð Þ
−gpm 50�; 52:5�; 55�; 57:5�; 60�E; 45�Nð Þ

ð6Þ

where i denotes the time step and gpm (geopotential
metres) is the average geopotential height of the five
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Fig. 4 Graphs of observed values, 5-year moving average and trend line of seasonal and annual air temperature anomalies (relative to 1960–1990
average) in Greece and Northern Hemisphere for the period 1955–2013
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grid points, forming each of the two centres of actions,
respectively.

For each month and season, these values were then stan-
dardized as follows:

NCPIi ¼ X i−X̅
σ

ð7Þ

where X is the monthly long-term average of Xi and σ is its
standard deviation.

The NCPI was calculated using the monthly 2.5° × 2.5°
gridded reanalysis data of NCEP/NCAR.

2.5 Pressure and temperature gridded data

Seasonal mean gridded sea-level pressure, 500 hPa
geopotential height and surface air temperature data on a

2.5° latitude × 2.5° longitude grid were used to construct maps
and compare the pressure and temperature pattern over
Europe as composite anomalies from the mean of the period
1955–2013 for selected extreme positive and negative values
of the pressure indices. This grid was computed by the NCEP/
NCAR reanalysis monthly means (Kalnay et al. 1996). The
same temperature dataset was used to depict the spatial distri-
bution of correlation between the winter air temperature and
circulation indices over Europe.

3 Results

3.1 Trends in surface temperature observations

Temperature trends in surface observations were detected by
applying not only one but three statistical tests to the annual
and seasonal temperature records of the 18 Greek weather
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stations for the period 1955–2013. Table 3 presents the slope b
(in °C/year) of the linear trend, as found by the first linear
regression test, and the values of the three statistics t1, t2 and
u(dn) for the annual and seasonal time series. Α trend line is
deemed to be statistically significant when found out as such
by at least two statistical tests (the first regression-basedmodel
and one of the other two tests). There are many stations with
all three tests confirming a statistically significant trend. In the
few cases in which only two out of the three tests result sta-
tistically significant trends, the test returning results that are
not statistically significant is always the stringent second test.
Most of the statistically significant trends are found in sum-
mer, followed by spring and annual time series. All trends are
positive for seasonal and annual temperature time series with
the exception of winter.

Plots of the seasonal and annual temperature time series,
along with the 5-year moving average and the trend line are
presented for Alexandroupoli station, as an indicative case

(Fig. 2). Statistically significant positive trends were found
for summer, spring and annual temperatures series for this
station.

The spatial distribution of seasonal and annual temperature
trends (in °C/year) for the 18 stations is shown in Fig. 3. The
filled black symbols (cycles and squares) denote a 95 % sig-
nificance level. Figure 3 along with Table 3 can be used to
identify the warming or cooling trend of the stations and as-
sess their spatial distribution. An overall warming trend man-
ifests in the annual time series, with almost half of the sta-
tions–distributed mainly in the eastern Greece and the Aegean
Sea–presenting significant trends. Summer time series shows
a pronounced, strong warming trend which is statistically sig-
nificant for the majority of the stations. Only three stations
located in central and NW Greece were found not having
statistically significant trends. A warming trend also domi-
nates in the spring time series, with 12 out of the 18 sta-
tions–distributed mainly in the eastern Greece and the

Table 5 Approximate starting
year of an abrupt temperature
change according to the
progressive and retrograde Mann-
Kendall u(di) and u′(di) statistics
for the annual and seasonal air
temperature observations of the
18 stations in Greece (1955–
2013)

Station Winter Spring Summer Autumn Annual

Aghialos * 2004+ 1997+ 1963- (1998+) 2005+

Agrinio 1963- * 2010+ 1969- 1956-

Alexandroupoli * 2004+ 2000+ * 2006+

Araxos 1963- 2005+ 2006+ 1964-(2012+) 1962- (2009+)

Florina 1961-(2007+) * 1956- (2007+) 1964- (2008+) 1961- (2007+)

Ioannina 1962- (2010+) * 1957- (2011+) 1968- 1962- (2012+)

Iraklio 1964- (2010+) 1963- (2013+) 2003+ * *

Kozani * 2005+ 1995+ 1968- (2012+) 2000+

Larisa 1956- (2009+) 2005+ 1958- (2010+) 1964- (2012+) 2012+

Methoni 1967- 1963- (2009+) 1998+ 1964- (2012+) 1963- (2009+)

Milos 1956-(2010+) 2006+ 1997+ 2006+ 2005+

Mytilene 1956- (2010+) 2004+ 1997+ * 2006+

Nat. Obs. Athens 1956- 2005+ 1995+ * 2005+

Naxos 1956- (2010+) * 1997+ 1997+ 2006+

Tatoi 1967- 2007+ 1997+ * 1962- (2008+)

Thessaloniki-
AUTH

* 2007+ 2006+ 1968- (2012+) 2012+

Thessaloniki-Mikra * 2005+ 2005+ 2008+ 2005+

Tripoli * 2004+ 1998+ 1964- (2012+) *

*No abrupt temperature change at the 95 % level of significance

+Means a warming

-Means a cooling

( )Approximate year of a new change in a trend which is not statistically significant

Table 6 Same as Table 5 but for
temperatures spatially averaged
over Greece and the Northern
Hemisphere

Winter Spring Summer Autumn Annual

Greece 1956- (2010+) 2006+ 1998+ 1963- (2010+) 2007+

Northern Hemisphere 1989+ 1988+ 1994+ 1996+ 1993+

+Means a warming
-Means a cooling

Feidas H.



Aegean Sea–presenting significant trends (Table 3). Although
autumn time series exhibit a warming trend for the majority of
the stations, only three of them located in the Aegean Sea and
Northern Greece present a statistically significant trend. A
different picture emerges when examining the spatial distribu-
tion of the slope b for the winter time series, in which an
overall cooling trend is manifested in the majority of the sta-
tions, being statistically significant in only one station.

It is interesting to investigate whether the previous results
agree with the overall warming trend found at the hemispheric
scale. For this reason, mean seasonal and annual temperature
departures from the average of the 1961–1990 period were
calculated for each station in Greece and averaged to estimate
the Greek time series at the national scale. The results of the
trend analysis for both Greece and NH are shown in Table 4
and plotted in Fig. 4.

Table 4 suggests that only summer, spring and annual tem-
perature trends averaged over Greece exhibit an equivalent
overall warming trend to that detected in the NH time series.
Autumn temperature time series in Greece present a slight—
though not statistically significant—warming trend, which,
however, does not match the strong warming signal detected
in the respective NH time series. Winter series in Greece ex-
hibit a slight—again not statistically significant—cooling
trend that is opposite to the strong warming trend found in
the NH winter time series.

The temporal pattern of the time series for both areas,
Greece and NH, has a common feature: the time series start
with decreasing temperatures and after reaching a minimum,

temperatures increase constantly up to the present (Fig. 4).
This pattern is more distinct in the Greek time series. In gen-
eral, the observed minimum lies around mid-1970s with the
exception of winter in which the minimum for NH (late
1960s) and Greece (early 1990s) are not coincident. This
means that winter temperature increase appears about 25 years
later in Greece than in NH. This difference induced the overall
slight cooling trend observed in the winter series of Greece
during the entire period 1995–2013.

In general, it seems that the warming signal, detected in
Greece only in summer in the study of Feidas et al. (2014)
for the period 1955–2001, has now intensified and spread in
other seasons. This warming appears to be mainly caused by
the very high temperatures in the last decade (after 2004) of
the record.

The graphical representation of the progressive and retro-
grade Mann-Kendall u(di) and u′(di) statistics of each time
series was used to localize the intersection of the curves C1

and C2 and thus to identify the approximate starting year of an
abrupt temperature change. This information is quoted in
Table 5 for the full range of the mean annual and seasonal
series. Each station is labelled with a year which identifies
the beginning of a warming (+) or a cooling (−) trend. The
second year in brackets denotes that a new change in a trend
was found which, however, is not statistically significant. The
asterisk signifies the absence of a climatic discontinuity for the
entire period.

Table 5 suggests that annual series can be classified into
two broad categories. The first category consists of stations
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with a cooling trend starting around the early 1960s. This
cooling trend seems to have been reversed recently, during
the last 5 years of the period (2008–2013). The stations in
the second category exhibit a net warming trend beginning
during the 2000s. A cooling trend for winter and autumn time

series began in many stations between late 1950s and mid
1960s, respectively; this trend, however, was reversed in most
of these stations during the last years of the period (2008–
2013). In contrast, most of the summer and spring series show
a strong warming signal that started during the mid-1990s and
2000s, respectively. This late response of winter temperatures
to global warming compared to the earlier and more intense
summer temperature warming has been reported as well in
other studies for eastern Mediterranean and Greece in partic-
ular (Nastos et al. 2011; Saaroni et al. 2003; Feidas et al.
2004).

'The results of the sequential Mann-Kendall analysis be-
come clearer at the national scale (see Table 6 and Fig. 5).
More precisely, winter and autumn series exhibit a cooling
trend, beginning in 1956 and 1963, respectively, which,
however, seems to start reversing recently (in 2010). A pro-
found warming trend is evident in summer temperatures
starting in 1998, while spring and annual series entered into
a weaker warming trend one decade later (in 2006–2007).
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Fig. 5 (continued)

Table 7 Values of the slope b (in °C/year) of the trend line for seasonal
and annual time series of the satellite-derived (MSU) tropospheric tem-
peratures and observed surface air temperature for Greece and the
Northern Hemisphere for the period 1979–2013. (Italicized values indi-
cate a 95 % level of significance)

Winter Spring Summer Autumn Annual

(a) Satellite-derived

Greece 0.040 0.045 0.041 0.024 0.037

Northern Hemisphere 0.021 0.022 0.014 0.020 0.019

(b) Surface observed

Greece 0.019 0.042 0.064 0.025 0.038

Northern Hemisphere 0.017 0.022 0.023 0.025 0.022

Feidas H.



Based on Table 6 and Fig. 5, the NH differentiates
from Greece in showing a prominent, stable warming
trend in all the seasonal and annual time series, which
started between late 1980s and mid-1990s. Only summer
temperatures in Greece follow this pattern. The other sea-
sonal and annual time series in Greece have entered into a
warm period more recently than in the NH.

3.2 Trends in satellite-derived temperature data

The same trend analysis was implemented to the satellite-
derived (MSU) air temperature time series of the lower
troposphere for the period 1979–2013. Table 7 (a) pre-
sents the slope b (in °C/year) of the linear trend line for
seasonal and annual time series for Greece and NH. The

graphs of the respective temperature time series and the
trend line are provided in Fig. 6.

Table 7 (a) points out a statistically significant warming
trend in tropospheric temperatures for both areas. Warming
trend over Greece is, however, more pronounced than over
the NH (0.24–0.45 °C per decade against 0.14–0.22 °C per
decade). According to the sequential Mann-Kendall analysis,
this warming trend started in mid-1990s for both areas.

The comparison of the satellite and surface temperature
trends for the same period (1979–2013) (see Table 7 (a), (b))
shows, in general, a very good agreement for both Greece and
NH, with the exception of winter and summer for Greece.
More precisely, satellite-induced temperatures of the lower
troposphere for Greece show a warming trend, which is sig-
nificantly higher for winter and lower for summer than that for
the surface records.
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Fig. 6 Graphs of satellite-derived (MSU) tropospheric temperature anomalies and surface observed temperature anomalies of the seasonal and annual
mean in Greece and Northern Hemisphere for the period 1979–2013. Dashed and dotted lines represent the trend lines
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Time series of satellite and surface temperature anomalies
match quite well (Fig. 6) with correlation coefficients ranging
between 0.83 and 0.95 and mean absolute differences around
0.1 °C for NH and 0.15–0.35 °C for Greece (Table 8). Best
agreement is obtained for annual time series and worst for
winter.

3.3 Relationship of air temperature with circulation
indices

One of the main objectives of this study is to investigate the
link between atmospheric circulation and air temperature over
Greece. First, the correlation of air temperature, at the national
scale, with each of the five atmospheric circulation indices

(NAOI, MOI, MCI, EMPI and NCPI) was examined
(Table 9).

According to Table 9, three indices (NAOI, MOI, and
MCI) present a significant negative correlation only with win-
ter air temperature in Greece. Concerning the EMPI and
NCPI, a slightly good correlation (statistically significant at
95 % confidence level) is set up in (almost) all seasons and
especially in winter. These findings are in agreement with the
results found by Kutiel et al. (2002) and Nastos et al. (2011)
for previous periods.

The NCPI presents a distinctly higher negative correlation
(−0.72) with winter temperatures compared to the other indi-
ces, followed by the Mediterranean oscillation indices MCI
(−0.57), EMPI (−0.52) and MOI (−0.48). The NAOI provides
the poorest correlation coefficient (−0.36) among the five in-
dices, with the proportion of explained variance being up to
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Fig. 6 (continued)

Table 8 Values of the correlation coefficient and the mean absolute
difference between the satellite induced (MSU) tropospheric temperature
anomalies and observed surface air temperature anomalies for Greece and
the Northern Hemisphere for the period 1979–2013

Winter Spring Summer Autumn Annual

(a) Correlation coefficient

Greece 0.87 0.94 0.90 0.93 0.95

Northern Hemisphere 0.83 0.88 0.88 0.92 0.94

(b) Mean absolute difference (°C)

Greece 0.35 0.27 0.31 0.23 0.15

Northern Hemisphere 0.14 0.11 0.10 0.10 0.07

Table 9 Correlation coefficients of seasonal and annual correlation of
air temperature in Greece with circulation indices. (Italicized values
indicate a 95 % level of significance)

Winter Spring Summer Autumn Annual

NAOI −0.36 −0.08 −0.11 0.08 −0.18
MOI −0.48 −0.13 0.12 −0.19 −0.20
MCI −0.57 −0.10 −0.12 0.10 0.20

EMPI −0.52 −0.48 −0.48 −0.15 −0.39
NCPI −0.72 −0.38 −0.45 −0.49 −0.58

Feidas H.



52% for NCPI, 33 % for MCI, 27 % for EMPI, 23 % for MOI
and only 13 % for NAOI.

Only NCPI and EMPI present statistically significant cor-
relation with other seasonal and annual temperatures with cor-
relation coefficients ranging between −0.38 and −0.58 (except
EMPI in autumn with −0.15) and the proportion of explained
variance in the range of 14–34 %.

The previous results suggest that both the NCPI and EMPI
have a significant influence on the temperature regime in
Greece and can be considered as a climatic forcing factor.
The NCP atmospheric teleconnection is by far the most rep-
resentative of the air temperature variability in Greece. This
connection, however, is not only developed during winter, as
expected, but is also present during the other seasons and for
the annual temperatures. The NCPI is more appropriate for
studying the relationship of winter, autumn and annual tem-
peratures in Greece with pressure patterns whereas the EMPI
correlates better with spring and summer temperatures.

As far as the NAO is concerned, it seems that this large-
scale atmospheric oscillation cannot interpret the regional var-
iability of air temperatures in Greece as satisfactorily as the
Mediterranean oscillation in pressure patterns (MCI, EMPI
and MOI), either at the surface or at upper levels.

The time series of circulation indices and winter tempera-
ture anomalies are illustrated in Fig. 7. It is evident that the
NCPI accounts for a significant proportion of the winter tem-
perature variance in Greece as a result of the considerable
correlation (−0.72) of winter temperature with the NCP atmo-
spheric oscillation (Fig. 7e). The Mediterranean oscillation in
pressure patterns (MCI, EMPI, MOI) accounts for a less pro-
portion of the winter temperature variability than the NCPI
(Fig. 7b–d). On the contrary, NAO can explain only major
cold periods (1973–1976, 1980–1983, 1989–1993, 2012)
and major warm periods (1977–1979, 2009–2011) on decadal
scales (Fig. 7a). The trend analysis of the pressure indices’
time series resulted in statistically significant decreasing trend
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Fig. 7 Comparison between the winter temperature time series in Greece and circulation indices a NAOI, b MOI, c MCI and d EMPI and NCPI.
Correlation coefficient r between them is also provided in the graphs
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only for the summer, autumn and annual time series of the
EMPI and autumn and annual time series of the MCI. Only
the increasing trend of the summer air temperature in Greece
can be explained by the significant decreasing trend of the
EMPI time series.

Figure 8 shows the spatial distribution of correlation be-
tween the winter air temperature and the five indices (NAOI,
MOI, MCI, EMPI and NCPI) using the monthly 2.5°×2.5°
gridded reanalysis data of NCEP/NCAR data for the period
1955–2013. These maps can be categorized in two groups
with similar spatial distribution patterns of correlation.

Fig. 8 Maps of winter air temperature correlation with the five indices (NAOI, MOI, MCI, EMPI and NCPI) for the period 1950–2013, using the
monthly 2.5°×2.5° gridded reanalysis data of NCEP/NCAR. Statistically significant values at the 95 % level are highlighted with light grey shades

Table 10 Correlation coefficients among the five atmospheric
circulation indices (Italicized values indicate a 95% level of significance)

NAOI MCI MOI EMPI NCPI

NAOI – 0.24 0.33 0.16 0.33

MCI 0.24 – 0.24 0.57 0.39

MOI 0.33 0.24 – −0.03 0.44

EMPI 0.16 0.57 −0.03 – 0.28

NCPI 0.33 0.39 0.44 0.28 –
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The first group comprises the NAOI, MOI and NCPI with
negative correlation coefficients over the southern and south-
eastern Mediterranean and positive correlation coefficients
prevailing over northern Europe. The NAOI presents a zonal
distribution of correlation coefficients with the largest nega-
tive correlation (around −0.05) covering the southern and
south-eastern Mediterranean as well as Turkey and Middle
East. The highest positive correlation (0.7) is found over
Russia. The correlation coefficients for MOI shows a similar
to NAOI spatial distribution pattern with negative values
(around −0.5), however, restricted to eastern and south-
eastern Mediterranean as well as Turkey and Middle East
and positive values extended to western Mediterranean. The
NCPI seems to explain better the winter temperature variabil-
ity over eastern and south-eastern Mediterranean, especially
over Turkey and Middle East where negative correlation co-
efficients reach the value of −0.7, accounting for around 50 %
of winter temperature variance. Greece is located at the edges
of the area with statistically significant negative correlation
coefficients (from −0.3 to −0.4 for NAOI, from −0.3 to −0.5
for MOI and from −0.5 to −0.7 for NCPI).

The second group consists of the regional scale indices
MCI and EMPI with a pronounced negative correlation

pole over the Mediterranean and weak positive correla-
tions over the northwestern Atlantic. The MCI explains
better the winter temperature variability (but only 25 %)
over the Balkans, with correlations around −0.5 whereas
the EMPI interprets better the temperature variance over
the central-western Mediterranean (around 50 %) with
correlation coefficients reaching the value of −0.7. Both
indices explain approximately the same proportion of
winter temperature variability over Greece.

The previous categorization of the circulation indices is
verified when correlation among the winter indices is consid-
ered (Table 10). All three indices of the first group (NAOI,
MOI and NCPI) are correlated with each other at the 95 %
significance level, with MOI and NCPI being best correlated
(0.44) and NAOI presenting a rather poor correlation (0.33)
with the other indices. This supports the assumption made by
Kutiel and Benaroch (2002) that the NCP is probably partly
responsible for circulation modes over theMediterranean such
as the MOI. Concerning the other two indices (EMPI and
MCI) of the second group, the high correlation (0.57) found
between them points out a significant relationship between the
upper level EMP and the surface MC which may be attributed
to the southern EMP pole (Hatzaki et al. 2007).

Fig. 9 Maps of composite anomalies (for 1955–2013) of (a) the sea level surface pressure (SLP) and (b) the surface air temperature during winter for
selected years of positive and negative MCI values
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Selected extreme positive and negative values of the three
indices NCPI, EMPI and MCI (labelled by the respective
year) were used to construct maps of the circulation at the
respective atmospheric level as composite anomalies from
the mean of the period 1955–2013, using the NCAR/NCEP
data (Figs. 10 to 12). These three indices were chosen because
they correlate best with the winter temperatures in Greece.
Maps with the surface winter air temperature composite
anomalies were also constructed for comparison.

An examination of Figs. 10 to 12 can explain in physical
terms the relationship between temperature variance over
Greece and regional (EMPI and MCI) and large-scale
(NCPI) pressure patterns. In winters with positive (negative)
MCI values, a centre of strong positive (negative) SLP anom-
alies prevails over northeastern Atlantic affecting the western-
central Mediterranean, whereas negative (positive) anomalies
are dominant over the eastern and south-eastern
Mediterranean (Fig. 9a). This sets up a strongmeridional pres-
sure gradient which induces an enhanced frequency of dry and
cold (humid and warm) northeasterly (southwesterly) airflow
over Mediterranean. Consequently, during positive (negative)
MCI values, winter in the Mediterranean and especially in

Balkans tends to be significantly cooler (warmer) than the
average (Fig. 9b).

A positive EMPI in winter is the result of a strong pos-
itive upper circulation anomaly prevailing over northeastern
Atlantic and a negative anomaly in the eastern Europe ex-
tended over the eastern Mediterranean (Fig. 10a) which in-
duces an enhanced mid-tropospheric northerly meridional
flow toward the central Mediterranean. This leads to lower
temperatures than the normal all over the Europe and the
Mediterranean (Fig. 10b). On the contrary, during a negative
phase of the EMP, an intensified negative circulation anom-
aly is established over the whole Europe resulting in an
increased zonal flow over the Mediterranean (Fig. 10a) and
in high winter temperatures over the Europe and especially
in Balkans (Fig. 10b).

During positive (negative) NCPI, an intensified anticyclon-
ic (cyclonic) upper circulation anomaly in the North Sea and
an increased cyclonic (anticyclonic) circulation anomaly north
of the Caspian Sea (Fig. 11a) induce a northern cold (south-
western warm) air stream over Balkans and Turkey, resulting
in the decrease (increase) of winter air temperature in these
regions (Fig. 11b).

Fig. 10 Maps of composite anomalies (for 1955–2013) of a the geopotential height at the 500 hPa and b the surface air temperature during winter for
selected years of positive and negative EMPI values
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4 Conclusions

In this paper, the temperature trends at the surface and lower
troposphere in Greece for the period 1955–2013 and their
relationship to the atmospheric circulation were analysed,
updating the study of Feidas et al. (2004) for data observed
during the 12-year period 2002–2013. Trend analysis was
based on a combination of three statistical tests.

Trend analysis of the annual and seasonal surface temper-
ature time series updated to 2013 for 18 stations in Greece
demonstrates some different results to those found in Feidas
et al. (2004):

& The series updated to 2013 reveal a clearer positive trend
than that presented in Feidas et al. (2004) for the period
1955–2001, on both the annual and the seasonal time-
scales. The warming signal detected previously only in
summer has now intensified and spread in other seasons.
Summer time series still exhibit a pronounced, strong
warming trend for the majority of the stations. A statisti-
cally significant warming trend is also present in the half
of the stations for spring and annual temperatures. In con-
trast, winter time series still show a general cooling trend

but its statistical significance is now restricted to only one
station.

& This warming signal appears to be mainly caused by the
very high temperatures in the last decade (after 2004) of
the record.

& At the national scale, there is now a better match between
surface temperature trends in Greece and NH but only for
summer, spring and annual time series, which are the only
time series presenting a statistically significant warming
trend in Greece. This is a result different from that found in
the study of Feidas et al. (2004) according to which tem-
perature trends in Greece and NH were not consistent for
the period 1955–2001.

& In general, time series for both areas, Greece and NH, have
a minimum lying around mid-1970s with the exception of
winter in which the minimum for NH (late 1960s) and
Greece (early 1990s) are not in agreement. This 25-year
late response of winter temperatures in Greece to the re-
cent NH warming seems to be the cause for the overall
slight cooling trend observed in the winter series of Greece
during the entire period 1995–2013.

& Identification of the approximate starting year of trend or
an abrupt temperature change reveals that Greece exhibits

Fig. 11 Maps of composite anomalies (for 1955–2013) of a the geopotential height at the 500 hPa and b the surface air temperature during winter for
selected years of positive and negative NCPI values
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cooling trends in winter and autumn series, beginning in
late 1950s and mid-1960s, respectively, which, however,
seem to start reversing recently (2008–2013). A profound
warming trend is evident in summer temperatures starting
in mid-1990s, while spring and annual series entered into
a period of a weaker warming trend one decade later (mid
2000s).

& Analysis of satellite-induced tropospheric temperature
trends for the period 1979–2013 at the national and hemi-
spheric scale reveals the following findings:

& All the satellite time series now show a statistically signif-
icant tropospheric temperature warming trend for both
areas (Greece and NH). The magnitude of the warming
trend found over Greece is, however, significantly larger
than over the NH.

& Comparison of the lower tropospheric and surface temper-
ature trends shows, in general, a very good agreement in
both Greece and NH, with differences only in winter and
summer for Greece.

& Time series of satellite and surface temperature anomalies
correlate quite well with best agreement obtained for an-
nual time series and worst for winter.

The investigation of the relationship between air tempera-
ture and five circulation indices (NAOI, MCI, MOI, EMPI
and NCPI) provides evidence for the important role of atmo-
spheric circulation in the behaviour of winter temperatures in
Greece. The additional use of new indices such as EMPI and
NCPI provides further insight into the relationship of regional
atmospheric circulation and temperature variability. The new
finding is that temperature trends are better explained by tem-
poral changes in these two patterns of atmospheric circulation
variability (EMP and NCP), mainly in winter. In particular:

& The correlation coefficients of air temperature with NAOI,
MOI, and MCI are significant only in winter, due to the
more coherent large-scale circulation typical for this sea-
son, whereas the EMPI and NCPI present a slightly good
correlation with other seasonal and annual temperatures as
well.

& The EMP and especially the NCP atmospheric
teleconnection are by far the most representative of the
air temperature variability in Greece. Thus, these two in-
dices may be considered as the most appropriate for
representing temperature variability in Greece. This con-
nection, however, is not only developed during winter, as
expected, but is also present for annual and other seasonal
temperatures. The NCPI is more appropriate for studying
the relationship between winter, autumn and annual tem-
peratures in Greece and pressure patterns whereas the
EMPI correlates better with spring and summer
temperatures.

& The large-scale atmospheric oscillation of NAO cannot
interpret satisfactorily the temperature variability in
Greece.

& Although atmospheric pressure indices can explain a high
proportion of temperature variance in Greece, there is not
a distinct link between pressure indices and temperature in
terms of trends. Only the positive trend of the summer air
temperature in Greece has been found to be explained by a
significant decreasing trend of the EMPI time series.

The link between temperature variability over Greece and
regional (EMPI andMCI) and large-scale (NCPI) atmospheric
teleconnection patterns was also physically explained. A pos-
itive EMPI and MCI in winter is linked to a dipole-like syn-
chronous strengthening of a positive and a negative anomaly
of mid-troposphere geopotential heights (or SLP) which in-
duces an enhanced northerly meridional flow towards the
Mediterranean. In contrast, a negative EMPI and MCI results
to a meridional flow of southerly component and to a zonal
flow, respectively. Consequently, during positive (negative)
EMP and MC phases, lower (higher) temperatures than the
normal occur over the Mediterranean. Similarly, during posi-
tive (negative) NCP phases, a northern cold (southwestern
warm) air stream establishes over Balkans and Turkey,
resulting in the decrease (increase) of winter air temperatures
in these regions.
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