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ABSTRACT: The spatial distribution of the winter (December to February) precipitation over Greece
was related to the eastern North Atlantic-European scale mid-tropospheric circulation fields by means
of empirical orthogonal functions (EOFs) and canonical correlation analysis (CCA). The data used in
this study are winter precipitation totals, of 23 stations, equally distributed over Greece, and winter
mean 500 hPa geopotential heights (30 to 70° N, 30° W to 50° E) for the period 1958 to 1994. The Greek
precipitation data were found to be homogeneous (Alexandersson test). A decrease of winter precipi-
tation over the whole country was found, although significant (Mann-Kendall trend test) only over the
northern and eastern parts and in the western mountainous regions. Three CCA patterns represent
links that are very reasonable from a physical point of view. It is supposed that stronger westerlies over
the eastern North Atlantic and the raising of the 500 hPa geopotential height (and also the sea level
pressure) over continental Europe during the last few decades were connected with enhanced atmos-
pheric stabilization and anomalous advection of cold and dry air from northerly directions. This led to
the winter dryness over the eastern Mediterranean. The probable mechanisms and processes in the
complex atmosphere-ocean system, leading to the regional anomalous climatic conditions, are dis-

cussed.
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1. INTRODUCTION

Precipitation is one of the key parameters character-
izing the regional climate of Greece. High-frequency
(seasonal, annual, interannual) as well as low-fre-
quency variations (e.g., interdecadal) of precipitation
also play an important role in the management of
regional agriculture, water resources, ecosystems,
environment and economics in Greece. Identifying
and understanding the influence of the large-scale
atmospheric circulation patterns which produce varia-
tions of precipitation on different time scales over
Greece is therefore crucial and of great importance.
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Schonwiese et al. (1994, 1998) reported a pro-
nounced significant trend to drier winter climate in the
eastern Mediterranean area, especially over Greece
for the period 1961 to 1990. They found a decrease of
mean winter precipitation of around 60 mm for the
same period.

The main physical and physico-geographical factors
controlling the spatial distribution of the climatic con-
ditions over Greece are the atmospheric circulation,
the latitude, the altitude and, generally, the orography,
the Mediterranean sea surface temperature (SST) dis-
tribution, the land-sea interactions (distance from the
sea) and smaller-scale processes. Each of the factors
represents its own characteristic influence on the
Greek climate (Lolis et al. 1999). However, Trenberth
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(1990) and Xu (1993) point to the fact that the atmos-
pheric circulation is the main forcing factor for the
regional variability of temperature, precipitation (oc-
currence, total and spatial distribution) and other cli-
mate variables.

The pressure systems that influence the Greek win-
ter precipitation are the Icelandic Low (indirectly), the
low-pressure systems originating from the Atlantic
Ocean or the Mediterranean (cyclogenesis; Gulf of
Genoa) moving NW-SE, W-E or SW-NE, the lows
from the region of Cyprus (cyclogenesis and/or rein-
forcement of moving lows), which produce precipita-
tion with the interaction of the orography of the east-
ern Greece (Maheras 1982b) and the Aegean Sea. Due
to its subsynoptic scale, the Aegean cyclogenesis (Flo-
cas & Karacostas 1996) has been frequently underesti-
mated in recent studies (Alpert et al. 1990, Trigo et al.
1999). In addition, the cyclones that originate in north
Africa, near the Atlas Mountains, move to the north-
east directly towards the eastern Mediterranean
(Alpert et al. 1990, Trigo et al. 1999), producing rain
over the Greek mainland.

The frontal depressions that approach Greece, from
January to April, are important rain producers, espe-
cially along the west coast of Greece and in the central
Aegean Sea. In winter, depressions originating in the
Atlantic near the Straits of Gibraltar and tracking
northeastwards barely cross the Adriatic, and conse-
quently high rainfall probabilities are limited to the
islands and the coastal areas of the lonian Sea, with
some influence extending to Thessaly (central Greece).
As these frontal depressions approach Greece from the
west they cause southwest winds over the lonian and
Aegean Seas that force the maritime air (which has
been stagnating there) eastwards. Precipitation proba-
bilities decrease south of this mean track partly
because of surface retardation and partly because the
depressions are decaying rapidly by the time they
reach Greece (Flocas & Giles 1991).

In the above mechanisms, the frontogenetic influ-
ence of the warm Aegean Sea should also be men-
tioned. The variability in winter cyclonic routes in the
eastern Mediterranean may be found in the changing
land-sea contrast associated with the complex topogra-
phy of the region. This contrast affects the geographi-
cal area of maximum low-level baroclinicity yielding
significant monthly variations (Alpert et al. 1990).

The Greek precipitation field shows sharp gradient
between the western part of the Greek peninsula
(mainland and western Crete) (precipitation is 2 to 4
times higher; see Fig. 3) and the other areas of Greece
(Fotiadi et al. 1999). The higher precipitation totals are
related to the stronger thermal effect of the higher
SSTs, during the winter, in association with the com-
plex topography of the region. The air masses moving

towards the east pass over the sea, they are humidified
in their lower layers, and they become unstable or po-
tentially unstable. The condensation of the water vapor
gained is a result of the orographical forcing by the
land and the mountains and heavy rainfall follows on
the windward side (Metaxas 1978).

It is well known that the upper troposphere mainly
forces cyclogenesis over the central and eastern
Mediterranean. Synoptic studies have demonstrated
that the associated surface low pressure and therefore
the frontal activity are most likely to develop under the
southeastern side of upper level troughs (Prezerakos &
Flocas 1996, 1997). Wibig (1999) investigated the rela-
tionship of circulation patterns of the 500 hPa geopo-
tential heights in the Euro-Atlantic sector to the pre-
cipitation distribution in Europe during the winter
months. She found that precipitation in the central and
eastern Mediterranean is mainly related to the Central
European pattern (CE; Wibig 1999), the Scandinavian
pattern (Scand; Barnston & Livezey 1987, Rogers 1990)
and the Eurasian pattern (EU2; Barnston & Livezey
1987).

Linkages between the non-seasonal precipitation
over the extended Mediterranean region and monthly
mean 500 hPa geopotential height over Atlantic and
Europe have been investigated by Corte-Real et al.
(1995) based on a canonical correlation analysis (CCA).
They found statistically significant coupled patterns,
some of them showing the Mediterranean Oscillation
(Conte et al. 1989), namely anomalies in the geopoten-
tial height fields over the central-eastern Mediter-
ranean and anomalies with opposite sign over the
western Mediterranean. These are connected to speci-
fic Mediterranean precipitation patterns. Kozuchowski
et al. (1992) studied the connections between precipi-
tation and 500 hPa geopotential height fields for Thes-
saloniki and Athens for the period 1951 to 1985. They
point to the fact that in winter high precipitation is
connected with an upper level trough over the central
Mediterranean and an upper level ridge over Scandi-
navia. This is in agreement with recent studies of
Xoplaki et al. (1999), who investigated the influence of
large-scale atmospheric circulation on the seasonal
precipitation variability in Thessaloniki for the period
1958 to 1997. According to these studies, for Athens
and Thessaloniki southeasterly or easterly airflow is
responsible for high precipitation totals during winter-
time. In addition, the mid-tropospheric circulation
alone can share around 60% of the precipitation vari-
ability.

The precipitation regime, the geographical distribu-
tion and the relationship of precipitation between var-
ious meteorological stations in the Greek area have
already been studied by Maheras & Kolyva-Machera
(1979), Papadopoulos (1993), Sakellariou et al. (1993),
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Sahsamanoglou (1993), Repapis et al. (1993), Lycoudis combination with CCA. The results will be put in a
et al. (1994) and Fotiadi et al. (1999). Many climatolo- wider time-space context and the probable mecha-
gists have studied the relations between precipitation nisms and processes in the complex atmosphere-ocean
and multi-scale atmospheric circulation over Greece system leading to the regional anomalous climatic con-
(Metaxas & Kallos 1980, Maheras 1982a,b, Maheras & ditions (general decrease of winter precipitation) will
Kolyva-Machera 1993, Metaxas et al. 1993, Rizou & be briefly discussed.

Karacostas 1993, Luterbacher et al. 1998, Xoplaki et al.

1998, 1999). Most of these presentations of the ob-

served climate variability or its connections with the 2. DATA
Greek area focused on surface variables, i.e., tempera-
ture, precipitation and sea level pressure (SLP). Two main data sets were used in this study: the time
However, an extended study about the influence of series of 6-hourly 500 hPa geopotential heights fields
the large-scale mid-tropospheric circulation in the pro- during the winter season and monthly winter precipi-
duction of low-frequency precipitation variations over tation for 23 Greek stations (Fig. 1b, including the alti-
Greece for the second half of this century is still lack- tude in m). All data sets cover the 1958 to 1994 interval.
ing. In addition, the mechanisms and processes lead- The 6-hourly 500 hPa geopotential height fields are a
ing to long-term variations in the regional surface cli- product of the NCEP/NCAR 40-Year Reanalysis Pro-
mate and upper level circulation are poorly understood ject (Kalnay et al. 1996). The 500 hPa geopotential
so far. height data are given on a 2.5° x 2.5° latitude by longi-

The present study examines the characteristics of tude grid and the monthly mean values were com-
Greek winter precipitation and their relationship with puted from the 6-hourly fields. Because the surface cli-

the joint dominant modes of low-frequency atmos- mate is often sensitive to minor shifts in large-scale
pheric variability. The analysis focuses on wintertime atmospheric patterns (e.g., Yarnal & Diaz 1986), in
(December, January and February), due to the impor- order to isolate the characteristics of atmospheric vari-
tance of the precipitation totals for the Greek area dur- ability specified to the Greek area, a relatively small
ing this season. The highest precipitation totals over spatial window was selected. 561 grid points were con-
Greece are observed during wintertime. In addition, sidered, extending from 30° W to 50° E and 30 to 70° N

the large-scale atmospheric circulation and the climate (Fig. 1a). For the sake of compatibility with other cli-
variables present a great spatial coherence during this matological studies, the 3 common winter months

season. (December, January and February [DJF]) were used.

The concurrent relationship between winter precipi- The precipitation data of the Greek stations of the
tation in the Greek area and large-scale atmospheric National Meteorological Service stem from the
circulation during the period 1958 to 1994 was investi- Monthly Meteorological Bulletin (1958 to 1987) and

gated using empirical orthogonal functions (EOFs) in the Statistical Bulletin of Greece (1988 to 1994).
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Fig. 1. (a) Distribution of the 561 grid points (2.5° longitude by 2.5° latitude) with monthly mean 500 hPa geopotential heights rep-
resenting the large-scale mid-tropospheric circulation. The area of Greece enclosed by the rectangular box is shown in additional
detail in (b). (b) Geographical distribution of the 23 Greek stations. Stations’ altitudes (m) are also given in brackets
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Fig. 2. Spatial correlation of winter precipitation between the reference series (a) Athens and (b) Thessaloniki and the remaining
Greek stations. (00) Stations tested for homogeneity with the respective reference series

3. METHODS

The homogeneity of the precipitation data was tested
using the Alexandersson (1986) test. The stations used as
reference precipitation series were Athens and Thessa-
loniki. These 2 stations were selected because of their
homogeneity, and are considered as highly homoge-
neous by all Greek researchers because there have been
no changes in instruments, observing practices, the for-
mulae for calculating means and the station environment
(Peterson et al. 1998). Moreover, they show significant
correlation with the tested time series and both stations
have functioned continuously at the same location since
their establishment. Fig. 2 presents the spatial correla-
tion of winter precipitation between the reference series,
Athens (Fig. 2a) and Thessaloniki (Fig. 2b), and the re-
maining Greek stations.

Athens shows higher correlations with the stations in
the center and in the south, whereas the relationship
between Thessaloniki and the stations in the west,
north and east is closer than for Athens. All time series
contained no missing values and were tested for homo-
geneity for every month and every season separately.
Every station was tested with the reference time series
(Athens or Thessaloniki) to which it showed the high-
est correlation. Stars in Fig. 2a,b indicate the stations
used with Athens or Thessaloniki as the reference time
series, respectively.

The linear trends for the winter precipitation for all
Greek stations were calculated. The significance of
these trends was tested by the non-parametric Mann-
Kendall trend test (Sneyers 1992).

The 2 climatic data sets (500 hPa geopotential height
fields and Greek station precipitation) were normal-

ized for each winter month, separately, by subtracting
the respective 1958-1994 mean and dividing by the
respective standard deviation. The 3 concatenated
normalized winter months were then considered as 1
large vector and projected onto their first few EOFs.
This procedure removes linear dependencies between
variables within the same data set and reduces the
dimensionality of the observed data. EOF analysis is a
technique that is used to identify optimal representa-
tion of patterns (main signals), which maximizes the
simultaneous variation (Preisendorfer 1988, von Storch
1995, von Storch & Zwiers 1999). In this study, the first
5 EOFs were retained for the winter 500 hPa geopo-
tential height fields and the first 7 for the precipitation
at the Greek stations; these numbers of EOFs share
80% of the total variance of the 500 hPa geopotential
heights and precipitation, respectively. The EOF scores
(time series) were used for the subsequent CCA (Bar-
nett & Preisendorfer 1987, von Storch & Zwiers 1999).
CCA determines optimal pairs of the concomitant spa-
tial patterns that account for the maximum amount of
variance within the gridded winter (DJF) 500 hPa
geopotential heights and the Greek winter precipita-
tion separately and, at the same time, their optimally
correlated time components. The 2 temporal series
(i.e., coefficient time series; 1 for each field) are the
projections of the spatial patterns on the input data
fields. The squared correlation between these tempo-
ral series is the maximized quantity and gives a mea-
sure of the degree of association between the 2 tempo-
ral patterns. The coefficient time series (i.e., the
intensities of the modes) are normalized to unity, so
that the canonical correlation patterns represent the
typical strength of the signal, with the geopotential
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height anomalies in geopotential meters (gpm) and the
precipitation anomalies in mm.

To test the plausibility of the statistical relationships
detected by means of CCA, 3 selected winters
(1962/63, 1970/71 and 1991/92) were considered in
more detail. The selected winters are characterized by
negative time components, time components close to
zero and positive time components of the first CCA
pair, respectively.

For the transformation of the grid-point 500 hPa
geopotential heights and Greek station-related infor-
mation into a field analysis a ‘kriging’ interpolation
scheme (Brown & Eischeid 1992) was used (except for
Fig. 3b), where the contour lines give an ‘optimum’
between smoothing in space and realistic reproduction
of the station data (Schonwiese et al. 1994). However,
it has been taken into account that one cannot have
high confidence in the interpolation of precipitation in
regions where the station-to-station distances are
large and where orography is an important factor (see
below).

4. RESULTS
4.1. Homogeneity of the Greek precipitation data

The calculated Alexandersson test statistics, Tv,
were at all stations lower than 4. The maximum value
of Tv, To, whether it exceeds a certain critical level or
not, is used as a criterion of acceptance or rejection of
the null hypothesis (Hy: inhomogeneity of the series).
The critical levels, which naturally depend on the
number of values in the series, for a 40 yr period are
7.0, 8.1 and 9.25 at the 90, 95 and 97.5% significance
levels, respectively (Alexandersson 1986). This means

that all time series can be considered as rather homo-
geneous. Thus, no adjustment or corrections of the
time series were made.

4.2. Mean Greek winter precipitation distribution
and trend analysis

Fig. 3b reveals the distribution of mean winter pre-
cipitation in the period 1958 to 1994 together with the
orographical conditions over Greece. It shows a maxi-
mum of precipitation in the western part of the country
(mainly due to moist air advection from west and
orographic uplift mechanisms due to the Pindos
[NNW-SSE] chain and the mountains of Peloponnese
[southern Greece]) up to 440 mm in the lonian Sea. A
minimum in winter precipitation is prevalent in the lee-
ward rain shadow (central and northern Greece). A sec-
ond maximum with values up to around 400 mm can be
found over the eastern Greek islands mainly due to
large-scale moisture advection in the low and mid-tro-
posphere (including sensible and latent heat flux from
the warmer Mediterranean Sea). The time series of
winter mean precipitation at the 23 Greek stations ex-
hibit small serial (winter-to-winter) correlation (not
shown). Similar results have been found by Busuioc &
von Storch (1996) for Romanian winter precipitation.

Since winter precipitation is related to the mid-tro-
pospheric atmospheric circulation, Fig. 3a shows the
winter mean 500 hPa geopotential heights, where an
upper level ridge is located over the eastern North
Atlantic towards western Europe and a small trough
over eastern Europe.

In Fig. 4, the linear trends for the winter precipitation
for 3 selected Greek stations are shown. Thessaloniki
and Athens were used as they have the most homoge-
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Fig. 3. (a) Seasonal mean of winter (DJF) 500 hPa geopotential heights (gpm). (b) Greek winter station precipitation (mm) for the
period 1958 to 1994 together with the topography of Greece
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Fig. 4. Linear trend of winter precipitation for 3 selected Greek stations (Athens, Thessaloniki, lerapetra). Note the different
scales on precipitation axes

neous series and lerapetra as a station representing the
south Aegean Sea. The 3 time series indicate a de-
crease of winter total precipitation (Athens: 1.8 mm
winter! yr1; Thessaloniki: 1.7 mm winter® yr2; ler-
apetra: 3.5 mm winter! yr1). Fig. 5 reveals the Mann-
Kendall trend test values for linear trends of Greek
winter precipitation for the period 1958 to 1994. The
0.1 contour represents the 90% confidence level (error
probability 0.1). The mountainous regions in the west
(loannina, Agrinio, Patra and Tripoli), the lonian

Islands (Corfu and Argostoli), over northern Greece
(Thessaloniki) and the north and eastern Aegean
region (Skyros, Mitilini, Samos and Rhodes) show a
significant decrease of winter precipitation during the
investigated period. All other stations show a decrease
in winter precipitation as well, though not significant.
The interpolated values based on the ‘kriging’ interpo-
lation scheme (see above) over the western lonian Sea,
over the mountainous regions as well as over western
Turkey are less certain, since no station data from
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Fig. 5. Mann-Kendall trend test values for linear trends of
Greek winter precipitation, 1958 to 1994. The 0.1 contour
(thick solid line) represents the 90% confidence level (error
probability 0.1). The shaded areas indicate a significant
decrease of winter precipitation over the studied period

these areas were included in the study and, thus,
should be considered with caution. This should be kept
in mind for all the following maps.

4.3. EOFs of Greek precipitation and large-scale
500 hPa geopotential height

To obtain insight into the main modes of variability
of each parameter, Fig. 6 presents the first EOF
(Fig. 6a) of the winter 500 hPa geopotential height and
of the winter Greek precipitation (Fig. 6b) for the
period 1958 to 1994. The leading EOF precipitation

70N

pattern is characterized by a monopole pattern. This
pattern explains 51% of the total variance of the pre-
cipitation field and describes the general mean winter
precipitation structure (see Fig. 3b). It depicts simulta-
neous reduction (enhancement) of winter precipitation
anomalies over Greece with 2 minima (maxima) up to
70 mm in the western part, in the lonian Sea and over
eastern Greece. Despite the complex topography of
Greece, this large-scale pattern suggests a common
physical process dominating the precipitation variabil-
ity, which could be linked to large-scale atmospheric
circulation. The leading 500 hPa geopotential height
pattern explains around 25% of the variance and
shows a dipole structure with positive (negative) geo-
potential height anomalies south of around 50°N and
negative (positive) geopotential height anomalies over
northern Europe. This mode portrays northward or
southward migration of the storm tracks from their
time-mean position, since the pair of extrema tends to
straddle the climatological storm track axis (Lau 1988).

The second EOF precipitation pattern (Fig. 7b)
accounts for 12% of variance and has a dipole struc-
ture, the negative and positive values being separated
approximately by the coastline around the Aegean
Sea. In addition, the highest precipitation anomalies
are located over the Pindos chain (western part of
Greece) and over Crete. Therefore, these patterns sug-
gest a land-sea influence combined with orographic
structures on winter Greek precipitation. This is in
agreement with the studies by Kotinis-Zambakas et al.
(1992) and Lolis et al. (1999), among others. The sec-
ond EOF 500 hPa geopotential height pattern (Fig. 7a)
explains around 20% of variance and shows a large
anomaly with the same sign over almost the whole of
continental Europe. A simultaneous rise (fall) of the
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Fig. 6. Patterns of the first EOF of (a) the winter 500 hPa geopotential heights and (b) Greek winter precipitation (1958-1994). The
coefficients are normalized to 1; therefore the patterns represent a typical dimensional distribution (gpm and mm). The explained
variance is 25% (500 hPa geopotential height) and 51% (Greek precipitation)
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Fig. 7. Patterns of the second EOF of (a) the winter 500 hPa geopotential heights and (b) Greek winter precipitation (1958-1994).
The coefficients are normalized to 1; therefore, the patterns represent a typical dimensional distribution (gpm and mm). The
explained variance is 20% (500 hPa geopotential height) and 12% (Greek precipitation)

geopotential height is described by this pattern, with
an amplitude of about 50 gpm over the North Sea.
Greece is located at the southeastern edge of the
monopole pattern.

The higher index precipitation and 500 hPa geopo-
tential height patterns are more complex and they
explain smaller amounts of variance.

4.4 Coupled patterns between Greek winter
precipitation and large-scale 500 hPa
geopotential height fields

CCA yielded 3 physically reasonable relevant pairs
of patterns that describe the simultaneous responses of
the winter precipitation field to the anomalies of the
mid-tropospheric circulation over the North Atlantic-
European sector and therefore exhibiting circulation
regimes concurrently associated with precipitation
over Greece.

The first CCA pair (Fig. 8a,b) accounts for 17% of the
total winter mean 500 hPa variance and for 38% of the
total precipitation variability. This pair exhibits a cor-
relation between the precipitation and the 500 hPa
coefficient time series of 0.8. The precipitation pattern
resembles the first EOF pattern, whereas the first CCA
500 hPa pattern is similar to the second EOF pattern.
The mid-troposphere pattern resembles the Central
European pattern (CE) (Wibig 1999).

According to this pattern, an intense, persistent and
extended positive anomaly, centered over central
Europe, is associated with below normal precipitation
over the whole Greece. In the opposite phase, a
remarkable anomalous upper level trough is con-
nected with southwesterly moist air advection that

leads to rainy conditions, especially over western and
eastern Greece. Minimum values are expected over
the meridional Aegean Sea and the eastern part of
Thessaly (central Greece) and central Macedonia
(northern Greece). The year-to-year variations of the
normalized time components of the first CCA pair are
more or less coherent (Fig. 8c). The normalized time
components of the 2 series (precipitation and 500 hPa
geopotential heights) represent the corresponding
‘sign’ of the patterns shown in Fig. 8a,b. For instance,
positive (negative) time components for both time
series for a specific winter go along with positive (neg-
ative) anomalies of 500 hPa geopotential heights over
Europe and negative (positive) precipitation anomalies
over Greece. For both climate variables, the time com-
ponents show a general downward tendency for more
cyclonic situations in the mid-tropospheric fields for
the first few years of the studied period. These are con-
nected with wetter conditions over Greece. Positive
normalized time components at the beginning of the
1970s and at the end of the studied period indicate
blocking connected with drier conditions.

The second CCA pair (Fig. 9a,b) explains 16% of the
total winter mean 500 hPa geopotential height vari-
ance and 14 % of the total precipitation variability. The
correlation between precipitation and 500 hPa geopo-
tential height coefficient time series of the second CCA
pair is 0.47. The precipitation pattern resembles the
second EOF pattern, although the line between the
positive and negative anomalies does not follow the
border of the Aegean Sea. In the one mode (positive
normalized time components), an anomalous high has
its center over the Black Sea, while an anomalous
upper level trough covers the eastern North Atlantic
and large parts of Europe. Anomalous southwesterly
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Fig. 8. Patterns of the first canonical pair of (a) winter 500 hPa geopotential height (anomalies in gpm; contour interval 10 gpm)

and (b) total Greek winter precipitation (anomalies in mm; contour interval 10 mm). They explain 17% (500 hPa geopotential

height) and 38% (Greek precipitation) of the total variance. Solid lines mark the positive values and dashed lines the negative

values. (c) Normalized time components of the first CCA patterns of geopotential height anomalies (dashed line) and Greek pre-

cipitation anomalies (solid line). For clearness, the monthly (DJF) time components were averaged to 1 seasonal winter value for
the respective years. The correlation between the 2 seasonal curves is 0.87

flow dominates over northern Greece. In the opposite
phase (negative normalized time components), the
upper level trough over eastern Europe leads to moist
air advection, probably connected with enhanced
instability and thus above-normal precipitation over
the whole country, especially over the southern
Aegean Sea. The year-to-year variations expressed by
the time coefficients of the second CCA pair (Fig. 9c)
are quite coherent, but they do not present a distinct
trend during the whole period.

The third CCA pair (Fig. 10a,b) exhibits a correlation
of 0.35 between the winter 500 hPa geopotential
height and the Greek precipitation. It explains 13% of
the total Greek winter precipitation variance and 17 %
of seasonal 500 hPa geopotential height variance. Per-
sistent positive 500 hPa geopotential height anomalies
are located over Scandinavia, central and northern
Europe, while over the western Mediterranean nega-
tive anomalies are prevalent. Greece lies in the transi-

tion zone between the 2 upper level anomaly fields,
where anomalous easterly to northeasterly (northwest-
erly) upper air currents effect the area. Analogously,
opposite synoptic processes with reversed climate
behavior take place in the other phase. The year-to-
year variations in the winter normalized time compo-
nents are high (Fig. 10c), with the positive mode pre-
vailing during the early 1970s.

The fourth CCA pair (not shown) shows a smaller
correlation of 0.31 and it is not of great relevance,
since, in the case of Greek winter precipitation, less
than 7% of variance is explained. Thus, this pattern
describes only details at single stations. In the case of
500 hPa geopotential height the corresponding upper
level pattern is still large scale and accounts for a con-
siderable amount of variance (13%). It shows an
extended positive anomaly over northwestern Europe
and an extended belt of low 500 hPa geopotential
heights from the Azores towards western Russia.
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Fig. 9. Patterns of the second canonical pair of (a) winter 500 hPa geopotential height (anomalies in gpm; contour interval 10 gpm)

and (b) total Greek winter precipitation (anomalies in mm; contour interval 10 mm). They explain 16% (500 hPa geopotential

height) and 14% (Greek precipitation) of the total variance. Solid lines mark the positive values and dashed lines the negative

values. (c) Normalized time components of the second CCA patterns of geopotential height anomalies (dashed line) and Greek

precipitation anomalies (solid line). For clearness, the monthly (DJF) time components were averaged to 1 seasonal winter value
for the respective years. The correlation between the 2 seasonal curves is 0.58

4.5. Synoptic situations and precipitation distribution
of selected winters

Figs. 11 to 13 show the 500 hPa and precipitation
anomaly fields for the winters 1962/63, 1970/71 and
1991/92. This analysis gives insight into how the most
important CCA pair is associated with the atmospheric
circulation and the precipitation conditions over
Greece.

Fig. 11 presents the mean monthly 500 hPa geopo-
tential height anomalies and the monthly mean pre-
cipitation anomalies (departures from the reference
period 1958-1994) for the winter 1962/63 (negative
time components in both data sets, cf. Fig. 8c). All
months show a similar 500 hPa geopotential height
anomaly distribution with negative values in an
extended belt from the Atlantic over the European
continent up to Russia. The centers of maximum nega-
tive departures are approximately over western and

central Europe. Positive 500 hPa geopotential height
anomalies can be found east of the Black Sea and over
northwestern Europe. Anomalous westerly to south-
westerly airflow is associated with above-normal pre-
cipitation over the whole of Greece, especially in the
eastern (December) and western (February) part of the
country. More specifically, the anomaly precipitation
patterns for January and February 1963 clearly indi-
cate that the winter precipitation is associated with the
passage of depressions along the Mediterranean and
over Greece from west to east (Maheras 1982a, Koti-
nis-Zambakas et al. 1992). The primary effect of the
mountains (central mountain area and Pindos chain) in
the western part of the country is to promote convec-
tion by destabilizing the air upstream leading to the
pronounced luv/lee effects even on a monthly or sea-
sonal basis.

The 1970/71 winter 500 hPa geopotential height
anomalies and the precipitation anomalies over
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Fig. 10. Patterns of the third canonical pair of (a) winter 500 hPa geopotential height (anomalies in gpm; contour interval 10 gpm)

and (b) total Greek winter precipitation (anomalies in mm; contour interval 10 mm). They explain 17% (500 hPa geopotential

height) and 13% (Greek precipitation) of the total variance. Solid lines mark the positive values and dashed lines the negative

values. (c) Normalized time components of the third CCA patterns of geopotential height anomalies (dashed line) and Greek pre-

cipitation anomalies (solid line). For clearness, the monthly (DJF) time components were averaged to 1 seasonal winter value for
the respective years. The correlation between the 2 seasonal curves is 0.38

Greece, with time components close to zero (cf.
Fig. 8c), are presented in Fig. 12. Although the aver-
aged wintertime components indicate ‘normal’ condi-
tions (climatology of the period 1958-1994), the 3 sin-
gle winter months show a different picture, with high
month-to-month variability reflected in both the anom-
alous mid-tropospheric circulation and the precipita-
tion distribution. In December 1970, normal to below-
normal precipitation over Greece is connected with
slightly positive 500 hPa geopotential height anom-
alies in the vicinity of Greece and negative departures
over southwestern Europe/Azores and positive depar-
tures north of around 45° N. The absolute mid-tropo-
sphere chart indeed shows a ridge from the Azores
towards Iceland, a trough over France and a small
ridge over the central and eastern Mediterranean (not
shown).

January 1971 shows a dipole pattern with above-
normal 500 hPa geopotential heights east of around

20°E and below-normal values west from central
Europe, connected with a trough over the central and
eastern Mediterranean in the absolute charts (not
shown). The anomaly chart indicates a generally
southerly upper level flow over Greece, which brings
normal precipitation totals over almost the whole coun-
try. The map for February 1971 gives the reverse
anomaly 500 hPa geopotential height distribution com-
pared to January 1971, connected with above-normal
precipitation values over the whole of Greece. The
maximum is reached in the lonian Sea and over the
southern Aegean Sea. The absolute 500 hPa geopoten-
tial height chart for February 1971 reveals a north-
westerly mid-tropospheric flow over Greece (not
shown).

Similar to the previous figures, Fig. 13 shows the
monthly 500 hPa geopotential height anomalies and the
connected precipitation anomalies for the winter
1991/92. This winter was characterized by the most
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Fig. 11. Monthly mean 500 hPa geopotential height anomalies (gpm) (left) and precipitation anomalies (mm) (right) (departures

from the reference period 1958-1994) for winter 1962/63 (DJF) (contour intervals are 20 gpm and 20 mm, respectively). Solid

lines mark the positive values and dashed lines the negative values. This winter is representative of negative normalized time
components of both Greek precipitation and 500 hPa geopotential height in the first CCA

positive normalized time components for the first CCA winter clearly indicate positive departures over wide
pair, which correlates with dryness over Greece. The parts of Europe. The center of the positive anomaly lies
monthly 500 hPa geopotential height anomalies for this over northwestern Europe (British Isles) with values up
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Fig. 12. Monthly mean 500 hPa geopotential height anomalies (gpm) (left) and precipitation anomalies (mm) (right) (departures

from the reference period 1958-1994) for winter 1970/71 (DJF) (contour intervals are 20 gpm and 20 mm, respectively). Solid

lines mark the positive values and dashed lines the negative values. This winter is representative of normalized time components
close to zero of both Greek precipitation and 500 hPa geopotential height in the first CCA

to 220 gpm higher than the long-term mean. Greece is postfrontal subsidence and drier air. In January and Feb-
located at the southeastern part (January and February ruary, dry and cold air is advected from the northwest
1992) of the strong positive anomaly connected with (not shown), leading to distinctly below-normal precip-
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Fig. 13. Monthly mean 500 hPa geopotential height anomalies (gpm) (left) and precipitation anomalies (mm) (right) (departures

from the reference period 1958-1994) for winter 1991/92 (DJF) (contour intervals are 20 gpm and 20 mm, respectively). Solid

lines mark the positive values and dashed lines the negative values. This winter is representative of positive normalized time
components of both Greek precipitation and 500 hPa geopotential height in the first CCA

itation over the whole of Greece. For December 1991 a mid-tropospheric trough (not shown) with above-nor-
negative 500 hPa geopotential height anomalies were mal precipitation totals over southern Greece and dry-
prevalent over southeastern Europe, in connection with ness over the northern part of the country.
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5. DISCUSSION

The Mann-Kendall trend test reveals a downward
trend in winter precipitation in Greece and supports
the findings of Schénwiese et al. (1994, 1998). How-
ever, the denser station network reveals that only the
northern and eastern parts of the country show a sig-
nificant trend.

Climate models simulating the greenhouse-gas
(GHG)-induced global climate trends (Houghton et al.
1990, 1992) are very restricted in their regional relia-
bility. Nevertheless, some indications from climate
modeling that GHG forcing may be responsible for
the winter dryness in the Mediterranean area exist
(Houghton et al. 1990, 1992).

Discussions of possible causes of the observed pre-
cipitation trends during the last decades are very com-
plicated and problematic. Precipitation anomalies are
more influenced by smaller time scale processes than
temperature anomalies, resulting in a dispersed and
less coherent pattern. Consequently, the CCA patterns
for precipitation share less variance and are, therefore,
more complicated than those related to temperature
(not shown); this has also recently been stated by
Corte-Real et al. (1995).

Maheras et al. (1999b) investigated wet and dry
monthly anomalies across the Mediterranean Basin
and their relationship with circulation over the last
130 yr. They found that the reduction in the winter pre-
cipitation can be attributed to the enhanced frequency
of zonal circulation over the Mediterranean, whereas
the reduction in winter temperature and winter precip-
itation over the Greek area can be attributed to the
enhanced frequency of the northwest or northeast con-
tinental, dry and cold airflow over Greece (Maheras et
al. 1999a,b). The advection of continental air is con-
nected with the presence of high-pressure systems
located over the Balkans, eastern or western Europe.
The winter geopotential height fields in Fig. 13 support
these results. In addition, Wanner et al. (1997) and
Schonwiese et al. (1998) found for the last few decades
a statistically significant upward trend in the surface
pressure and the geopotential height over the eastern
Atlantic and most of continental Europe, including
Greece. This is due to the strengthening of the south-
westerly jet over the North Atlantic area; central
Europe lies to the southeast in the right exit zone of this
jet. This leads to an ageostrophic cross-isobar, north-
west-southeast mass transport and therefore a rise in
pressure in the lower troposphere, due to imbalance of
the flow in the northeastern diffluent zone of this jet
(Ryd-Scherhag divergence theory; Scherhag 1948,
1952, Wanner et al. 1997). In addition, the continental
flow component out of Africa has strengthened over
the western part of the Mediterranean, whereas over

its eastern parts the northeasterly flow component has
increased (Malberg & Frattesi 1995).

The patterns of the first CCA pair (Fig. 8a,b) and the
corresponding normalized time components reflect
this situation and represent a link that is very reason-
able from a physical point of view: in winters with pos-
itive normalized time components, strong positive
geopotential height anomalies prevail over Europe,
whereas negative anomalies are dominant over the
eastern North Atlantic and the eastern Mediterranean
extending northward to Russia. Anomalously mid-tro-
pospheric northerly to northeasterly air currents from
northern Europe and western Russia, driven by the
high, are connected with a lack of precipitation over
the Greek area (see also Fig. 13). Subsidence within
the anticyclone contributes to the stabilization of the
air mass in the first approximately 5.5 km; thus heat
exchange is restricted to the layers below the ground
inversion. Analogously, opposite synoptic processes
with reversed climate behavior take place with nega-
tive normalized time components. The patterns are
similar with the second CCA pair provided by Corte-
Real et al. (1995) connected with a Mediterranean
Oscillation bringing wetter (positive normalized time
components) conditions over the Iberian Peninsula,
Egypt and the Near East.

The patterns of the second CCA pair (Fig. 9a,b)
resemble the first CCA pair by Corte-Real et al. (1995)
and represent also a reasonable link considering the
overlying physics: due to subsidence and stability con-
ditions, driven by the anomalous high geopotential
heights from the eastern Mediterranean to western
Russia, negative precipitation anomalies cover most of
the Greek area. This is in agreement with the study of
Wibig (1999), who found a similar precipitation distrib-
ution related to the Eurasian pattern (EU2; Barnston &
Livezey 1987).

The concomitant patterns of the third CCA pair
(Fig. 10a,b) represent a physical plausible link as well:
higher (lower) than normal precipitation over the west-
ern and southeastern (north, eastern and central) part
of Greece is evident in the associated precipitation
pattern. The higher precipitation totals over western
Greece and the lonian Sea islands might result from
anomalous southeasterly flow at the eastern flank of
the upper level trough. In the opposite phase, the neg-
ative geopotential height anomalies far to the north
and the positive anomalies over the western Medi-
terranean lead to a lack of precipitation over western
Greece due to atmospheric stability (Maheras 1982a,b).
Wibig (1999) found a similar precipitation distribution
related to the Scandinavian pattern (Scand; Barnston &
Livezey 1987, Rogers 1990).

No notable changes were found in the CCA analyses
when using the first EOFs accounting for 85 and 90%
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of total winter 500 hPa geopotential height variance for
the subsequent CCA analysis, which is an indication
that the results are not sensitive to different EOF trun-
cations. In addition, the previous study of Xoplaki et al.
(1998) revealed similar results when using a smaller 5°
x 5° resolution of the 500 hPa geopotential height fields
(30 to 65° N, 20° W to 40°E).

The anomalous dryness over the eastern Mediter-
ranean and the exceptionally wet conditions over
Scandinavia and northern Europe during the last years
or even decades are strongly associated to the recent
behavior of the North Atlantic Oscillation (NAO) (Hur-
rell 1995, 1996). Hurrell (1995) points to the fact that
the recent, decade-long low totals of winter precipita-
tion over the whole Mediterranean are related to the
persistent positive mode of the NAO. The changes in
the mean circulation patterns over the North Atlantic
are also accompanied by a pronounced shift in the
storm tracks and associated synoptic eddy activity as
well as the transport of atmospheric moisture (Hurrell
1995, Halpert & Bell 1997). The positive NAO situation
over the middle latitudes led to a maximum moisture
transport from the Atlantic towards northern Europe,
whereas a reduction of the total atmospheric moisture
transport occurred over southern Europe and the east-
ern Mediterranean.

The approximately equivalent barotropic structure
of the atmosphere in the first SLP (Luterbacher et al.
1998) and 500 hPa geopotential height CCA patterns
does not only lead to lack of precipitation over Greece
but also to below-normal winter temperatures at the
surface and up to about the 850 hPa level (Proedrou et
al. 1997, Luterbacher et al. 1998). Different studies
have reported a tropospheric warming widespread
over Europe connected with a stabilization between
different layers in the troposphere (Meyrhofer et al.
1996, Born & Flohn 1997, Maheras et al. 1998, Schon-
wiese et al. 1998), and thus reduced baroclinic condi-
tions. It is worth mentioning that enhanced westerlies
over the eastern North Atlantic are also linked to SST
changes in the North Atlantic. Between 1973 and 1992
the SSTs of both the southern and eastern North
Atlantic raised around 1°C. In contrast, during positive
modes of the NAO, negative SST anomalies occur in
the whole Mediterranean Sea (Rogers & van Loon
1979). This is in agreement with the results of Bart-
zokas et al. (1994), who found a marked decrease in
the winter SSTs in the eastern part of the Mediter-
ranean, with a minimum in the 1970s. The combination
of subsidence in all levels together with smaller capac-
ity for retaining precipitable water vapor due to nega-
tive SST anomalies in combination with below-normal
surface temperature might lead to less sensible and
latent heat flux into the lower atmosphere, and thus
less precipitation.

Much more work has to be done in the future taking
into consideration not only statistical analysis but also
conceptual models explaining the main physics, mech-
anisms and processes. Further studies will investigate
the large-scale atmospheric circulation patterns at the
surface and in the mid-troposphere over the eastern
North Atlantic European area coupled with Greek pre-
cipitation and temperature for the other seasons, both
concurrently and with time-lags, which may be helpful
for long-range forecasts. Further investigations of gen-
eral circulation models (GCMs) with respect to simu-
lating regional precipitation over Greece connected
with SLP and the 500 hPa geopotential height fields
will be conducted.

6. CONCLUSIONS

The influence of the large-scale mid-tropospheric
circulation for wintertime on the Greek precipitation
anomalies was investigated.

The Alexandersson test revealed that the Greek sta-
tion precipitation data can be considered homoge-
neous.

The Mann-Kendall trend test indicated a significant
decrease of winter precipitation in the western moun-
tainous regions, over northern and eastern Greece
from 1958 to 1994. The other regions showed reduced,
although not significant, precipitation.

The 3 most important 500 hPa geopotential circula-
tion regimes concurrently correlated with precipitation
anomalies over the Greek area are plausible from the
physical point of view. The links are strong and it can
be asserted that changes in the Greek precipitation
conditions are due to changes in the large-scale atmos-
pheric circulation, primarily related to the first and sec-
ond EOFs of 500 hPa geopotential height, i.e., to
enhanced westerlies over the eastern North Atlantic,
connected with a rise of the mid-tropospheric geopo-
tential over most of continental Europe.

More wintertime blocking situations over the last
30 yr or so and thus reduced frequency of depression
activity over the whole Mediterranean area led to
anomalous cold and dry air advection from northerly
directions towards southeastern Europe.

It is supposed that the decrease of cyclonic situations
over Europe during the last few decades together with
a stronger continental flow component at the surface
and in the mid-troposphere was the main reason for
the dry winters over Greece. In addition, negative SST
anomalies in the central and eastern Mediterranean
combined with reduced surface temperatures led to
enhanced stabilization in the lower atmosphere.

However, climatic research is still far away from
being able to explain all the different links between
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the atmosphere, ocean, sea-ice, biosphere, etc., partic-
ularly in respect to all regional peculiarities (Schon-
wiese et al. 1994).
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