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1.  INTRODUCTION

Atmospheric stability is one of the most significant
meteorological factors affecting weather conditions.
High atmospheric stability conditions are generally
responsible for sunny and dry weather, while high
instability favors convection, which is responsible for
the development of convective clouds associated
with showers, thunderstorms and extreme precipita-
tion events. Such phenomena and events signi fi -
cantly affect human life, causing significant pro -
blems in transportation, agriculture and many
constructions and human activities. Therefore, their
prediction is important and can contribute to the

planning for mitigation of these effects. For the quan-
tification of atmospheric stability, static stability in-
dices have been introduced and developed. Their es-
timation commonly requires computation based on
several thermodynamic parameters, and their value
shows the degree of convection, which may vary de -
pending on synoptic conditions, geographical posi-
tion and season of the year. The humidity, K,
potential wet-bulb, and Showalter and Yonetani in-
dices are some of the known stability indices (Show -
alter 1953, Jacovides & Yonetani 1990, Lolis 2007).
These indices can be calculated using radiosonde
meteo rological data in various isobaric levels of the
atmosphere.
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In the Mediterranean region, atmospheric stability
is mostly affected by the humidity and temperature
characteristics of the earth’s surface, as well as by
the prevailing synoptic conditions. In winter, atmos-
pheric instability is generally high over the warm (re -
lative to the overlying air) sea surface and low over
the cool land. The vertically extended depressions
formed over the various cyclogenesis regions of
the Mediterranean region (Flocas et al. 2013) move
mainly across the Mediterranean Sea axis, being
intensified due to the high energy transfer from the
warm sea surface, increasing static instability and
causing high precipitation rate and thunderstorms
(Lolis et al. 2004). In summer, the opposite situation is
common, with stable conditions over the cool (rela-
tive to the overlying air) sea surface and frequently
unstable conditions over the warm land, especially
during the afternoon, due to land warming asso -
ciated with the high incoming solar radiation. In the
eastern Mediterranean, etesian winds (Tyrlis & Lelie -
veld 2013, Anagnostopoulou et al. 2014) play an im -
portant role, affecting the local meteorological condi-
tions, including static stability over the Balkans. In
general, high instability conditions are frequently
responsible for extreme precipitation events and
thunderstorms, which are common over the sea in
winter and over land areas in summer. Atmospheric
stability in Greece and specifically some cases of
high instability have been examined in the past from
various points of view (Dalezios & Papamanolis 1991,
Karacostas et al. 1991, Marinaki et al. 2006).

Athens is the capital of Greece and its population is
~1/3 of the total population of the country. The con-
tinuous development of the urban area with new
roads and buildings, and the rapid and chaotic change
in land use during the last decades have made the
Athens region vulnerable to floods associated with
extreme precipitation events (Koussis et al. 2003,
Nastos et al. 2014). These floods are frequently asso-
ciated with extensive damage to infrastructure, and
can also be dangerous to human life. Thus, research
on the atmospheric conditions that favor such ex -
treme precipitation events is particularly useful for
forecasting purposes. One of the most im portant
atmospheric parameters connected to ex treme pre-
cipitation events is atmospheric instability. Investiga-
tion of the large-scale atmospheric circulation fea-
tures that are connected to high static instability over
the Athens region would provide the scientific com-
munity, and especially weather forecasters, with sig-
nificant evidence with regards to atmospheric condi-
tions favoring extreme precipitation events and
thunderstorms over the region.

In the present study, the main synoptic patterns
over the Mediterranean that are associated with
extreme static instability over Athens were deter-
mined. This was achieved by applying a multivariate
statistical technique, including factor analysis (FA)
and cluster analysis (CA), on atmospheric circulation
para meters over the broader Mediterranean region.
The cloud cover and precipitation levels in Athens
that correspond to the above patterns were also
examined in order to connect the extreme instability
cases with the Athens weather.

2.  METHODS

The data used in the present study consist of daily
values of (1) 12 UTC radiosonde measurements of
850, 700 and 500 hPa air temperature and 850 and
700 hPa dew point temperature at Hellinikon Athens
airport obtained from the British Atmospheric Data
Center (BADC); (2) 12 and 15 UTC cloud cover and
total precipitation at Hellinikon Athens airport ob -
tained from the Hellenic National Meteorological
Service (HNMS); and (3) 12 UTC 1000 hPa and
500 hPa geopotential height (GH) and sea level pres-
sure (SLP) at 189 grid points (2.5° × 2.5°) covering the
Mediterranean region, obtained from the National
Center of Environmental Prediction / National Cen-
ter of Atmospheric Research (NCEP/NCAR) Reana -
lysis database, for the period 1974–2012 (Kalnay et
al. 1996, Kistler et al. 2001). In the above BADC data
set for Athens, a small percentage of the data (2%)
are missing, and the corresponding days were thus
excluded from the analysis.

The daily radiosonde measurements were used to
calculate K-index values for the Athens region
according to the following formula (see e.g. Jaco-
vides & Yonetani 1990)

(1)

where T and TDew are the dry bulb and dew point
temperatures respectively, and the subscripts refer to
the pressure level in hPa. Generally, values of K
>+20°C over a region indicate a high possibility of
thunderstorm events (Andersson et al. 1989). The
expected weather conditions for various classes of K
are presented in Table 1.

In order to obtain the mean intra-annual variation
in K-index, the 39 yr (1974−2012) mean daily values
were calculated for the 365 d of the year. Next, the K-
index and the 500 and 1000 hPa GH data sets were
both separated into 2 subsets — one for the cold
period (16 October–15 April) and one for the warm

( ) ( )850 Dew850 700 Dew700 500K T T T T T= + − − −
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period (16 April–15 October) of the year (Kasso -
menos et al. 2003). For each period, the 5% of the
days presenting the highest K values were selected
(280 d). For the selected groups of days, the lowest
value of the K-index is 25.1°C for the cold and 29.4°C
for the warm period, respectively. For these days,
the corresponding 280 × 189 1000 hPa and 500 hPa
GH data matrices were constructed. A methodology
scheme including FA and CA was applied to each of
these matrices in order to reveal the main patterns in
the lower and the middle troposphere that are associ-
ated with extreme instability conditions over Athens
for both the cold and the warm periods of the year
(Jolliffe 1986, Sharma 1995, Kalkstein et al. 1996).

FA was applied to the above matrices in order to
reduce their dimensionality. FA is essentially a
dimensionality reduction multivariate statistical me -
thod that expresses a set of p correlated variables X1,
X2, …, Xp in terms of a smaller number of new uncor-
related parameters (the factors), elucidating the rela-
tionship between the original p variables (Jolliffe
1986). A scree plot was used as a general rule in
selecting the number of factors. According to this
rule, the number of statistically significant factors is
equal to the number of points deviating from a
straight line in a diagram presenting the eigenvalues
of the correlation matrix listed from the highest to the
lowest value. Varimax rotation, an orthogonal type of
rotation, was also used in order to better discriminate
among the initial variables and thus better interpret
the results, keeping the factors uncorrelated (Rich-
man 1986). CA was then applied on matrices of the
resultant factor scores in order to classify the high
K-index days into clusters with characteristic 500 hPa
and 1000 hPa GH patterns over the Mediterranean
region. CA is a clustering technique which classifies
n observations of p variables into objectively defined
groups (the clusters) such that each cluster is as
homogeneous as possible with respect to the cluster-
ing variables (Sharma 1995). The decision about the

number of clusters was made by using the Jump
method introduced by Sugar & James (2003) and
testing various numbers examining the physical sub-
stance of the results. The squared Euclidean distance
was used as a measure of similarity and the k-means
technique of the non-hierarchical approach was fol-
lowed (Kalkstein et al. 1996).

For each one of the resultant clusters, the mean
patterns of 500 hPa GH and SLP over the Mediter-
ranean region were constructed and the main atmos-
pheric circulation characteristics associated with
high instability over Athens were revealed. The
mean patterns of SLP are presented instead of those
of 1000 hPa GH, as most meteorologists are familiar
with SLP synoptic charts. Daily cloud cover and pre-
cipitation values in Athens were also used for the
days of each cluster in order to test the importance of
high static instability on cloud development and pre-
cipitation. The mean cloud cover values between 12
and 15 UTC were used, taking into account that
cloud development and precipitation usually coin-
cide with or follow high instability. The short time lag
between high instability and cloud development/
precipitation occurs especially during the warm
period, when land warming associated with solar ra -
di a tion (effective during the afternoon) is frequently
necessary for cumulus cloud development and thun-
derstorm activity.

3.  RESULTS AND DISCUSSION

The mean intra-annual variation in K-index is pre-
sented in Fig. 1a. It is characterized by an early sum-
mer maximum and a late winter minimum. There
seems to be a considerable difference between the
mean K-index values of the cold (0−10°C) and the
warm (10−20°C) periods of the year. Additionally, the
large scale circulation characteristics over the Medi-
terranean region are different between the warm
and the cold periods. This justifies the decision to
separately examine the 2 periods. The early summer
maximum is associated with intense land warming
and the persistence of relatively cold air masses in
the middle troposphere, while the late winter mini-
mum is connected to the seasonal temperature mini-
mum of the land surface and the associated lower tro-
pospheric layers, as well as frequent cold advection
of air masses from higher latitudes (Lolis et al. 2012).
The above mean intra-annual variation shows the cli-
matic characteristics of atmospheric stability during
the year, but K may significantly deviate from these
values in all seasons, depending on the specific syn-
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K-index Expected weather
(°C)

<15         No significant weather phenomena

15–25     Possible steady precipitation, isolated thunder-
storms

26–30     Probable steady precipitation, widely scattered
thunderstorms

31–35     Steady precipitation, scattered thunderstorms

>35        Steady precipitation, numerous thunderstorms

Table 1. Expected weather for various K-index classes
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optic conditions and the associated temperature and
humidity characteristics in the various tropospheric
heights. The distribution of daily values into 4 K-
index classes is presented in Fig. 1b. Almost 60% of
the days are characterized by K <15°C, while K is
>30°C in almost 2% of the days. Taking into account
the expected weather for the above classes presented
in Table 1, the levels of atmospheric stability in
Athens may be associated with precipitation forma-
tion in ~40% of the days. Static instability is one of
but not the sole factor that may lead to precipitation
formation. Thus, high static instability may not be
enough for precipitation formation; conversely, pre-
cipitation may still occur during stable atmospheric
conditions.

The application of FA on the daily values of
1000 and 500 hPa GH reveals 6 factors accounting for
85% of the total variance for the cold period and 7
factors accounting for 84% of the total variance for
the warm period. The application of CA to the result-

ant factor scores results in 9 clusters (Figs. 2 to 4) and
5 clusters (Figs. 5 to 7) for the cold and the warm peri-
ods, respectively. The number of days classified in
each cluster and the corresponding percentages are
presented in Table 2.

For each cluster, the mean patterns were construc -
ted for both 500 hPa GH and SLP (instead of 1000 hPa
GH), thus revealing the main GH and SLP patterns
associated with extreme instability conditions in
Athens. The mean 500 hPa GH and SLP patterns, the
inter-monthly variation in the classified days for each
cluster, and the variation in cloud cover and precipi-
tation among the clusters for the cold and the warm
periods are presented below.

3.1.  Cold period

The mean 500 hPa GH and SLP patterns and the
monthly variation in the number of cases for the 9
clusters of the cold period are presented in Figs. 2 &
3. In cluster 1 (Figs. 2a,b & 3a), a well organized de -
pression over the central Mediterranean transfers
warm, humid and unstable air masses over the Athens
region. At 500 hPa, the low GH center is located over
Italy and the flow over Athens is southwesterly, while
near the surface, the low pressure center is located
over the Ionian Sea and the flow over Athens is south-
easterly (Fig. 2a,b). These synoptic conditions prevail
mainly during November and December (Fig. 3a) and
are associated with stormy weather and high precipi-
tation amounts in the Greek area, especially in
Athens because the southeasterly flow near the sur-
face transfers very humid air masses there. The high
humidity potential of the air masses is attributed to
their long journey over the eastern Mediterranean
and the Aegean Sea (Lolis 2012).
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Fig. 1. (a) Mean daily intra-annual variation in K-index and (b) distribution of the daily values into the 4 K-index classes in 
Athens for the period 1974−2012

      Cold period                          Warm period
Cluster   No.          (%)            Cluster   No.          (%)
            of days                                      of days          

1               42           15.0                 1          42           15.0
2               28           10.0                 2          53           18.9
3               40           14.3                 3          72           25.7
4               31           11.1                 4          84           30.0
5               34           12.1                 5          29           10.4
6               19           6.8                                               
7               33           11.8                                               
8               24           8.6                                               
9               29           10.3                                               

Total       280         100.0            Total     280         100.0

Table 2. Cluster analysis results for the cold and the warm 
periods
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In cluster 2 (Figs. 2c,d & 3b), an upper low pressure
system over NW Europe and a surface low pressure
system over the Iberian Peninsula are shown. A
southwesterly flow appears in the middle tropo-

sphere over the whole Mediterranean region, while
near the surface, a southerly flow prevails over the
same region (Fig. 2c,d). As a result, warm and humid
air masses dominate near the surface over Athens,
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Fig. 2. (continued on next page) Mean 500 hPa geopotential height (left panels) and sea level pressure (SLP; right panels) 
patterns for the 9 clusters of the cold period
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which in combination with the colder but also humid
air masses at 500 hPa level, create ideal conditions
for high atmospheric instability. The circulation over
southern Greece is cyclonic in both the middle and
the lower troposphere. This kind of atmospheric
 circulation is mainly observed in November and
December, whereas a lower concentration of days is
shown during early spring (Fig. 3b).

In cluster 3 (Fig. 2e,f & 3c), a 500 hPa trough is
located over the western Mediterranean, causing a
southwesterly flow over the Balkans. The correspon-
ding surface low pressure system is centered over
Italy, causing a southerly−southwesterly flow over
Athens (Fig. 2e,f). These synoptic conditions prevail
during autumn (Fig. 3c) and are connected with the
high instability over Athens, which is mainly a result
of the high temperature (obtained during passage
over the warm sea surface during this season) of the
lowest tropospheric layers.

In cluster 4 (Fig. 2g,h & 3d), both the upper trough
and surface low pressure system are displaced to the
east relative to the ones in cluster 3. Specifically, the
axis of the upper trough extends from the western
Balkans to the Ionian Sea, while the surface low pres-
sure system is centered over NW Greece and Alba-
nia. The upper air flow over Athens is westerly, while
near the earth’s surface, the flow is southwesterly

(Fig. 2g,h). The high instability is a result of the warm
and humid surface layers (as in cluster 3) as well as
the cold air masses near the trough axis in the middle
troposphere. These conditions prevail slightly later
relative to those in cluster 3 and specifically during
late autumn and early winter (Fig. 3d).

The GH and SLP patterns of cluster 5 (Fig. 2i,j & 3e)
are generally similar to those of cluster 4, but the
depression center is slightly displaced westwards
and located over southern Italy (Fig. 2i,j). The direc-
tions of both the upper and the surface flows over
Athens are almost the same. Cluster 5 is a winter
cluster, as it prevails later than cluster 4 and specifi-
cally from November to March, with its maximum
frequency occurring in December and January
(Fig. 3e).

In cluster 6 (Fig. 2k,l & 3f), a 500 hPa trough and the
corresponding surface low pressure system are loca -
ted over the Ionian Sea. The flow over Athens is
southerly−  southwesterly in the middle troposphere
and southeasterly in the lower troposphere (Fig. 2k,l).
These synoptic conditions are probably as soci ated
with the northeastward movement of a Saharan de-
pression formed on the lee side of the Atlas Moun-
tains. Such depressions are mainly formed during
spring when the baroclinity along the northern
African coasts is high, but they are also frequent in
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autumn, with lower intensities (Prezerakos et al. 1990,
Ammar et al. 2014). This agrees with the fact that clus-
ter 6 prevails during October (Fig. 3f) and not in April
(one case only), since static instability above the
Mediterranean region in April is generally low due to
the cool sea surface (relative to the air above it).

A different type of circulation is shown in cluster 7
(Fig. 2m,n & 3g). The surface flow is northeasterly,
transferring humid and relatively cold air masses
over the windward region of southeastern Greece
including Athens. In the middle troposphere, the ori-
entation of the trough axis over the Balkans shows
that the trough is moving southeastwards, transfer-

ring cold air masses which, combined
with the high humidity near the sur-
face, are responsible for the high
instability over Athens (Fig. 2m,n).
This type of instability prevails in
October and November, when the
northeasterly surface flow is not so
cold because of the air masses’ pas-
sage over the warm (relative to the
winter or spring months) surface of the
Aegaen Sea (Fig. 3g).

Cluster 8 (Fig. 2o,p & 3h) 500 hPa
GH and SLP patterns show a well-
organized depression over the central
Mediterranean (Fig. 2o,p). These syn-
optic conditions are typical for the cold
period in the Medi terranean region
and resemble the corresponding cli-
matic patterns for low NAO index
cases, when the large scale circulation
allows the formation and de velop -
ment of the Mediterranean depres-
sions (Wanner et al. 2001). The
monthly distribution of cluster 8 days
shows that this type of extreme insta-
bility prevails during almost all
months of the cold period except Octo-
ber, but especially during late winter
and early spring (Fig. 3h). The high K-
index values can be justified, taking
into ac count the upper trough and the
as soci ated cold air mass, and the rela-
tively warm and very humid south-
easterly flow in the lower tropo sphere.

Finally, in the case of cluster 9
(Fig. 2q,r & 3i), a deep depression with
its associated trough in the middle tro-
posphere is centered over the Tyr rhe -
nian Sea, causing a southeasterly flow
over Greece (Fig. 2q,r). In this case, the

depression center is relatively far from the Athens re-
gion, but the extended area which is under the influ-
ence of the southeasterly flow allows the development
of high instability conditions over Athens. This type is
more frequent during late autumn and early winter
(November and December) (Fig. 3i).

The mean K-index values and the corresponding
SDs for the 9 clusters are presented in Fig. 4a. The
highest K value was noted in cluster 6 and ap -
proaches 29°C. The lowest value, which is between
26 and 27°C, was observed in cluster 5. The SDs are
generally high for all clusters, ranging between 2 and
5°C. These relatively high values are due to the fact
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Fig. 3. Monthly distributions of the 
9 clusters of the cold period
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that K-index depends on the vertical humidity pro-
files, which may be different among days with similar
500 hPa GH and SLP patterns. The percentages of
days with mean cloud cover (12−15 UTC) belonging
to each of the 3 classes (0−2, 3−5 and 6−8 octals) are
presented in Fig. 4b. Cloud cover values are high for
all clusters, with the percentages of days with cloud
cover >6 octals ranging from ~50% for cluster 2 to
almost 100% for cluster 1. The cases of clear sky or
few clouds (0−2 octals) are very few, ranging from
0% for clusters 1, 6 and 9 to ~15% for cluster 7, while
the percentages of days with cloud cover between 3
and 5 octals range between 2% for cluster 1 to ~40%
for cluster 3. The percentages of precipitation days
within each cluster are presented in Fig. 4c. These
percentages are >50% for all clusters except for clus-
ters 3 and 7, and range from 38% for cluster 3 to 88%
for cluster 8. Considering that Athens is generally a
sunny and dry place with cold period cloud cover and
precipitation frequency values that are not >5 octals
and 70 d (39%), respectively (Hellenic National Me -
te orological Service 1999), the above findings on
cloud cover and precipitation confirm the importance
of atmospheric instability for cloud development and
precipitation formation. Finally, the mean daily pre-
cipitation amounts for the precipitation days of each
cluster are presented in Fig. 4d. The highest daily

amounts occur for clusters 1 (22 mm) and 9 (15 mm),
and all values are >5 mm, revealing a considerable
precipitation rate during the extreme instability days.

3.2.  Warm period

For the warm period, the mean 500 hPa GH and
SLP patterns, the intermonthly variability and the
various diagrams referring to cloud cover and precip-
itation are presented in Figs. 5 & 6. Cluster 1
(Figs. 5a,b & 6a) prevails during May to June and
September to October, with maximum frequency in
September (Fig. 6a). At the 500 hPa level, a zonal cir-
culation with a trough appearing over the southern
Balkans prevails, this circulation being responsible
for the high instability over Athens. At the surface,
the SLP gradient over Greece is very low and does not
reveal the existence of significant synoptic systems
(Fig. 5a,b). Atmospheric instability over the Mediter-
ranean during the warm period is mainly controlled
by upper air disturbances and temperature and/or
humidity changes, as cyclonic activity over the cool
(relative to the air above it) sea surface is restricted in
the lower troposphere and circulation is dominated
by high persistence semi-permanent large scale sys-
tems, e.g. the SW Asia thermal low and the Azores
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sub tropical anticyclone (Lolis et al. 2012). Thus,
weather changes are mainly caused by the passages
of upper troughs and their associated cool air masses.

Cluster 2 (Figs. 5c,d & 6b) is a summer cluster, as it
prevails mainly from June to August (Fig. 6b). The
atmospheric circulation over the Mediterranean re -
gion is characterized by the clear appearance of the
Azores subtropical anticyclone and the SW Asia ther-
mal low. In the middle troposphere, a ridge ap pears
over the southern Balkans (Fig. 5c,d). The high insta-
bility is probably a result of the northeasterly flow

over Athens transferring relatively warm air masses
from the Aegean Sea, while the anticyclonic circula-
tion in the upper troposphere is responsible for cold
and dry air masses. An interesting feature of this
cluster is the very sparse cloudiness resulting in very
low amounts of precipitation compared to other clus-
ters (Fig. 7b–d). This is due to the presence of a ridge
in the middle troposphere, leading to air sinking over
the Athens region and preventing the up ward move-
ment of an air parcel from the lower to the middle tro-
posphere. In such a case, the high static instability
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Fig. 5. Mean 500 hPa gepotential height (left panels) and sea level pressure (SLP; right panels) patterns for the 5 clusters of the 
warm period
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may not be enough for cloud development and pre-
cipitation, and the dynamical air sinking related to
the large scale upper air disturbance is the dominant
factor affecting weather conditions in Athens.

Cluster 3 (Figs. 5e,f & 6c) shows a slightly differ-
ent kind of circulation, which prevails through the
high-summer period of July and August (Fig. 6c). In
the lower troposphere, the combination of the sub-
tropical high and the SW Asia thermal low causing
the etesian winds over the Aegean Sea is also ap -
parent (Ziv et al. 2004); in the middle troposphere, a
large scale atmospheric disturbance with associated
cold air masses affects the eastern and southern
Balkans, increasing the atmospheric instability over
the Athens region (Fig. 5e,f).

In cluster 4 (Figs. 5g,h & 6d), the circulation is quite
similar to that of cluster 3. The main difference is
noticed at the 500 hPa level, where the strength of
the atmospheric disturbance is higher and the trough
is well organized, transferring very cool air masses
from central Europe and significantly increasing
the atmospheric instability over the Athens region
(Fig. 5g,h). These conditions prevail from June to
October, with the maximum frequency occurring in
July (Fig. 6d).

Cluster 5 (Figs. 5i,j & 6e) can be characterized as
the late spring−early summer circulation, as it pre-
vails in May and June (Fig. 6e). The circulation near

the earth’s surface is quite similar to
those of the previous 2 clusters, show-
ing a northeasterly flow over the
Athens region. In the middle tropo-
sphere, an upper air low is located over
eastern Europe and the Black Sea,
which is responsible for the ad vec tion
of very cold air masses from central
Europe over the Balkans (Fig. 5i,j).
These cold air masses, along with the
northeasterly flow near the surface
transferring humid air masses from the
Aegean Sea over the Athens region,
are responsible for the high instability
conditions over Athens, favoring the
development of convective clouds and
thunderstorms.

The comparison of the K-index means
and SDs, cloud cover and precipitation
among the 5 clusters is presented in
Fig. 7. Mean K values range be tween
31.0°C (cluster 1) and 31.7°C (cluster 4).
Cluster 5 presents the highest SD and
comprises more ex treme instability
cases relative to the other clusters. The

percentages of days with mean cloud cover (12−
15 UTC) belonging to each of the 3 classes (0−2, 3−5
and 6−8 octals) are presented in Fig. 7b. Cluster 5
shows the highest percentage of days (relative to the
other clusters) with high cloud cover (6−8 octals).
Moreover, the majority of days classified under clus-
ters 1, 3, 4 and 5 are characterized by partly cloudy,
mostly cloudy or overcast conditions (3−8 octals) dur-
ing the afternoon; in contrast, cluster 2 is characterized
mainly by low cloud cover values (0−2 octals). The low
cloud cover values for cluster 2 are in agreement with
the ridge appearing over the Balkans at the 500 hPa
GH pattern (Fig. 5c). Fig. 7c,d shows the percentage
of precipitation days and the average amount per pre-
cipitation day. Clusters 1 and 5 are the rainiest clus-
ters, with rains in >30% of the days classified into
them; except for cluster 2, all clusters are character-
ized by precipitation amounts slightly greater than
5 mm d−1. Cluster 2 presents the lowest percentage of
precipitation days and daily amount in agreement
with low cloud cover ( Fig. 7b).

4.  CONCLUSIONS

The atmospheric circulation characteristics associ-
ated with extreme static instability over Athens were
separately examined for the cold and the warm peri-
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Fig. 6. Monthly distributions of the 
5 clusters of the warm period
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ods of the year, for the period 1974−2012. The follow-
ing conclusions can be drawn from the results:

(1) For the cold period, extreme instability condi-
tions over Athens are mainly a result of a depression
over Italy or the Ionian Sea, and a warm and humid
southeasterly surface flow over the Athens region.
The southeasterly flow contributes to high tempera-
ture and humidity levels near the surface because of
the long path of air masses over the relatively warm
surface of the Aegean Sea. The frequency of high
values of cloud cover and precipitation during the ex -
treme instability days is high, confirming that insta-
bility is a dominant factor for cloud development and
precipitation formation in the cold period for almost
all the associated synoptic patterns.

(2) For the warm period, high instability conditions
over Athens are mainly attributed to the presence of
an upper air trough over Greece, which is associated
with cold air masses in the middle troposphere, and
is responsible for the high K-index value. High val-
ues of cloud cover and precipitation frequency are
significantly lower relative to those of the cold
period, implying that high static instability during the
warm period is frequently insufficient for convective
cloud development and precipitation formation. This
happens because the large scale synoptic conditions
dominating over the eastern Mediterranean and the

thermal characteristics of the sea surface during the
warm period do not generally favor upward air
movement. The efficiency of high instability for cloud
development is significantly affected by the prevail-
ing circulation characteristics over the region, which
have to be considerably different from the climatic
circulation for the warm season.

(3) Generally, the reliability of the K-index as a pre-
dictor for cloud cover or precipitation over a region
such as Athens, which is characterized by significant
seasonal climate variability, may depend on the sea-
son and the prevailing large scale circulation charac-
teristics.

The present study shows that the effect of atmos-
pheric instability on cloud development and precipi-
tation in Athens is significant. However, atmospheric
instability is only one of the factors that contribute to
cloud development, specifically convective cloud de-
velopment. Precipitation is a result of convective and/
or stratiform clouds (e.g. Ruiz-Leo et al. 2013) and its
relation to stratiform clouds is not necessarily con-
nected to high static instability. Moreover, other sig-
nificant atmospheric processes also contribute to
cloud development and precipitation, e.g. conver-
gence, dynamical air lifting associated with positive
vorticity advection in fronts and frontal depressions,
and warm advection over cold surfaces (e.g. Ivan an-
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Picek et al. 2014). Some of these processes may be,
but are not always, accompanied by atmospheric in-
stability conditions. Thus, the correlation between at-
mospheric instability and cloudiness or precipitation
is expected to be significant but not perfect. Future
studies could examine the relative contributions of
the various atmospheric processes to cloud develop-
ment and precipitation, while also testing their time
and space dependence. The spatial variability of
these relative contributions could reveal significant
information about the role of specific geographical
and morphological characteristics, while their tempo-
ral variability could show the influence of ongoing cli-
mate change on the various atmospheric processes.
Finally, the use of other stability indices and compari-
son among them could help improve our understand-
ing of cloud development and precipitation, and the
spatial variability characteristics thereof.

LITERATURE CITED

Ammar K, El-Metwally M, Almazroui M, Abdel Wahab MM
(2014) A climatological analysis of Saharan cyclones.
Clim Dyn 43: 483−501

Anagnostopoulou Ch, Zanis P, Katragkou E, Tegoulias I,
Tolika K (2014) Recent past and future patterns of the
Etesian winds based on regional scale climate model
simulations. Clim Dyn 42: 1819−1836

Andersson T, Andersson M, Jacobsson C, Nilsson S (1989)
Thermodynamic indices for forecasting thunderstorms in
southern Sweden. Meteorol Mag 118: 141−146

Dalezios NR, Papamanolis NK (1991) Objective assessment
of instability indices for operational hail forecasting in
Greece. Meteorol Atmos Phys 45: 87−100

Flocas HA, Kountouris P, Kouroutzoglou J, Hatzaki M, Keay
K, Simmonds I (2013) Vertical characteristics of cyclonic
tracks over the eastern Mediterranean during the cold
period of the year. Theor Appl Climatol 112: 375−388

Hellenic National Meteorological Service (1999) Climatic
elements of the HNMS stations (Part A). Hellenic
National Meteorological Service, p 128 (in Greek)

Ivan<an-Picek B, Horvath K, Mahović NS, Gajić-Čapka M
(2014) Forcing mechanisms of a heavy precipitation
event in the southeastern Adriatic area. Nat Hazards 72: 
1231−1252

Jacovides CP, Yonetani T (1990) An evaluation of stability
indices for thunderstorm prediction in greater Cyprus.
Weather Forecast 5: 559−569

Jolliffe IT (1986) Principal component analysis. Springer-
Verlag, New York

Kalkstein LS, Nichols MC, Barthel CD, Greene JS (1996) A
new spatial synoptic classification:  application to air
mass analysis. Int J Climatol 16: 983−1004

Kalnay E, Kanamitsu M, Kistler R, Collins W and others
(1996) The NCEP/NCAR 40-year reanalysis project. Bull

Am Meteorol Soc 77: 437−471
Karacostas TS, Kakaliagou OK, Flocas EA (1991) An objec-

tive evaluation of two instability indices associated with
forecasting convective storms over the north and central
Greece. Geofiz 8: 51−59

Kassomenos PA, Sindosi OA, Lolis CJ (2003) Seasonal varia-
tion of the circulation types occurring over southern
Greece:  a 50-year study. Clim Res 24: 33−46

Kistler R, Kalnay E, Collins W, Saha S and others (2001) The
NCEP/NCAR 50-year reanalysis:  monthly means CD-
ROM and documentation. Bull Am Meteorol Soc 82: 
247−267

Koussis AD, Lagouvardos K, Mazi K, Kotroni V and others
(2003) Flood forecasts for urban basin with integrated
hydro-meteorological model. J Hydrol Eng 8: 1−11

Lolis CJ (2007) Climatic features of atmospheric stability in
the Mediterranean region (1948−2006):  spatial modes,
inter-monthly and inter-annual variability. Meteorol
Appl 14: 361−379

Lolis CJ (2012) High-resolution precipitation over the south-
ern Balkans. Clim Res 55: 167−179

Lolis CJ, Bartzokas A, Katsoulis BD (2004) Relation between
sensible and latent heat fluxes in the Mediterranean and
precipitation in the Greek area during winter. Int J Cli-
matol 24: 1803−1816

Lolis CJ, Bartzokas A, Lagouvardos K, Metaxas DA (2012)
Intra-annual variation of atmospheric static stability in
the Mediterranean region:  a 60-year climatology. Theor
Appl Climatol 110: 245−261

Marinaki A, Spiliotopoulos M, Michalopoulou H (2006)
Evaluation of atmospheric instability indices in Greece.
European Geosciences Union. Adv Geosci 7: 131−135

Nastos PT, Paliatsos AG, Koukouletsos KV, Larissi IK, Mous-
tris KP (2014) Artificial neural networks modeling for
forecasting the maximum daily total precipitation at
Athens, Greece. Atmos Res 144: 141−150

Prezerakos NG, Michaelides SC, Vlassi AS (1990) Atmos-
pheric conditions associated with the initiation of north-
west African depressions. Int J Climatol 10: 711−729

Richman MB (1986) Rotation of principal components.
J Clima tol 6: 293−335

Ruiz-Leo AM, Hernández E, Queralt S, Maqueda G (2013)
Convective and stratiform precipitation trends in the
Spanish Mediterranean coast. Atmos Res 119: 46−55

Sharma S (1995) Applied multivariate techniques. John
Wiley & Sons, New York

Showalter AK (1953) A stability index for thunderstorm fore-
casting. Bull Am Meteorol Soc 34: 250−252

Sugar AC, James MG (2003) Finding the number of clusters
in a dataset:  an information-theoretic approach. J Am
Stat Assoc 98: 750−763

Tyrlis E, Lelieveld J (2013) Climatology and dynamics of the
summer Etesian winds over the eastern Mediterranean.
J Atmos Sci 70: 3374−3396

Wanner H, Brönnimann S, Casty C, Gyalistras D and others
(2001) North Atlantic oscillation — concepts and studies.
Surv Geophys 22: 321−382

Ziv B, Saaroni H, Alpert P (2004) The factors governing the
summer regime of the eastern Mediterranean. Int J
Clima tol 24: 1859−1871

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

http://dx.doi.org/10.1002/joc.1113
http://dx.doi.org/10.1023/A%3A1014217317898
http://dx.doi.org/10.1175/JAS-D-13-035.1
http://dx.doi.org/10.1198/016214503000000666
http://dx.doi.org/10.1016/j.atmosres.2011.07.019
http://dx.doi.org/10.1002/joc.3370060305
http://dx.doi.org/10.1002/joc.3370100706
http://dx.doi.org/10.1016/j.atmosres.2013.11.013
http://dx.doi.org/10.5194/adgeo-7-131-2006
http://dx.doi.org/10.1007/s00704-012-0635-9
http://dx.doi.org/10.1002/joc.1112
http://dx.doi.org/10.3354/cr01132
http://dx.doi.org/10.1002/met.36
http://dx.doi.org/10.1061/(ASCE)1084-0699(2003)8%3A1(1)
http://dx.doi.org/10.1175/1520-0477(2001)082%3C0247%3ATNNYRM%3E2.3.CO%3B2
http://dx.doi.org/10.3354/cr024033
http://dx.doi.org/10.1175/1520-0477(1996)077%3C0437%3ATNYRP%3E2.0.CO%3B2
http://dx.doi.org/10.1002/(SICI)1097-0088(199609)16%3A9%3C983%3A%3AAID-JOC61%3E3.0.CO%3B2-N
http://dx.doi.org/10.1175/1520-0434(1990)005%3C0559%3AAEOSIF%3E2.0.CO%3B2
http://dx.doi.org/10.1007/s11069-014-1066-y
http://dx.doi.org/10.1007/s00704-012-0737-4
http://dx.doi.org/10.1007/BF01027477
http://dx.doi.org/10.1007/s00382-013-1936-0
http://dx.doi.org/10.1007/s00382-013-2025-0
http://dx.doi.org/10.1002/joc.1113
http://dx.doi.org/10.1023/A%3A1014217317898
http://dx.doi.org/10.1175/JAS-D-13-035.1
http://dx.doi.org/10.1198/016214503000000666
http://dx.doi.org/10.1016/j.atmosres.2011.07.019
http://dx.doi.org/10.1002/joc.3370060305
http://dx.doi.org/10.1002/joc.3370100706
http://dx.doi.org/10.1016/j.atmosres.2013.11.013
http://dx.doi.org/10.5194/adgeo-7-131-2006
http://dx.doi.org/10.1007/s00704-012-0635-9
http://dx.doi.org/10.1002/joc.1112
http://dx.doi.org/10.3354/cr01132
http://dx.doi.org/10.1002/met.36
http://dx.doi.org/10.1061/(ASCE)1084-0699(2003)8%3A1(1)
http://dx.doi.org/10.1175/1520-0477(2001)082%3C0247%3ATNNYRM%3E2.3.CO%3B2
http://dx.doi.org/10.3354/cr024033
http://dx.doi.org/10.1175/1520-0477(1996)077%3C0437%3ATNYRP%3E2.0.CO%3B2
http://dx.doi.org/10.1002/(SICI)1097-0088(199609)16%3A9%3C983%3A%3AAID-JOC61%3E3.0.CO%3B2-N
http://dx.doi.org/10.1175/1520-0434(1990)005%3C0559%3AAEOSIF%3E2.0.CO%3B2
http://dx.doi.org/10.1007/s11069-014-1066-y
http://dx.doi.org/10.1007/s00704-012-0737-4
http://dx.doi.org/10.1007/BF01027477
http://dx.doi.org/10.1007/s00382-013-1936-0
http://dx.doi.org/10.1007/s00382-013-2025-0

	cite4: 
	cite10: 
	cite21: 
	cite17: 
	cite3: 
	cite8: 
	cite12: 
	cite23: 
	cite19: 
	cite2: 
	cite7: 
	cite14: 
	cite20: 
	cite16: 
	cite1: 
	cite6: 
	cite11: 
	cite22: 
	cite18: 
	cite13: 
	cite24: 
	cite15: 
	cite9: 


