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ABSTRACT: The climatic characteristics of convective available potential energy (CAPE) over the
Mediterranean region are studied. The data used are daily grid point (1° x 1°) values of CAPE for
the period 1979-2015, obtained from the ERA-Interim data base. The main modes of the intra-
annual variation and the spatial distribution of CAPE are revealed using a multivariate data
reduction technique. Four main modes of intra-annual variation are found, which correspond to
specific Mediterranean sub-regions: (1) the continental areas north of the Mediterranean Sea,
presenting a maximum in summer and a minimum in winter; (2) the southern Mediterranean Sea
and NW Africa, showing a maximum in early autumn; (3) the northern Egyptian coasts, showing
a maximum in October; and (4) the continental areas of Asia Minor, characterized by maxima in
late spring and early autumn and minima in winter and summer. Four main modes of spatial dis-
tribution are found, one for each season: (i) the autumn pattern presents a maximum over the
southern Mediterranean Sea; (ii) the winter pattern is characterized by highest CAPE values over
the NE Mediterranean Sea; (iii) the spring pattern presents maxima over the inland areas north of
the Mediterranean Sea, Asia Minor and the Atlas mountains; and (iv) the summer pattern is char-
acterized by a maximum over the Adriatic Sea. Finally, the linear trends of CAPE during the
period 1979-2015 show a significant increase in many parts of the Eastern Mediterranean region,
especially in the warm period.
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1. INTRODUCTION

The convective available potential energy (CAPE)
is the amount of energy per unit mass which is avail-
able for convection. It is a significant meteorological
quantity connected to the static instability of the at-
mosphere, which is generally responsible for heavy
precipitation, thunderstorms, tornados, waterspouts
and other violent atmospheric phenomena. CAPE is
directly connected to the vertical temperature and hu-
midity profiles of the atmosphere, and therefore its
temporal and spatial variability can be influenced by
temperature and humidity changes near the earth's
surface and/or in the upper atmosphere. A global cli-
matology of CAPE has been presented by Riemann-
Campe et al. (2009) in terms of seasonal means, vari-
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ances and trends based on 6-hourly ERA-40 re-
analysis data for the 44 yr period 1958-2001. Accord-
ing to Riemann-Campe et al. (2009), CAPE is highest
in the tropics with its maxima located over the conti-
nents, the seasonal variation is dominated by specific
humidity, and the trends for the above period are gen-
erally positive for all seasons. For the Mediterranean
region, the examination of the climatic characteristics
of static stability is an interesting research subject, be-
cause of the complicated topography, strong seasonal
cycles of most of the climatic parameters, high fre-
quency of extreme weather events, and ongoing cli-
mate change affecting the region. Lolis (2007) and
Lolis et al. (2012) examined the climate characteristics
of atmospheric instability in the Mediterranean region
in terms of K-index variability, and revealed some in-
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teresting features, mainly regarding the seasonal
variation and spatial distribution of the K-index. How-
ever, the examination of atmospheric instability in
terms of CAPE at a denser grid would provide new
useful evidence about the climatology of atmospheric
stability over the region, taking into account that the
energy available for convection is closely connected
to the severity of extreme weather events (e.g. Marsh
et al. 2009, Tochimoto & Niino 2017). The connection
between CAPE and extreme precipitation in the
Mediterranean region is an interesting research sub-
ject, and it has been recently examined from various
points of view. For example, Ricard et al. (2012) found
that long lasting extreme precipitation events over the
mountainous Mediterranean area are associated with
high CAPE values, Khodayar et al. (2016) detected an
increase of CAPE in the hours prior to heavy precipi-
tation events in the Western Mediterranean region,
and Rysman et al. (2016) found that the displacement
of extreme rain events in the Alps—Mediterranean Eu-
roregion from land to sea from late spring to winter is
controlled by CAPE. It is noted that high values of
CAPE do not always lead to strong convection, which
depends also on convective inhibition (CIN), a param-
eter that expresses the amount of energy that
prevents an air parcel from rising from the surface to
the free convection level. However, a detailed de-
scription of the climate characteristics of CAPE in the
Mediterranean region has the potential to provide
useful information regarding the spatial and temporal
regimes of static stability, and the vertical profiles of
temperature and humidity. In the present study, the
climatic characteristics of CAPE over the Mediterran-
ean region are examined using a multivariate statisti-
cal approach. The study deals with CAPE, which is an
atmospheric stability index significantly affected by
the temperature and humidity characteristics of the
earth's surface. This is not the case for other stability
indices, as for example K-index, which has been ex-
amined by Lolis (2007) and Lolis et al. (2012), and in-
volves air temperature and humidity not very close to
the earth's surface (specifically between the 850 and
500 hPa isobaric levels). Furthermore, the study in-
volves the recently introduced ERA-Interim data set
at relatively high resolution (1° x 1°), which reveals
relatively small-scale spatial variations associated
with the complicated relief of the Mediterranean re-
gion that may be hidden when lower resolution data
are used (e.g. 2.5° x 2.5°). The main aims of the study
are: (1) the identification of the main modes of the sea-
sonal variability of CAPE in the various Mediterran-
ean sub-regions, (2) the identification of the dominant
CAPE patterns and the seasons of their predominance,

and (3) the detection of the sub-regions of the Medi-
terranean characterized by statistically significant
positive or negative CAPE trends during the last
decades. The first 2 aims relate to the main climate
characteristics of CAPE over the examined period,
while the third one may shed light on ongoing climate
change, which is expected to have severe effects in
the future over the Mediterranean region (e.g. Adloff
et al. 2015).

2. DATA AND METHODOLOGY

The data used are daily (12:00 h UTC) 1° x 1° grid
point values of CAPE, 1000 hPa air temperature (T),
1000 hPa specific humidity (Q), 1000 hPa relative hu-
midity (RH), 1000-500 hPa thickness (TH) and 500 hPa
air temperature (T5o) over the Mediterranean region
(10°W to 40°E, 30° to 50° N) (Fig. 1) for the 37 yr period
1979-2015, obtained from the ERA-Interim data base.
ERA-Interim is a global atmospheric reanalysis data set
produced by the European Centre for Medium-range
Weather Forecasts (ECMWF). The ERA-Interim project
mainly focused on various difficulties that appeared in
the production of ERA-40 reanalysis, related to the hy-
drological cycle, the stratospheric circulation and the
consistency in time of the reanalyzed fields (Dee et al.
2011). CAPE can be defined as:

Db
CAPE= [ (o, —0)dp (1)
Pa
where o is the environmental specific volume, o, is
the specific volume of a parcel moving upward moist-
adiabatically from the free convection level, dpis the
differential of atmospheric pressure, p; is the pres-
sure at the free convection level and p, is the pres-
sure at the neutral buoyancy level. The unit of meas-
urement of CAPE is J kg™ (AMS 2017).

From the initial daily values of CAPE, the 1979-2015
long-term means for the 73 (73 = 365/5) 5-d periods of
the year (averages of all the daily values belonging to
each of the 73 5-d periods of the year) are calculated for
each of the 1071 grid points of the study area and a 73 x
1071 matrix is constructed. The 1071 columns of the
matrix correspond to the 1071 grid points and the 73
lines correspond to the 73 five day periods of the year.

Next, the multivariate statistical method factor
analysis (FA) is used as a data reduction tool. FA
expresses the p variables X, X,, ... X, of a data set in
terms of a smaller number m of new uncorrelated
variables F,, F, ... F,, called the 'factors’. Each of the
original variables can be expressed as a linear func-
tion of the m factors, i.e.
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Fig. 1. Study region, indicating the main geographical features mentioned in the text

)(1‘ = ai1F1 + aize + ...+ aijm + €; (2)

where the coefficients a;;, aj, ... aj, are the correlation
coefficients between the initial variables and the fac-
tors, called ‘factor loadings' and e; expresses the part
of the variance of X; which is not explained by the m
factors, called ‘specificity’. The values of the factors
are usually presented in standardized format and they
are called ‘factor scores’ (Jolliffe 1986). FA is a statisti-
cal method that presents many similarities to principal
component analysis (PCA) (also called empirical or-
thogonal function [EOF] analysis), which is also used
in atmospheric and geophysical research (e.g.
Zveryaev & Hannachi 2012, Serra et al. 2014). In fact,
PCA is one of the methods used for the extraction of
the m factors from the original data set, and this ap-
proach is used in the present work. In this case, the
factor loadings and the factor scores are obtained with
the transformation of the first m principal components
using the eigenvectors and the eigenvalues of the cor-
relation matrix of the initial variables (Manly 1986).
FA has been applied many times in climatological
studies, achieving the appropriate dimensionality re-
duction and leading to physically interpretable results
(e.g. Bartzokas & Metaxas 1995, Jury et al. 2007, Lee
etal. 2009). A critical step during the application of FA
is the selection of the number of factors m. The deci-
sion about this selection can be made with the use of
one of the various statistical tests constructed for this
purpose (e.g. Overland & Preisendorfer 1982). In the
present work, the scree plot method is used for this
decision. Specifically, the number of the retained fac-
tors has to be equal to the number of the points deviat-
ing from the straight line in the scree plot, which is a

diagram presenting the eigenvalues of the correlation
matrix of the original variables, ordered from highest
to lowest (Cattell 1952). The number of factors indi-
cated by the scree plot has been found to be equal or
very close to the optimum number of modes explain-
ing the most significant characteristics of the variation
of a specific climatic parameter, and at the same time
expressing a large percentage of the total variance
(e.g. Lolis & Turkes 2016). There are various modes of
FA. In each mode, the lines and the columns of the
data matrix correspond to specific physical quantities
(e.g. time or space). In the present work S-Mode and
T-Mode FA are used. In S-Mode the rows of the
matrix correspond to time and the columns correspond
to space, while in T-mode the rows and the columns
correspond to space and time respectively. S-Mode is
applied on the above mentioned 73 x 1071 matrix in
order to reveal the main types of mean intra-annual
variation of CAPE and the sub-regions of their pre-
dominance, while T-Mode is applied on the trans-
posed 1071 x 73 matrix in order to reveal the main
types of spatial distribution of CAPE, and the seasons
of their prevalence. For S-Mode the factor loadings
and the factor scores correspond to space and time re-
spectively, while the reverse is the case for T-Mode,
where the loadings and the scores correspond to time
and space respectively. Specifically, in S-Mode the
scores show the main modes of intra-annual variation
of CAPE and the loadings show the areas that corre-
spond to these modes, while in T-Mode the scores
show the main modes of spatial distribution of CAPE
and the loadings show the seasons of their prevalence.
Thus, a comparison between the S-Mode and T-Mode
results can only be made by taking into account that
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S-Mode refers to the intra-annual variation, while T-
Mode refers to the spatial distribution of CAPE. It is
noted for example that a maximum (or minimum)
found in S-Mode for the intra-annual variation of
CAPE over a specific region does not necessarily
mean that the results of T-Mode should show a spatial
maximum (or minimum) of CAPE over the same re-
gion during the same season. This means that CAPE
over a specific region can be maximum for example in
summer relatively to the other seasons, while at the
same time (in summer) it can be minimum relatively
to the neighboring regions. Also, the varimax type of
orthogonal rotation is performed during the applica-
tion of FA in order to obtain better discrimination
among the initial variables, by maximizing the factor
loadings and keeping the factors uncorrelated (Rich-
man 1986).

The rest of the meteorological parameters (T, Q,
RH, TH and Tj) are used for the interpretation of
the intra-annual variations and the patterns of CAPE,
which are revealed by S-Mode and T-Mode FA,
respectively. The lower troposphere mean lapse rate
(LR) is extracted from T, T5o and TH [LR = (T -
Ts500)/ TH] and then parameters T, Q, RH and LR are
selected as the potential predictors of CAPE, because
they contain basic information about temperature
and humidity, especially near the surface. The statis-
tical method stepwise linear regression analysis
(SLRA) is applied on the intra-annual variations and
patterns of CAPE, T, Q, RH and LR. CAPE is consid-
ered as the dependent variable and T, Q, RH and LR
are considered as the independent variables. SLRA is
a statistical method which predicts a specific variable
A by using a set of potential predictor variables B;,
B,, ... B,. The selection of the appropriate B variables
which contribute significantly to the prediction of A
is carried out in steps. In each step, a B variable is
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considered for addition to or subtraction from the set
of predictor variables based on a prespecified crite-
rion, which in the present work involves the 0.05 and
0.10 p-values of F to enter and remove a variable,
respectively (Draper & Smith 1981). It has to be noted
that the potential predictors By, B, ... B,. do not nec-
essarily need to be uncorrelated, and the absence of
a B variable from the final predictors list does not
necessarily mean that it is not significantly correlated
with variable A. During the SLRA procedure, the
addition of a B variable to the predictors list is made
when it contributes statistically significantly to the
improvement of the prediction of A. A similar ap-
proach, i.e. the construction of a linear multi-
regression stepwise model for the prediction of a
meteorological variable using a list of potential pre-
dictors, has been followed by Ziv et al. (2009), who
examined the factors controlling lightning activity
over Israel. Finally, the Mann-Kendall statistical test
is applied on the inter-annual variations of CAPE at
each grid point in order to detect the statistically sig-
nificant positive or negative linear trends during the
examined period (WMO 1966, Kendall 1975).

3. RESULTS AND DISCUSSION

In the following subsections, the results regarding
the seasonal variability (Section 3.1), the spatial dis-
tribution (3.2) and the trends of CAPE (3.3) are pre-
sented and discussed.

3.1. Seasonal variability

The application of S-Mode FA on the 73 x 1071
data matrix reveals 4 main modes of CAPE intra-
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Fig. 2. Scree plots for factor analysis of (a) the intra-annual variation (S-Mode) and (b) the spatial distribution (T-Mode) of
convective available potential energy (CAPE) in the Mediterranean region
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Fig. 3. S-Mode factor analysis: (a) the spatial distribution of loadings (isopleths for loadings >0.7 are shown); (b—e) the intra-
annual variations of factor scores (standardized values)

annual variation accounting for 89 % of the total vari-
ance. The scree plot is presented in Fig. 2a. The spa-
tial distribution of loadings is presented in Fig. 3a,
which shows the sub-regions that correspond to each
of the 4 modes. The intra-annual variations of scores
are presented in Figs. 3b—e, and they are in fact the
corresponding intra-annual variations of CAPE over
the above sub-regions in standardized format. For
each factor, SLRA is applied on CAPE, T, Q, RH and
LR intra-annual variations at the grid points with the
maximum factor loading. The grid point with the
maximum factor loading is selected, because it is

characterized by the maximum correlation between
the factor scores and CAPE time series. This means
that for a grid point with a high factor loading, the
intra-annual variations of CAPE and factor scores are
almost identical. The results of SLRA are presented
in Table 1 and the intra-annual variations of CAPE
and the corresponding predictor parameters are
shown in Fig. 4. It is noted that the parameters which
are not found by SLRA to contribute significantly to
the prediction of CAPE are not necessarily uncorre-
lated with CAPE, and probably a part of their vari-
ance overlaps with the variance of the predictors.
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Table 1. Stepwise linear regression analysis for S-Mode

factor analysis, i.e. the predictors of CAPE and the corre-

sponding R values for the grid points with the highest factor
loadings. Bold: best model results

Factor Model Predictors R
Seasonal variation of CAPE at:
(F1) 28°E, 48°N 1 Q 0.850
2 QT 0.880
3 Q, T, LR 0.963
(F2) 6°E, 33°N 1 Q 0.864
(F3) 32°E, 31°N 1 Q 0.324
2 Q, LR 0.584
3 Q, LR, T 0.904
(F4) 35°E, 38°N 1 LR 0.482
2 LR, RH 0.829
3 LR,RH, Q 0.886

The first mode (F1) accounts for 42% of the total
variance, and corresponds to the area of central
Europe, the northern Mediterranean coasts and the
Black Sea (Fig. 3a). It is characterized by a maximum
in summer, specifically during June and July
(Fig. 3b). According to the results of SLRA (Table 1),
the main CAPE predictors are Q, T and LR (R =
0.963). According to Fig. 4a, the maximum of the
CAPE intra-annual variation coincides with the cor-
responding maxima of T and Q. LR is also high in
summer, although its maximum appears a little ear-
lier (late spring). The high LR over central Europe in
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summer is associated with the intense land heating
and the presence of relatively colder upper air
masses. During the cold period of the year, CAPE is
lower, because the land cooling and the frequent
presence of anticyclonic conditions reduce the pre-
vailing lapse rate in the lower troposphere (Lolis et
al. 2012).

The second mode (F2) accounts for 32 % of the total
variance and corresponds to the southern Medi-
terranean Sea and a part of NW Africa (Fig. 3a).
According to the seasonal variation of scores (Fig. 3¢),
CAPE is maximum between late summer and early
autumn. This late summer to early autumn maximum
can be attributed to the high air temperature and
humidity of the lowest tropospheric layers associated
with the high sea surface temperature (SST) of the
southern Mediterranean Sea, and the intense land
warming over NW Africa and considerably lower air
temperatures over the middle troposphere, taking
into account that in early autumn the subtropical
zone has started moving southwards and the first
cold air masses prevail in the middle troposphere,
increasing static instability. The application of SLRA
indicates that Q is the main predictor of CAPE (R =
0.864) (Table 1, Fig. 4b), providing a significant evi-
dence regarding its dominant role in the seasonal
variation of static stability over the specific region.

The third mode (F3) accounts for 8% of the total
variance and prevails over a small region comprising
the northern Egyptian coasts (Fig. 3a). The intra-
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Fig. 4. The intra-annual variations of CAPE and its predictors 1000 hPa air temperature (T), 1000 hPa specific humidity (Q),
1000 hPa relative humidity (RH) and lower troposphere mean lapse rate (LR) (standardized values), for the grid points with the
highest loadings for (a—d) factors 1-4, respectively
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annual variation of scores shows a maximum in Octo-
ber, about 1.5 mo later than in the case of F2 (Fig. 3d).
This time lag is possibly due to the gradual south-
wards displacement of the subtropical zone and the
corresponding prevalence of the westerly circulation,
which delays slightly over the eastern part of the
southern Mediterranean. According to the SLRA
results (Table 1, Fig. 4c), the predictors of CAPE sea-
sonal variation over this area are T, Q and LR. The
October CAPE maximum can be explained by taking
into account the corresponding October maximum of
LR, and the fact that in October both T and Q are rel-
atively high. During the rest of the year CAPE is
lower, because high LR generally coincides with low
T and Q and vice versa.

Finally, the fourth mode (F4) accounts for 7% of
the total variance, and corresponds to the continental
region of Asia Minor (Fig. 3a). It is characterized by
maxima in May and in early autumn, and minima in
high summer months (July and August) and in winter
(Fig, 3e). The above 2 maxima are in agreement with
those revealed by Lolis & Turkes (2016) in the intra-
annual variation of the extreme precipitation days in
Turkey, regarding the only warm period cluster
found associated with high CAPE values over this
region. The maxima of late spring and early autumn
can be attributed to the high surface temperature
associated with the intense land warming, along with
the presence of significantly colder upper air masses.
The July—-August minimum, which splits the high
static instability maximum of the warm period into
the above 2 maxima, is probably caused by of the low
relative humidity near the earth's surface, along with
the mid-level subsidence associated with the Asian
monsoon (Ziv et al. 2004, Rizou et al. 2015). The sig-
nificant role of RH in the summer minimum of CAPE
over this region is shown in the SLRA results
(Table 1, Fig. 4d). RH is one of the predictors, and its
summer minimum is responsible for the presence of 2
maxima (spring and autumn) in the seasonal varia-
tion of CAPE, instead of 1 broad maximum in sum-
mer, which would be the result of the corresponding
maxima in the Q and LR seasonal variations.

3.2. Spatial variability

The application of T-Mode FA on the transposed
1071 x 73 matrix reveals 4 dominant patterns of
CAPE in the Mediterranean region, accounting for
87 % of the total variance. The scree plot is presented
in Fig. 2b. The intra-annual variation of loadings and
the spatial distributions of scores are presented in

Fig. 5. The intra-annual variations of loadings show
the seasons of the predominance of the 4 patterns,
and the patterns of the scores show the spatial distri-
bution (standardized) of CAPE during these seasons.
It appears that the 4 modes generally correspond to
the 4 conventional seasons of the year. This means
that in the case of the spatial distribution of CAPE,
the alteration among the dominant patterns coin-
cides with the alteration among the conventional
seasons. This is not the case for other parameters
over the same region (e.g. atmospheric circulation)
(Lolis et al. 2008). Similarly to Section 3.1, for each
factor, SLRA is applied on CAPE, T, Q, RH and LR
patterns for the months with the maximum factor
loadings (maximum of the monthly averages). The
month with the maximum factor loadings is selected,
because it is characterized by the maximum correla-
tion between the factor scores and CAPE patterns.
This means that for the month with the highest factor
loadings, CAPE and factor score patterns are almost
identical. The results of SLRA are presented in
Table 2, and the patterns of the 2 most significant
(according to SLRA) predictor parameters for each
case are shown in Figs. 6-9 below.

The first mode (F1) accounting for 24 % of the total
variance prevails in autumn (loadings above 0.7)
(Fig. 5b), and the associated pattern is characterized
by high values over the Mediterranean Sea and
especially over its southern part, and low values
mainly over the northern continental areas (Fig. 5a).
This spatial distribution is in agreement with the fact
that in autumn the sea surface is warm relative to the
overlying air, which becomes colder because of the
first cold air masses affecting the Mediterranean
after the beginning of the cold and rainy period of the
year. The relatively high LR and Q values over the
lower tropospheric layers are responsible for the
CAPE maxima over the sea, which are in agreement
with the spatial distribution of lightning activity dur-
ing this season (Galanaki et al. 2015, Kotroni &
Lagouvardos 2016). According to the SLRA results
(Table 2, Fig. 6), the CAPE predictors for the month
with the highest F1 loadings (October) are all the
associated parameters Q, LR, Tand RH (R = 0.876). Q
appears as the main predictor, giving a high value of
R (R = 0.811) and the addition of the rest of the
parameters does not greatly increase this value. In
the patterns of the first 2 predictors (Q and LR), it can
be seen that there is a similarity between Q and the
factor 1 score patterns (CAPE in October), while the
high LR over North Africa cannot contribute to high
CAPE values there, because of the very low Q over
the same area.
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Fig. 5. Results of T-Mode factor analysis:
the patterns of scores (standardized val-
ues) and the intra-annual variations of
loadings for (a,b) factor 1, (c,d) factor 2,
(e,f) factor 3 and (g,h) factor 4. Dashed
lines: 0.7 loading threshold
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Table 2. Stepwise linear regression analysis for T-Mode

factor analysis, i.e. the predictors of CAPE patterns and the

corresponding R values for the months with the highest
factor loadings. Bold: best model results

Factor Model Predictors R
CAPE pattern
(F1) October 1 Q 0.811
2 Q, LR 0.840
3 Q LR, T 0.875
4 Q, LR, T, RH 0.876
(F2) December 1 RH 0.505
2 RH, LR 0.813
3 RH, LR, T 0.815
4 RH, IR, T, Q 0.820
(F3) April 1 LR 0.223
2 LR, RH 0.813
3 LR, RH, T 0.818
4 LR, RH, T, Q 0.819
(F4) July 1 Q 0.590
2 Q, LR 0.682
3 Q LR, T 0.767
4 Q, LR, T, RH 0.778

325 2-15-1-05005 1 15 2 25 3 35 4 45 5
Q or LR (standardized value)

Fig. 6. The patterns of (a) Q and (b) LR (standardized values), the first 2 pre-
dictors of CAPE pattern for October. See Fig. 4 legend for abbreviations of

predictors

The second mode (F2) accounts for 21 % of the total
variance and prevails in winter (Fig. 5d). According
to the spatial distribution of scores, the highest values
appear over the Eastern Mediterranean Sea, while
the lowest values are shown over the Northern Africa
continental areas (Fig. 5c). This spatial distribution
can be attributed to the fact that in winter middle tro-
posphere cyclonicity is maximum over the Eastern
Mediterranean Sea leading to high LR values be-
cause of the associated cold upper air masses prevail-
ing over the relatively warm sea (e.g. Lolis et al.
2008). The NW Africa minimum is a result of the low
humidity near the surface and the action of the sub-
tropical anticyclone. The SLRA results (Table 2,
Fig. 7) show that the predictors for the month with
the highest F2 loadings (December) are all the asso-
ciated parameters, but the order is different than in
the case of autumn. Specifically the order of the
parameters is RH, LR, Tand Q and R =0.820. RH and
LR appear as the main predictors, giving a high R
value (R = 0.813), while the addition of the other 2
parameters does not greatly increase this value. In
Fig. 7, itis seen that the Eastern Mediterranean max-
imum of CAPE is mainly attributed to
the corresponding maximum of LR
over the same area, while the NW
Africa CAPE minimum is mainly due
to the very low RH values there.

The third mode (F3) accounts for
21% of the total variance, and accord-
ing to the intra-annual variation of
loadings, it prevails in spring (Fig. 5f).
The pattern of scores shows that high
values of CAPE appear mainly in the
continental areas, especially over the
Balkans, Asia Minor and the Atlas
Mountains (Fig. 5e). In spring, the
intense land heating and the persist-
ence of cold air masses in the middle
troposphere are generally responsible
for high static instability over the con-
tinental areas. The static instability is
highest over low latitude inland areas
(e.g. Asia Minor and Atlas Mountains),
because the daytime solar radiation
is higher there, contributing to more
intense land heating and higher low
level lapse rates. The high CAPE over
the Atlas Mountains is in agreement
with the prevailing synoptic conditions
over this area in spring. These condi-
tions are associated with the initiation
of the Saharan depressions (Prezer-
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Fig. 7. The patterns of (a) RH and (b) LR (see Fig. 4 legend for de-
scription) (standardized values), the first 2 predictors of CAPE pattern
for December
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Fig. 8. The patterns of (a) LR and (b) RH (standardized values), the first 2
predictors of CAPE pattern for April. See Fig. 4 legend for abbreviations
of predictors

akos et al. 1990). According to the SLRA
results (Table 2, Fig. 8), for the month with
the highest F3 loadings (April) all the param-
eters contribute to the prediction of CAPE
and the order is LR, RH, Tand Q (R = 0.819).
LR and RH are the main predictors, giving a
relatively high R (R = 0.813) and the addition
of the rest of the parameters does not greatly
increase this value. In Fig. 8, it can be seen
that the LR maximum over Turkey and the
Middle East is responsible for the high
CAPE values there, while the gradual
decrease of RH towards the interior of Africa
allows the prevalence of static instability
conditions only near the coast and specifi-
cally along the Atlas Mountain Range.

The fourth mode (F4) (20% of the total
variance) prevails in summer (Fig. 5h) and
the pattern of scores reveals CAPE maxima
over the marine areas of the Adriatic Sea,
the Tyrrhenian Sea, the Cyprus region and
the Black Sea (Fig. 5g). This result seems
strange at first, as it might be expected that
CAPE maxima would be located over the
continental areas because of the intense
land heating and not over the relatively cold
sea surface. However, in summer, the pres-
ence of cold upper air masses is not so fre-
quent, and the spatial distribution of CAPE
is mainly controlled by the corresponding
spatial distribution of specific humidity near
the surface (Riemann-Campe et al. 2009). Q
is high over the sea surface in summer, and it
is the main factor that contributes to the high
CAPE values over the sea areas. The strong
maxima over the Adriatic and Ionian Seas
and the Cyprus region can also be attributed
to the fact that over these areas (1) the mid-
dle troposphere is colder relative to the
Western Mediterranean Sea where the sub-
tropical anticyclone dominates and (2) the
northerly flow is weak relative to e.g. the
Aegean Sea area, where the etesian winds
dominate (Anagnostopoulou et al. 2014, Dafka
et al. 2016), reducing air temperature near
the surface and increasing static stability.
The application of SLRA reveals that that
for the month with the highest F4 loadings
(July), all the associated parameters con-
tribute to the prediction of CAPE and the
order is Q, LR, Tand RH (R = 0.778), as was
the case for autumn (Table 2, Fig. 9). Accord-
ing to the patterns of the factor 4 scores and
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Fig. 9. The patterns of (a) Q and (b) LR (standardized values), the first 2
predictors of CAPE pattern for July. See Fig. 4 legend for abbreviations

of predictors

the most significant predictors (Q and LR), the max-
ima and minima of CAPE appear over areas with
high and low Q respectively. More specifically, the
maximum over the Adriatic Sea is also favored by the
relatively high LR (higher than the other sea areas
with lower latitudes) (Fig. 9).

3.3. Trends

The linear trends of the inter-annual variations of
the monthly values of CAPE are calculated for the 12
months and for 1979-2015, and the Mann-Kendall
statistical test is used in order to reveal the statistical
significant trends at the 95% confidence level. Ac-
cording to Fig. 10, the magnitude of trends is higher
during the warm period of the year when the mean
values of CAPE and the static instability in general
are higher relative to the cold period. In January, sta-
tistically significant positive trends are found over a
small area of central Europe and over a part of the
Eastern Mediterranean Sea including the Aegean
Sea, while there are almost no statistically significant
negative trends. In February, positive trends are
found over the Aegean Sea, over a part of the Ionian
Sea and Albania, and north of the Black Sea, while

significant negative trends are found mainly
over the NE African coast. In March, the
areas of significant positive trends include
the SW Balkans, the Ionian Sea, West Asia
Minor and the Eastern Black Sea, while sig-
nificant negative trends appear over central
Europe, the NE African coast and the Mid-
dle East. In April and in May the area of sig-
nificant positive trends is larger, comprising
principally a large part of the Central and
the Eastern Mediterranean and the western
Black Sea, while significant negative trends
are found in April over the Middle East. In
summer months, a large part of the Central
and the Eastern Mediterranean region and
the Black Sea are characterized by sig-
nificant positive trends, while significant
negative trends are found only over a part of
the Iberian Peninsula and Morocco. In Sep-
tember the positive trend area remains al-
most the same as in August, while sig-
nificant negative trends are confined over
Morocco. In October, the area of the signifi-
cant positive trends covers mainly the SE
Balkans, the Aegean and a part of the Black
Sea, while there are almost no significant
negative trends. In November, significant
positive trends are found over the Bay of Biscay, the
areas of Sardinia and southern Italy and the Eastern
Mediterranean south of Cyprus, while in December
significant positive trends are found over the Aegean
and the Ionian Seas.

The positive trends found especially during the
warm period of the year over the Central and the
Eastern Mediterranean region can be partly con-
nected to ongoing climate change, providing an indi-
cation of the current and future increase in the fre-
quency and intensity of extreme weather events over
the region (e.g. Hertig et al. 2014). In order to ascer-
tain the factors that led to increases in CAPE, we
used the statistically significant (95% confidence
level) linear trends of T, Q, RH and LR for the regions
with positive statistical significant trends in CAPE,
and that for the 4 core months defined in the previous
section (October, December, April and July). These
statistically significant linear trends, as well as the
corresponding inter-annual variations, are presen-
ted, along with the CAPE variations in Fig. 11. For
October, a statistically significant positive trend is
found for Q only (Fig. 11a), while for December the
only parameter that shows statistically significant in-
crease is T (Fig. 11b). For April, both parameters (T
and Q) present significant positive trends (Fig. 11c).
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For July, all parameters present significant linear 3 a October
trends (Fig. 11d). Specifically T, Q and LR are charac-
terized by positive trends, while RH shows a negative 2
trend. The results for July show that the LR increase 1] MM
is one of the main causes for the positive trend of 0 / N M\ d_\__,,./.\= -—\é)“ 7
CAPE over a large part of the Mediterranean region. 2\ ;&_:::: :\:f:::!—\’/(/ — Y \ V | —carE
Taking into account that the increase in LR is accom- - v o 74 \ —Q
panied by a simultaneous increase in air temperature -2
near the surface, it seems that the surface atmos- -3
pheric layers are becoming much warmer relative to 2 9 8 2835 35 888 383 o w
those of the middle troposphere. This means that in - - - - - - - & d& & § « A
summer, the recent warming is more intense in the
lowest atmospheric layers. On the other hand, the b December
3
reduction in RH can be attributed to the correspon-
ding increase in T, a parameter which directly affects 2 /
RH. In this case, it seems that CAPE is more sensitive 1 A A i A
to the change in the vertical temperature profile than 0 N '/_y j.\ u-= N 7’74 ':\} IL ?\
to the reduction in surface relative humidity. 4 f [ = NfF X/\m'ﬁlv \v“/'/\ \ | : _cr:APE
§ -2 \ / \./
4. CONCLUSIONS S 3
T 288853558888y
. . L . 2 o O o0 O & & ®© © © © © o o
The main climate characteristics of CAPE in the 5§ +~ — — — — =& = & & « « « o
Mediterranean region for the period 1979-2015 are g c April
examined, with the following conclusions: S 3
1. Four main modes of intra-annual variation of s} o
CAPE are found. These modes correspond to specific / \ AF\/\
sub-regions of the area under study, and they are 1 /\ ) _A A\3
mainly associated with variations in circulation, tem- 0 A WAl - ~ = Y — CAPE
perature and humidity in the middle and lower tropo- 4 ;:I?(#(E v \ ] —Q
sphere, which modulate atmospheric stability. The / Vi v V\ —T
influence of the various atmospheric parameters on 2|V
the seasonal variation of CAPE is different among the -3
Mediterranean sub-regions. g % § § é § § § § § § g g
2. Four main modes of spatial distribution of CAPE TToT T T T T e s e e e d
are found. These modes correspond to the 4 seasons d July
of the year, and each mode is connected to the 3 A
specific climate characteristics of the corresponding 2 A
season. These characteristics are determined by 1 - A A | -1
dominant global-scale circulation patterns and the 0 NN YA A /R LA '\ ' :gAPE
temperature and humidity characteristics of the B Ak: :7%:_: ; & V7TV V/ 1
earth's surface (land or sea), which in turn depend -1 57 A - Vv T RH
mainly on solar radiation levels and the difference in -2 V — LR
thermal inertia between land and sea. All patterns 3 v
are significantly related to the lapse rate of the lower 2 QY L = ¥ 9 B QY P AW
troposphere. Furthermore, the winter and spring 22222228 K& & & 8K
CAPE patterns are mainly associated with relative
humidity near the surface, while summer and Fig. 11. The inter-annual variations of CAPE and (a) Q for Oc-
autumn patterns are mainly associated with specific tober, (b) T for December, (c¢) Q and T for April and (d) Q, T,

RH and LR for July (standardized values) for the areas charac-

humidity near the surface. . ot Tt 15 Che
3. Statisticallv significant positive linear trends are terized by positive CAPE trends. The statistically significant
' Y sig p (95 % confidence level) trends for each variable are presented

found for a large part of the Central and Eastern with dashed lines. See Fig. 4 legend for abbreviations of
Mediterranean region, especially in summer. These meteorological variables
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