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Abstract. The objective of this study is to investigate the 2009; Hatzaki et al., 2009). These studies revealed the im-
linkage of large-scale upper air circulation over the greaterportant role of low frequency climatic variability in changes
European area with intense precipitation events over Eastef the extreme precipitation regime in Mediterranean, includ-
ern Mediterranean and then to estimate potential changes img North Atlantic Oscillation, Mediterranean Oscillation,
the atmospheric patterns in the future, under global warmNorth-Caspian Sea pattern, and Eastern Mediterranean Pat-
ing conditions. For this purpose, results from the regionaltern (Hatzaki et al., 2009).

climate model HadRM3P and Global Circulation Model  The assessment of changes in precipitation extremes in a
HadAM3P have been used for the present period 1960-human-induced future climate is an important issue, consid-
1990 (control run) and the future period 2070-2100 basecering their huge socio-economic impacts and can be used as a
on the B2a IPCC emission scenario. For the identification ofguideline for the development of appropriate adaptation and
the precipitation extremes the Simple Daily Intensity Index mitigation strategies (e.g. Fowler and Kilsby, 2003). Less
(SDII) was employed. Our analysis has shown a notable relaattention has been given to the assessment of the extent in
tion of extreme events with the East Atlantic and Scandinaviayhich large scale changes can explain projected changes in
teleconnection patterns, as well as the Eastern Mediterraneane occurrence of heavy precipitation in the Mediterranean
Pattern (EMP) during the wet period. In the future, simi- (Santos et al., 2007). The objective of this study is to explore
lar patterns are found, with different magnitude and position,any potential future changes in the large scale circulation pat-
following the projected changes in atmospheric circulationterns associated with intense precipitation events in the East-
over Europe. ern Mediterranean (hereafter it will be referred as EM).

1 Introduction 2 Data and methodology

Understanding the physical processes that influence the odD this study the following datasets are employed: (a) daily
currence of extreme precipitation events is of great impor-Precipitation amounts in EM, as derived from the regional
tance to explain their changes in the present climate andclimate model of the UK Hadley Centre HadRM3P, have
consequently, any projected future changes. The relationbeen used for the present period 1960-1990 (control run)
ship between these events in the Mediterranean and largetnd the future period 2070-2100, available on 0:4%.44
scale atmospheric circulation patterns at surface or upper troatitude by longitude grid, available through the European
posphere can help to disclose the underlying physical proProject MICE (Modelling Impacts of Climate Extremes) and
cesses and has been extensively studied with the aid of sydb) daily values of geopotential height at the isobaric level
optic classification or multivariate methods (e.g. Maheras e©of 500hPa on 2:5<2.5" latitude by longitude grid, as de-
a|_, 1999; Kutiel et a|_, 2002; Hay|ock and GoodneSS, 2004,rlved from the Global Circulation Model HadAM3P for the
Littman et al., 2000; Houssos et al., 2008; Tartaglione et al. Same present and future period, available through the Euro-
pean project STARDEX (Statistical and Regional dynamical
Downscaling of Extremes for European regions). Future data
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emphasis is on local solutions to economic, social, and enviperiod 1960-1990 over the greater European region (Anag-
ronmental sustainability. Moreover, this scenario is orientednostopoulou et al., 2008) demonstrated that the biases be-
toward environmental protection and social equity, while its tween the two data sets are comparable to the natural vari-
accompanying emissions scenario is medium low. ability of 500 hPa geopotential height, while the two data sets
For the identification of the precipitation extremes the exhibit similar variability over the whole examined area. The
Simple Daily Intensity Index (SDII) was employed, defined output of HadRM3P was verified against data of 40 stations
as the quotient of precipitation amount of wet days and thedata in EM for the same period, demonstrating an overesti-
number of wet days of a specified period, serving as measurmation of precipitation extremes, with better representation
of precipitation intensity on wet days, especially to examinein winter (Hanson et al., 2007; Hatzaki et al., 2009).
tendencies of heavy precipitation events (Frich et al., 2002).
The index was calculated for the present and future period,
on a seasonal basis, defining a wet day as having precipia RCCA results
tation of at least 1 mm. However, emphasis will be given
on the wet period and especially on winter, when the mainFor the present winter period, the first RCC pair depicts
part of precipitation in EM occurs (Xoplaki et al., 2000). an extended cyclonic (anticyclonic) anomalous circulation
Kostopoulou and Jones (2005) have demonstrated that theovering the whole European area that leads to an increase
easternmost part of Mediterranean is characterised by deldecrease) of SDII over Greece, and mainly over Western
creasing trends of SDII for the period 1958—-2000, however,Greece (Fig. 1a). On the contrary, decrease of SDII is found
statistically significant only in a few stations. over the remaining examined area. The second pair displays
To investigate the relationship between SDII and 500 hPahe Eastern Atlantic pattern, which is characterized by three
atmospheric circulation, the Regularized Canonical Correcentres, a positive one over the British Isles, and two nega-
lation Analysis (RCCA) was employed, separately, for thetive, over central Atlantic and Eastern Europe. In its nega-
present and future period. RCCA determines optimal pairdive phase, this pattern is associated with increasing precip-
of concomitant spatial patterns that account for the maximumitation intensity over Greece and Turkey, while a decrease
amount of variance within two data matricésY separately, is apparent over Cyprus and the easternmost part of the ex-
and, at the same time, their optimally correlated time com-amined area (Fig. 1b). This is consistent with the below-
ponents. When the number of columns (data series of staaverage precipitation found across southern Europe during
tions or grid points) exceeds the number of rows (data seriethis phase (Climate Prediction Center-NOAA, 2008). The
length, usually covering few decades), the correlation matri-positive phase of the Scandinavia pattern appears in the third
ces ofX andY tend to be ill-conditioned and their inverses pair, which is associated with positive height anomalies, re-
unreliable. Therefore, a regularization step is included in theflecting major blocking anticyclones over Scandinavia and
calculations by adding a regularization parametgri, on western Russia (Fig. 1c¢). This pattern leads to increased SDII
the diagonal of each correlation matrix ¥fandY, respec-  values over the examined area, consistent with the above av-
tively (Leurgans et al., 1993). In the present study, the cal-erage precipitation across central and southern Europe during
culations were performed with the aid of the statistical lan-this phase (Climate Prediction Center-NOAA, 2008). The
guage R (Gonzalez et al., 2008) and the method was applietburth pair, in Fig. 1d, displays the Eastern Mediterranean
to the gridded data of mean seasonal geopotential height vaPattern (EMP) that forms between Northern Atlantic and EM
ues for a region extending from 8@ to 60° E and from 28 at the upper levels mainly in winter (Hatzaki et al., 2007).
to 70° N (data matrixX) and to the seasonal SDII values (data When a cyclonic anomaly forms over Eastern Mediterranean,
matrix Y) calculated from the corresponding HadRM3P grid signifying the positive EMP phase, the precipitation inten-
points. In all cases, the first four canonical pairs are retainedity is above normal over the whole examined area. On the
that have the highest correlations, trying to keep pairs withcontrary, the negative phase is characterized by an inten-
physical interpretability. sification of the Atlantic anticyclone resulting in increased
Then, the 90th percentile of SDII was calculated for eachmeridional flow of northerly component toward the central
selected grid-point of the examined area on a seasonal baviediterranean leading to a decrease of the precipitation in-
sis in the present and future period. The extreme seasoriensity (Hatzaki et al., 2009).
were designated by the SDII exceedance of the 90th per- With increasing concentrations of greenhouse gases, not
centile in at least 25% of the grid-points in EM. The com- only the climate regimes change, but also the large-scale
posite anomalies of 500 hPa geopotential heights were thenirculation adjusts to achieve a new thermodynamical bal-
calculated from the long term averages at each grid point anédnce. The sea surface temperature (SST) gradients, as
the corresponding composite maps were constructed for thevell as tropical convection can also have an impact on the
extreme seasons in the present and future climate. upper-tropospheric circulation (Inatsu et al., 2002; Inatsu and
The validation of HadAM3P 500 hPa geopotential heightsHoskins, 2004). Changes in any of these processes may
was performed against the corresponding NCEP/NCAR val-have an impact on circulation in the future, and the fact that
ues — being used as “observed reference” — for the presenhese are competing processes may explain the wide range
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Fig. 1. Canonical correlation loadings of four RCCA pairga}, (b), (c) and(d), respectively — for the 500 hPa geopotential heights (left
column) and SDII (right column) for the present climate; dashed contours indicate negative values.

of results produced by different models that handle the del- From the analysis for the future climate similar patterns
icate balance between these processes differently (Ulbriclare recognized with, however, relative translation and/or
and Christoph, 1999; Bengtsson et al., 2006). Moreover, itthange in relative importance, following changes in large
should be noted, though, that since uncertainties and limscale circulation and especially, in location and intensity of
itations related to the future climatic scenarios have beerstorm tracks. The first pair of the future resembles the third
stressed in international bibliography (e.g. Osborn, 2004;0ne of the present climate, displaying the negative phase of
Bengsston et al., 2006; Stephenson et al., 2006; Solomon é&candinavia pattern that it is followed by decreased precip-
al., 2007), as well as limitation related to the ability of the re- itation intensity mainly over Greece (Fig. 2a). It was found
gional model to represent adequately the precipitation regimehat the EMP continues to influence the regional climate of
(Hanson et al., 2007), the results for the future climate shouldEastern Mediterranean in the future, under warmer global
be considered with caution. conditions, similarly to the present climate as the second pair,
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Fig. 2. Canonical correlation loadings of four RCCA pairga), (b), (c) and(d), respectively — for the 500 hPa geopotential heights (left
column) and SDII (right column) for the future climate (B2a scenario); dashed contours indicate negative values.

but shifted eastwards, as found by Hatzaki et al. (2006). Theanomalous circulation (blocking) covering the whole Euro-

sign of its impact in EM climate is the same compared to pean area in the fourth pair of the future RCCA exhibits an

the control run, but with larger loadings suggesting a domi-eastward shift of the pattern for the first pair of the present
nant role of the pattern during winter in the future (Fig. 2b). climate, which leads to decreasing precipitation intensity
The third pair displays an extensive cyclonic circulation overover the examined area (Fig. 2d). Oppositely, the cyclonic
southern Europe and an anticyclonic circulation over Africaanomalous circulation over Europe results to increasing pre-
leading to an increase in precipitation intensity to the west-cipitation intensity over EM. It should be noted that the East-

ern examined area followed by decrease in the eastern paern Atlantic pattern, depicted in the second pair for present
(Fig. 2c). This pattern of circulation does not reflect a known climate analysis, is not present in the first four pairs of future

low frequency pattern. Finally, the extended anticyclonic analysis.
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The same study for the other two wet seasons revealed
similar results. Specifically, during autumn a blocking sys- 4,
tem (Tyrlis and Hoskins, 2008) over European region pre-
dominates, both in present and future climate (as the first g |
pair), leading to decreased daily precipitation intensity, es-
pecially in the future (not shown). The Scandinavian pat- |
tern and the EMP are displayed in the third and fourth pair,
respectively, but with lower loading values, implying their 5, |
weakened impact in the future autumn. :

On the other hand, during spring the geopotential height -4 -0 -20 -10 0 16 20 30 40 50
loadings are more intense in the future in all examined canon- -
ical pairs, suggesting an increased impact of the prevailing 60
large scale patterns on precipitation intensity. In particular,
an extended anticyclonic system over the whole European re->
gion induces a wide decrease in precipitation intensity over
Eastern Mediterranean. The Eastern Atlantic pattern, as well*
as the Scandinavian pattern, also affects the precipitation in-
tensity both in present and future climate, in similar way as
during winter (not shown).

3

Fig. 3. Composite anomalies of 500 hPa geopotential heights for the
winters of extreme daily precipitation intensitg) for the present

. . . . limat trol b) for the fut limate (B2 i0);
Following the methodology described in Sect. 2, five extremeC'm‘""e(Con rol run) andb) for the future climate (B2a scenario);

. . . . . ~dashed contours indicate negative values; contour interval is 5 gpm.
winters with respect to the value of SDII were identified in
the present period and six in the future period.

From Fig. 3a that displays the composite anomalies in thejyring extreme precipitation winters in the present, as well as
present climate, it can be seen that the dominant pattern rqn the future climate. Overall, similar patterns are projected
EMP continues to influence the extreme winters of Easterrsiorm tracks.

Mediterranean, similarly to the present climate (Fig. 3b). It The relevance of the study to the future projections of the
is characteristic that the extreme winters in the future climate|arge scale circulation and its impact to regional climate is
were assigned to the positive phase of EMP with the aid ofinportant, because it reveals that well-known teleconnection
the Standardised teleconnection indeX as deﬁned in Hatzalﬂatterns of Northern Hemisphere are St|" Components of nat-
et al. (2006). Moreover, the corresponding anomalies are inyrg| climatic variability, and, thus, they can contribute to ex-

tensified as compared to the present. This is consistent Withy|ajn the intra-annual variations of regional climate. Further-

the results of Hatzaki et al. (2009) for the impact of EMP more, petter knowledge of the large scale circulation impact
on precipitation intensity regime in Eastern Mediterraneangn, regional climate provides a better basis for downscaling

in the present climate and the future climate under the B2& the global climatic model simulations over the EM region
scenario, demonstrating increase of the index during the posgaylock et al., 2006; Tolika et al., 2007).

itive phase over the whole examined area and mainly over
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The relationship of the low frequency circulation patterns

of Northern Hemisphere with the precipitation intensity in Edited by: S. Michaelides, K. Nicolaides, and A. Orphanou
EM in present and future climate is examined in this study.Reviewed by: two anonymous referees

The study revealed that low frequency circulation patterns

of Northern Hemisphere at the upper troposphere, such as

the Eastern Atlantic and the Scandinavia patterns are related

with the precipitation intensity in EM during the wet sea-

sons, i.e. winter, spring and autumn. Furthermore, the EMP

appears to be important atmospheric component that prevails

4 Composite analysis
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