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INTRODUCTION TO THE SPECIAL EDITION 
 

Proceedings of MedCLIVAR 2014 Conference 
Understanding Climate Evolution and Effects on Environment and 

Societies in the Old World Region 
 METU, ANKARA, TURKEY 

23-25 JUNE 2014 
 
This special volume of the Journal of the Black Sea and Mediterranean 
Environment has been made possible by special privilege provided by TÜDAV 
the Turkish Marine Research Foundation. We, the conference organizers and 
co-editors, express our deepest felt gratitude to Bayram Öztürk, the chief editor 
of the journal, for his generous support, and as well to Arda Tonay, for handling 
the production during the leave, to Antarctica, of the chief editor. In addition to 
us, conference conveners Vincenzo Artale, Giovanni Zanchetta, Murat Türkeş, 
Gabriel Jordà, Elena Xoplaki, Levent Kurnaz, Andrea Toreti and Serge Planton 
shared the responsibility as guest co-editors for groups of papers. We also thank 
Riccardo Buccolieri of Università del Salento and Tuğçe Gül of TÜDAV, 
serving as technical editors of this volume, for their careful and creative work. 
 
The international MedCLIVAR 2014 Conference “Understanding Climate 
Evolution and Effects on Environment and Societies in the Old World Region” 
has been convened at the Cultural and Congress Center of the Middle East 
Technical University in Ankara during 23-25 June 2014. We thank METU (the 
Middle East Technical University, Ankara), for providing the venue and 
services, along with the EGU (European Geosciences Union), AEMET 
(Agencia Estatal de Meteorologia - State Meteorological Agency, Spain), 
CMCC (Centro Euro-Mediterraneo sui Cambiamenti Climatici  - Euro-
Mediterranean Center on Climate Change, Italy), ENEA (Agenzia Nazionale per 
le Nuove Tecnologie, l'Energia e lo Sviluppo Economico Sostenibile - National 
Agency for New Technologies, Energy and Sustainable Economic 
Development, Italy), for providing generous support for the conference. The 
conference has been the last one in a series of other conferences, summer 
schools and courses carried out by the MedCLIVAR network of international 
scientists. 
 
The conference included the following sessions: (1) paleoclimate and the human 
dimension, (2) the regional climate system: observations and process studies, (3) 
extreme events, (4) model simulations of climate variability and climate change, 
(5) impacts of natural and anthropogenic climate change and 
mitigation/adaptation strategies, covering a wide spectrum of regional 
mechanisms and problems associated with the earth’s climate, based upon up-
to-date scientific methodology to understand and predict their environmental 
and societal effects. 
 



The papers in this special volume are the short 4 page extended abstracts of the 
original scientific work presented at the conference. They constitute a subset of 
the conference contributions selected by the editors based on originality and 
relevance to the above program of the sessions.  
 
We hope this publication in JMBSE will raise our common conscience, 
encourage and enhance climate research in Turkey as well as in Europe through 
an integrated research agenda dictated by the approaching climate risks and 
dangers, which are very real in the Old World region. 
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Abstract 
 
It is well established that climate model projections indicate a tendency towards more 
extreme daily rainfall events. It is however uncertain how this changing intensity 
translates at the sub-daily time scales. The main goal of the present study is to examine 
possible differences in projected changes in intense precipitation events over Europe at 
the daily and sub-daily (3-hourly) time scales using a state-of-the-science climate model. 
There are large differences in intense precipitation projections when comparing the 
results at the daily and sub-daily time scales. Over north-eastern Europe, projected 
precipitation intensification at the 3-hour scale is lower than at the daily scale. On the 
other hand, Spain and the western seaboard exhibit an opposite behaviour, with stronger 
intensification at the daily rather than 3-hour scale. While the mean properties of the 
precipitation distributions are independent of the analysed frequency, projected 
precipitation intensification exhibit regional differences.  
 
Keywords: Extreme events, precipitation, Europe 
 
Introduction 
 
The evaluation of changes in intense precipitation events is one of the most 
important issue related to climate change projection. Most of the analyses 
performed on intense precipitation events use data stored from climate models 
with a monthly or daily frequency. Many studies were performed focusing on 
Europe, using both General Circulation Models (GCMs) and Regional Climate 
Models (RCMs). They investigated changes in different parts of the 
precipitation distribution, such as averaged precipitation or intense/extreme 
events only, on a daily time basis. Less effort has been put in investigating of 
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extreme events at sub-daily time scale (Lenderink and Meijgaard 2008). The 
studies so far suggest a general greater increase in sub-daily precipitation 
intense events when compared to daily projections in a warmer climate. The 
main goal of the present study is to verify possible differences in projecting 
future changes in intense precipitation events over Europe based on a daily or a 
sub-daily time scale.  
 
Material and Methods 
 
The model employed in this work is the Centro Euro-Mediterraneo sui 
Cambiamenti Climatici coupled atmosphere-ocean general circulation model 
(CMCC-CM; Scoccimarro et al. 2011). The horizontal resolution of the ocean 
model is 2°×2° with a meridional refinement near the equator, approaching a 
minimum 0.5° grid spacing. The model has 31 vertical levels, 10 of which lie 
within the upper 100 m. The atmospheric model component has a T159 
horizontal resolution, corresponding to a Gaussian grid of about 0.75° × 0.75°. 
Two periods are analysed: the period 1986-2005 (PRESENT), corresponding to 
the last part of the ‘historical’ CMIP5 simulation, and the period 2081-2100 
(FUTURE), run under the high-end ‘RCP8.5’ scenario. Only winter (December-
February, DJF) season is considered. At each grid point, the distribution of 
precipitation events is evaluated for the target season (DJF) and 20-year 
PRESENT and FUTURE periods, over Europe, using both daily and 3-hourly 
accumulation time windows. As a result, two different are obtained, and the 
corresponding 90th percentiles (90p) are calculated. The 90p threshold is then 
used to define a “heavy precipitation” event. Dry events (here defined as lower 
than 0.2 mm/day precipitation events) were not considered when computing the 
percentiles. 
 
Results 
 
The CMCC-CM model represents the present climate precipitation activity over 
Europe reasonably well (Scoccimarro et al. 2013) both in terms of average and 
intense precipitation. Over the north eastern part of (black box in Figure 1) the 
investigated domain, the projected changes in 90p are less pronounced if 
computed on a 3h time scale compared to what is obtained at the daily time 
scale (Figure 1). The values of the 90p increase by 20-30% at the 3-hourly scale, 
while they are up to 60% larger when using the daily data. On the other hand, 
over Spain (Magenta box in Figure 1), the 3 hourly 90p projections are more 
pronounced than daily projections. 
 
The discrepancy between the analyses performed at different time scales is 
better clarified when examining the inventory of intense events identified with 
the daily and 3-hourly data. More than 50% (up to 70% over the NE domain) of 
the DJF intense events defined at 3-hourly time scale occur in days that are not 
identified as intense precipitation days according to the daily-based statistics 
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(not shown). This finding suggests that 3-hourly and daily events belong to well 
distinct populations that share a common mean but different distributional 
properties on the right tails. 
 
 

 
Figure 1. 90th percentile of DJF precipitation computed at daily (upper panels) and 3 

hourly (lower panels) time frequency. Left panels represent the historical 90th percentile 
and the right panels represent the percentage change in FUTURE scenario. Units are 

[mm/d] for the left panels and [%] for the right panels 
 
Discussion 
 
The time window used to accumulate the precipitation field in the analyses (i.e., 
daily or 3-hourly) affects the spatial distribution of the projected changes of the 
90p. We found that the future projection of 90p is less pronounced at 3 hourly 
time scale when compared to daily based projections, on the north eastern part 
of the investigated domain. This can be related to a reduced short term 
precipitation activity in the future climate. In particular, this is consistent with 
climate projections suggesting a general weakening of the storm track, both as a 
reduction in storm numbers and their intensities, in the northernmost part of the 
Atlantic Ocean and the Norwegian Sea; here a reduction in storm numbers 
(Bengtsson et al. 2006), together with an increase of precipitable water, could 
reduce the role played by intense short living extra-tropical cyclones in 
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determining heavy precipitation events changes in a warmer climate. On the 
other hand, our findings suggest a future increase in intense precipitation events 
more pronounced at the sub-daily time scale over Spain and over the western 
European seaboard. Thus, at least over Spain and part of Western Europe, 
changes in short-duration precipitation extremes may well exceed expectations 
based on projections relying on daily time series. A multi-model assessment is 
indeed necessary to corroborate our results, thus we hope this study highlights 
the importance of storing high frequency (i.e. 3 hourly) model outputs, over 
long time periods, within international climate modelling frameworks such as 
future coupled model intercomparison projects.  
 
References 
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Abstract 
 
Analyses of speleothem δ18O records from Soreq (Israel) and Corchia (central Italy) 
caves for the period between ca. 7 to 4 ka BP show two prominent isotopic excursions 
toward higher values, argued to reflect relatively drier conditions, centred at ca. 5.6 and 
ca. 5.2 ka. A possible mechanism explaining these two drier events is from comparison 
with the wind strength proxy record from Hólmsá loess profile in Iceland. This suggests 
that rainfall decrease was related to a reduced vapour advection from Atlantic towards 
the Mediterranean connected to northward shift in the Westerlies.  
 
Keywords: speleothems, oxygen isotopes, dry mid-Holocene events, Mediterranean 
climate 
 
Introduction 
 
The study of past periods of reduced meteoric precipitation in the Mediterranean 
basin is of particular relevance for the sensitivity and vulnerability of the region 
to future water shortages due to climate change (Giorgi and Lionello 2008). 
Oxygen isotope composition of speleothem (cave calcite) is particularly suitable 
for investigating past hydrological changes over the Mediterranean (Bar-
Matthews and Ayalon 2011; Regattieri et al. 2014), representing principally a 
signal of winter water recharge of the caves. In this paper we compare high-
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resolution oxygen isotope data from Soreq Cave (Israel) and Corchia Cave 
(central Italy) (Figure 1) for the period of 7 to 4 ka. The investigated period 
overlaps the period of Rapid Climatic Changes (RCC) identified by Mayewski 
et al. (2004) between ca. 6000 and 5000 cal yr BP. This is a partial synthesis of 
data recently published by Zanchetta et al. (2014). 
 

 
 

Figure 1. Location map of the studied sites 
 
The figure shows the density track of winter storms according to ERA-interim 
1989-2009. Numerical values (number of cyclones/deg2) represent the average 
spatial density of cyclone centers in the winter season. Only cyclones with a 
minimum 1 day duration and 5 hPa depth with respect to the background are 
included (modified after Lionello et al. 2012). 
 
Results and discussion 
 
Both caves and their speleothem isotope records have been described in detail 
elsewhere (e.g. Bar-Matthews et al. 1996; Piccini et al. 2008) and will not be 
discussed further. Specifically, for this work the data are those discussed in Bar-
Matthews and Ayalon (2011) obtained from three different, partially 
overlapping, speleothems, whereas the Corchia record is identical to that 
reported by Zanchetta et al. (2007) for stalagmite CC26. Figure 2 shows the two 
high resolution δ18O time series, where two prominent events of increasing 
oxygen isotope composition are highlighted and centred at ca. 5.2 and 5.6 ka 
respectively. 
 
In both records, an increase in the δ18O values of speleothem calcite can be 
interpreted as a response to a decrease of precipitation, mostly due to the so-
called “amount effect” (Zanchetta et al. 2007; Bar-Matthews et al. 2000), which 
is particularly relevant in different parts of Mediterranean (Bard et al. 2002).  
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Figure 2. Comparison between δ18O records from Corchia (Zanchetta et al. 2007) and 
Soreq (Bar-Matthews and Ayalon 2011) Caves and Hólmsá loess profile in Iceland 
(Jackson et al. 2005). Two phases of increasing grain size indicating elevated wind 

strength occur precisely at 5.2 and 5.6 ka, consistent with increasing zonal westerly flows 
and reduction of vapour advection in the Mediterranean. Ages are reported as AD 2000. 

 
According to Orland et al. (2009), a change of ca. 1‰ in the annual weighted 
mean δ18O of the local meteoric precipitation today at Soreq cave corresponds to 
a ca. 280 mm of change in rainfall. If this relation holds for the past, this implies 
that between the wettest period investigated (at ca. 5.8 ka) and the driest phase 
(at ca. 5.6 ka), there could have been a decrease of rainfall of ca. 280 mm. This 
is a maximum estimate assuming that most of the signal in the calcite is 
controlled by the “amount effect” and little or no change in influence from other 
atmospheric processes and from changes in the fractionation factor due to 
temperature. Detailed data are not yet available from Corchia; however, 
according to Bard et al. (2002) for Corchia area a relation of 1.6±0.2 ‰ per 100 
mm/month would be reasonable. This indicates that any corresponding decrease 
in precipitation may have been less than that estimated for Soreq Cave. The less 
prominent isotopic shift at Corchia, and the inferred smaller decrease in rainfall 
relative to Soreq, can be explained by the fact that the Apuan Alps are strictly 
tied to the Gulf of Genoa cyclogenesis centre and the Apuan Alps act as a very 
efficient orographic barrier, enhancing rainfall. Moreover, we can infer that 
during the period of the reduction of vapour advection from the North Atlantic, 
which can be deduced by the present characteristics of precipitation for Corchia 
(Reale and Lionello 2013), the contribution of the Mediterranean Sea 
evaporation progressively becomes more and more significant eastward, which 
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has the effect to increase the isotopic composition of rainfall at Soreq to a 
greater degree than at Corchia, amplifying the isotopic differences between the 
speleothems from the two caves. 
 
Of particular interest is to compare the wind strength proxy record from Hólmsá 
loess profile in Iceland (Jackson et al. 2005). Two phases of elevated wind 
strength occur precisely at 5.2 and 5.6 ka, consistent with increasing zonal 
westerly flows, which can correspond to a reduction of vapour advection in the 
Mediterranean (Figure 2). At Hólmsá, wind intensity is strongly influenced by 
the strength of westerly flow, with more severe gusts more likely to occur 
during positive (high-index) NAO. So, it seems that a persistent positive NAO-
like condition would explain the presence of the drier periods identified at 
Corchia and Soreq.  
 
Conclusion 
 
Between ca. 6 and 4 ka Corchia and Soreq Cave speleothem oxygen stable 
isotope records show a remarkable similarity, and indicate at least two 
prominent dry events: at 5.6 and 5.2 ka. The first lasted perhaps a few decades 
to a century, whereas the second probably lasted from ca 5.7 to 5.4 ka.  
 
We suggest that during the period of the two drier events recorded at Soreq and 
Corchia winter storm trajectories may have changed drastically, with increased 
zonal westerly flow producing a reduction of moisture advection toward the 
Mediterranean. 
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Abstract 
 
We analyse the observed long-term discharge time-series of the main Alpine rivers: the 
Rhine, the Danube, the Rhone and the Po. We found common features in the trend and in 
the decadal variability of the spring discharge timings. In particular, all the time-series 
display a similar tendency towards earlier spring peaks of more than two weeks per 
century, which is mainly explained by the changes in total precipitation and rainfall 
seasonality.  
 
Keywords: snowmelt, river discharge, precipitation seasonality, MedCLIVAR 
 
Introduction 
 
Spring river discharge can affect water quality and management, flood risk, 
river navigation and water availability, energy production and natural 
ecosystems. We present a long-term analysis of the observed discharge timings 
of the Rhine, the Danube, the Rhone and the Po rivers for the last two centuries 
and we assess the effects of precipitation seasonality, of its liquid portion (i.e. 
rainfall) and of snowmelt timing in terms of the long-term trend and of the 
decadal variability.  
 
Materials and Methods 
 
River discharge monthly time-series have been provided by the Global Runoff 
Data Center (GRDC, http://www.bafg.de). We used gridded climate datasets of 
monthly surface observations (HISTALP, Efthymiadis et al. 2006), covering the 
last two centuries. Determination of derived data and of the peak timings are 
explained in Zampieri et al. (2014), where a discussion on the basin 
climatologies can be found as well. Linear trends are computed with standard 
least square method. 
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Figure 1. Discharge gauges (black diamonds) and contributing basins of the Rhine in 
Basel (RHI-BASL), the Danube in Bratislava (DAN-BRAT),the Rhone in Beaucaire 

(RHO-BEAU) and the Po River in Pontelagoscuro (PO-PLSC) 
 

Results 
 

 
 

Figure 2. Spring river discharge peak timing time-series. Dashed lines represent the 
accumulated managed reservoirs volume in the basins (Lehner et al. 2011). 

 
The river discharge peak timings time-series show an earlier trend of more than 
two weeks per century on the northern flank of the Alps, and more than 3 weeks 

12 
 



 

on the southern flank (see Figure 2 and Table 1). The peak timings time-series 
exhibit also some similar features of decadal variability among the rivers.  
 
Table 1. Trends of river discharge, total and liquid precipitation, and snowmelt timings. 
Trends of the seasonal averages of liquid to total precipitation ratio, temperature, and of 

spring minus winter precipitation. 
 

 RHI-
BASL 

DAN-
BRAT 

RHO-
BEAU 

PO-PLSC 

River discharge 
timing 
(days/100years) 

-16±1 a 

p<2e-16 
-17±3  
p<2e-16 

-22±4  
p<2e-16 

-24±2  
p<2e-16 

Total precip. 
Timing 
(days/100years) 

-14±1  
p<2e-16 

-15±2 
 p<2e-16 

-23±2  
p<2e-16 
 

3±2 c 
p=0.06 

Rainfall timing 
(days/100years) 

0±1 b 

p=0.76 
-11±1  
p<2e-16 

-12±2 
p=5.8e-13  

-4±1  
p<1.6e-4 

Snowmelt timing 
(days/100years) 

-2±1 
p=0.03 

-4±1 
p=4.7e-7 

-5±1 
p=4.8e-4 

-0±1 
p=0.82 

MAM  
liquid/total 
(%/100years) 

4.5±1.0 
p=6.9e-6 

4.6±1.1 
p=2.6e-5  

3.6±0.8  
p=1.4e-5 

2.5±0.5  
p=1.3e-5 

MAM temp. 
(°K/100years) 

0.74±0.14  
p=8.1e-7 

0.75±015 
p=8.8e-7 

0.70±0.14  
p=1.6e-6 

0.70±0.13  
p=3.8e-7 

MAM-DJF 

HISTALP 

Total precip. 
(mm/day/100years) 

-0.35±0.09  
p=6.4e-4 

-0.15±0.08  
p=0.05 

-0.71±0.09  
p=1.3e-11 

-0.17±0.08 
p=0.04 

a Results that are significantly different from zero at the 99.9% threshold level (p<0.001) 
are shown in bold.  
b Results that are not statistically significant at the 90% (p>0.1) are in normal.  
c Other values are associated with a significance of between 90% and 99%. 
 
Total precipitation and rainfall are characterised by a tendency towards earlier 
peaks that are consistent with the trends of the river discharge peak timings for 
all the basins except the Po (see Table 1). Snowmelt shows a relatively small but 
significant trend towards earlier peaks. The percentage of liquid precipitation is 
increasing in all basins, consistently with the warming observed in the Alpine 
region. The proportion of winter to spring precipitation increases over all basins. 

 
Discussion  
 
We found a consistent earlier spring discharge of more than two weeks per 
century in the basins located north of the Alps, and more than three weeks per 
century in the basins located to the south. In our analysis, the long-term trend is 
mostly explained by the change of seasonality of precipitation and the increase 
of its liquid portion, while snowmelt timing is better at explaining the decadal 
fluctuations.  
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We provide in Figure 2 the basins’ estimates of the accumulated reservoirs 
volumes, which can delay the peaks and affect the variability (Haddeland et al. 
2006). Most of the structures were built in the 1960s, but they do not appear to 
affect significantly our time-series. Moreover, it is unlikely that human 
modification of land could produce the common features that we found in the 
different basins. Therefore, we think that most of the detected signals are due to 
climate variability and change. 
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Abstract 
 
Two flowstone cores from Tana che Urla Cave (TCU, central Italy), preserve an interval 
of continuous growth between ca. 159 and 121 ka. Stable isotope time series show an 
abrupt shift toward lower values at ca. 132 ka, coincident with an increase in growth rate 
and a marked change in speleothem fabric. This shift is consistent with the profound 
climate changes associated with the glacial–interglacial transition (i.e. shift to warmer 
and wetter conditions). The TCU record also shows significant variability (alternation 
between wetter and drier periods), both for glacial and interglacial portions of the record. 
Glacial MIS 6 is characterized by a wetter period between ca. 154 and 152 ka, while the 
early to middle last interglacial period shows several drier events (at ca. 129, 126 and 122 
ka) which can be placed in the wider context of climatic instability emerging from North 
Atlantic marine and NW European terrestrial records.  
 
Keywords: stable isotopes, Tana Che Urla, speleothems, last interglacial 
 
Introduction 
 
The timing and climatic evolution of the last interglacial is of particular interest 
in the frame of the debate of natural climate variability and length of the current 
interglacial (Kukla et al. 1997; Tzedakis et al. 2009). There is increasing 
evidence that the climate of the last interglacial was unstable relative to the 
Holocene. This variability was first identified North Atlantic marine sediments 
(McManus et al. 1994; Bond et al. 2001; Oppo et al. 2001) and, at least for the 
most prominent events, it propagated into Southern Europe and the 
Mediterranean basin (Martrat et al. 2004; Sprovieri et al. 2006; Couchoud et al. 
2009). In this study we summarize growth rate and stable isotope data from two 
flowstone cores collected from Tana che Urla Cave (Apuan Alps NW Tuscany, 
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central Italy, Figure 1), which show continuous growth between ca. 159 and 121 
ka. This report condenses what is extensively discussed in Regattieri et al. 
(2014a). 
 
Cave Setting and Material and Methods 
 
Tana che Urla (TCU) is a sub-horizontal spring cave, which opens at 620 m a.s.l. 
on the south-eastern side of the Pania massif, in the Apuan Alps (central Italy, 
Figure 1). Detailed description of the cave is available in Regattieri et al. (2012, 
2014a).  

Two cores, TCU-D3 and TCU-D4 (following referred as D3 and D4), were 
drilled from the same flowstone, located at about 100 m from the entrance. 
Polished sections of each core were sub-sampled and analysed for stable isotope 
composition and U/Th dating (see Hellstrom, 2003 for method description). The 
depth-age model provided was constructed using a Bayesian–Monte Carlo 
approach following Hellstrom (2006). 
 

 
Figure 1. Location map of Tana che Urla and Corchia cave.  

 
Results and Discussion  
 
The Tana che Urla proxy record (stable isotope and growth rate, Figure 2) 
shows a consistent pattern of variability both at orbital (i.e. glacial-interglacial 
transition) to suborbital time scales (centennial-to-millennial scale events). For 
most of the Mediterranean, changes in speleothem δ18O calcite are thought to 
mainly reflect changes in the isotopic composition of δ18O of meteoric 
precipitation, rather than changes in temperature of deposition. Changes in δ18Op 
could be due to changes in the source of vapor (Bar-Matthews et al. 2000) or to 
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the “amount effect” (Bard et al. 2002), with lower/higher values related to 
wetter/drier periods For central Mediterranean the amount effect is believed to 
be the main factor driving the final δ18O of the calcite (Drysdale et al. 2005; 
Zanchetta et al. 2007; Regattieri et al. 2014b). The basal section of the 
flowstone, from 158.5±2.7 to 132.2±1.8 ka, corresponding to late MIS 6, shows 
lower stable isotope values and lower growth rates (Figure 2) indicating 
generally drier conditions. 
 

  
Figure 2. Stable isotopes and growth ratio for TCU-D4 (Regattieri et al. 2014a). Drier 

events during MIS5e are shadowed in yellow, wetter period during MIS6 is shadowed in 
red. Data from Corchia Cave (CC5 blue, CC7 light blue) are also shown for comparison 

(Drysdale et al. 2005; 2009). 
 
At ca. 132.1±1.8 ka all speleothem properties show an abrupt and prominent 
change: stable isotope (oxygen and carbon) values decrease rapidly, the growth 
rates dramatically increase and the brown, clastic calcite is replaced by the white 
clastic-poor lithofacies (Regattieri et al. 2012). This shift indicates enhanced 
precipitation over the cave catchment at this time, marking the transition 
between MIS5 and MIS6.  
 
The TCU δ18O record also shows significant multi-centennial variability 
between the peak interglacial conditions at ca. 131.0 ka and the hiatus located at 
ca. 121.4 ka (Figure 2). The lowest isotope values occurred between ca. 130.1 
and 123.6 ka, indicating that the wettest period lasted ca. 6 ka. However, this 
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period is interrupted by two short prominent events indicating reduced 
precipitation between ca. 130.7 and 129.6 ka, between ca. 126.7 and 125.6 ka 
and after 123.6 ka, where a new increase of values may suggest that interglacial 
condition ended. Records for the TCU and Corchia, caves located at higher 
altitude in the Apuan Alps (Figure 1), display remarkable similarities for this 
period (Figure 2) (Drysdale et al. 2005; 2009).  

Conclusions 
 
The growth history and stable isotope geochemistry of two flowstones from 
Tana che Urla, preserve a continuous record from the last part of the 
penultimate glacial to the middle part of the last interglacial (ca.159-121 ka). 
The most prominent feature of the record is a dramatic excursion toward lower 
isotope values at ca. 131 ka, coincident with a change in the lithology (from 
brown, detrital-rich to white, detrital-poor calcite) and growth rate. This shift in 
all speleothem properties indicates enhanced rainfall in the recharge area, 
related to climatic amelioration at glacial/interglacial transition. 
 
The interglacial part of the record shows substantial variability, with 3 events of 
reduced moisture at ca. 129.6, 126.0 ka and between 123.6 ka and the first 
growth interruption at ca. 121.4 ka. This climatic instability during the first part 
of the last interglacial substantially agrees with the nearby speleothem record 
from Corchia Cave (Drysdale et al. 2009), supporting the regional significance 
of these events.  
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Abstract 
 
We explore the reliability of uncertainties estimated of climate projection ensembles. A 
Monte-Carlo numerical approach is used to quantify the actual uncertainty of ensembles 
affected by different, independent uncertainty sources, which is then compared to the 
uncertainty obtained using current methods. The obtained results can serve as guidance in 
the design of future projection ensembles with more reliable uncertainty estimates. As an 
application we explore the relative contribution of each uncertainty source and the 
reliability of their estimation for a Mediterranean storm surge projection ensemble. In 
that case the dominant source of uncertainty is the global model (from which atmospheric 
pressure and winds are downscaled using a regional model) and the natural variability, 
while the regional model used for the downscaling and the emission scenario are 
secondary sources. The errors in the calculation of the uncertainties attributed to each 
source are often higher than the estimated uncertainties themselves (e.g., the relative 
error of the uncertainty of the global model contribution is 50-60%, being much higher 
for secondary sources). 
 
Keywords: climate projections, uncertainty, Mediterranean 
 
Introduction 
 
The quantification of uncertainties of climate projections is a crucial issue, as it 
conditions the confidence of decision makers on the value of adaptation 
strategies. Different ways to quantify the uncertainty from climate projection 
ensembles have been proposed, from probabilistic multi-model ensemble 
approaches (Smith et al. 2009) to more complex statistical methodologies. 
However, very often the quantification of uncertainties from ensembles of 
model runs is simply related to the spread of the ensemble, without paying much 
attention to the reliability of the estimation. In particular, the reliability of that 
approach can be quite low when the ensembles are small, which is usually the 
case for instance in regional or local climate projections. Here we investigate the 
reliability of the uncertainty estimates when the ensemble has multiple sources 
of uncertainty. We also give advices for the design of new ensembles in terms of 
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the relative contribution of each source of uncertainty to the total uncertainty 
(Hawkin and Sutton 2009). The modeler community must be aware of where are 
the highest discrepancies between the projections in order to focus on their 
reduction. As an application, we apply the proposed methodology to an 
ensembleof Mediterranean storm surge projections.  
 
Methods 
 
The uncertainty of climate projection ensembles is often computed simply as the 
spread of the ensemble results. A better way of doing it is identifying the 
different uncertainty sources and, for each of them, considering the simulations 
as independent realizations with a Gaussian distribution. In regional climate 
projection studies, for instance, it is common not to dispose of really 
independent simulations; however, it is also common to dispose of groups (sub-
sets) of independent simulations, each one sampling an uncertainty source. A 
sub-set of independent simulations is understood here as a group of simulations 
where all the uncertainty sources but one are fixed. If each uncertainty source is 
really independent, we can define the “total uncertainty” of the ensemble as the 
sum of the variance of each uncertainty source: 

𝜎𝑡𝑜𝑡2 = �𝜎𝑖2

𝑖

 

We will also be interested in quantifying the relative contribution of each 
uncertainty source to the total uncertainty and the reliability of such estimate. 
The relative contribution of each source (Ci) to the total uncertainty is defined 
as: 

Ci =
σi2

σtot2  ±δi     

where 𝛿𝑖 is the error of the estimation.  
 
The methodology to calculate the errors is based on a Monte-Carlo approach. 
Provided that we have Ni simulations in each subset i and that the variance of 
this subset is σ2

i, we generate a large number of series of Ni numbers with 
standard deviation σi. Then, we compute the relative contribution to the total 
uncertainty from each Monte-Carlo sample and compare to the exact value in 
order to have an estimate of the δi. 
 
Results and discussion 
 
To analyze the case of having more than one sources of uncertainty we consider 
a numerical example with two sources (σ1 = 2 σ2). Figure 1a shows the relative 
error in the calculation of the total uncertainty as a function of the number of 
simulations of the primary source (N1) for different numbers of simulations of 
the secondary source (N2). The figure shows that if the number of simulations of 
the primary source is small, it is useless to increase the number of simulations of 
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the secondary source. Being aware of this can be useful to design new 
projection ensembles resulting in better estimates of the actual uncertainty. 
Figure 1b shows the reduction of the total uncertainty resulting from an increase 
in the number of simulations of each source. In our example, if N1<5 or N2>25, 
any increase in N1 will improve the reliability of the uncertainty estimate more 
than any increase in N2. Or conversely, depending on the values of σi and Ni, it 
will not be useful to increase the number of simulations sampling a given 
uncertainty source. 

  
 

Figure 1a (left): Relative Error in the calculation of the total uncertainty as a function of 
the number of simulations of the primary source of uncertainty (N1) for different numbers 

of simulations of the secondary source of uncertainty (N2)  
Figure 1b (right): Reduction of total uncertainty as a function of the number of 

simulations (the blue line refers to N1 and the red line refers to N2) 
 

To apply the methodology to a real case, we consider a storm surge projection 
ensemble. The domain is the Mediterranean Sea and the target parameter will be 
the basin mean sea level. This example is representative of actual regional 
ensembles where the number of simulations is small compared to global 
ensembles. Figure 2a shows the relative contribution of each uncertainty source 
to the total uncertainty. The dominant source is the global model (GCM) from 
which atmospheric pressure and winds are downscaled using a regional model. 
The GCM contributes with 50-60% of the total uncertainty, while the natural 
variability contributes with about 20%. The regional model and the scenario 
choice are of second order of importance. The reliability of the calculation of 
each contribution is shown in Figure 2b. Note that the uncertainty of the 
calculation of each contribution is often higher than the contribution itself. If we 
focus for example on the major source, the GCM, Figure 2b shows that only 
about 25-30% of the GCM contribution is reliable while almost the same 
percentage is uncertain (~ 50%).  
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Figure 2a (left): Relative contribution to the total uncertainty of each source.  
Figure 2b (right): Same than Figure 2a but including the reliability in the calculation of 

each uncertainty contribution (after a renormalization) 
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Abstract 
 
This study presents the comparison of two different approaches for quantifying the 
spatiotemporal distribution of the evapotranspiration at the regional scale: the simulations 
by a regional climate model (ICTP-RegCM3), versus the estimations by a remote sensing 
based surface energy balance model (SEBS). The comparison was carried out in the 
semi-arid Konya basin. Our results show that while performing similarly in representing 
the seasonal dynamics, there was considerable difference of average daily ET estimates 
between the two models, and this difference varied spatially in the region. The difference 
between the ET outputs can be mainly attributed to the factors including differences in 
model structures, input parameters and spatial resolutions.  
 
Keywords: regional climate model, ICTP-RegCM3, surface energy balance model, 
SEBS, evapotranspiration, the Konya Basin 
 
Introduction 
 
In this study, we present a comparison of two different approaches for 
quantifying the regional distribution of the evapotranspiration: the high 
resolution simulations by the regional climate model ICTP-RegCM3 (Önol 
2012), versus the estimations by a RS-based surface energy balance model 
SEBS (Gökmen et al. 2012). By such a comparison, it is aimed not only to 
evaluate the two different methods in quantifying the regional 
evapotranspiration but also two different spatial resolutions of the ET outputs 
(i.e. ~10 km resolution by ICTP-RegCM3 and ~1 km resolution by SEBS). The 
comparison carried out in one of the largest endorheic basins in the world, 
namely the Konya closed basin in Turkey. The basin is a characteristic example 
of a semi-arid region whose limited water resources are under strong 
anthropogenic influence.  
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Materials and Methods 
 
In this study, the ET simulations by Önol (2012) using ICTP-RegCM3 
(International Centre for Theoretical Physics Regional Climate Model, Version 
3) were used. In the model, which was run at a 10 km resolution for the East 
Mediterranean domain, ET rates depend on the availability of soil water based 
on a Biosphere-Atmosphere Transfer Scheme (BATS) by Dickinson et al. 
(1993). Also, the input surface parameters vary geographically, and are 
specified using look-up tables for the different land cover classes. More detailed 
information about ICTP-RegCM3 as well as climatology of the reference 
period, 1961-1990 are given in Bozkurt et al. (2012) and Önol (2012). 
 
With respect to the RS-based estimation of the regional ET, we used the 
physically based and single source Surface Energy Balance System (SEBS) 
model by Su (2002). SEBS estimates ET using RS retrievals and meteorology 
data. In this study, we used a modified version of SEBS (Gökmen et al. 2012) 
which integrates soil moisture into the model for better accounting for moisture-
limited evapotranspiration regime, which is typical in semi-arid regions.  
 
The study area, The Konya Closed Basin is located in central Anatolia, Turkey, 
with a surface area of about 54,000 km2 and elevations from 900 to 3500 m.a.s.l. 
There are extensive irrigated croplands which are usually surrounded by the vast 
sparse steppe areas, in the central and downstream plains. The region has a 
typical arid to semi-arid climate with a long-term average precipitation of 380 
mm/year, ranging from 250 mm in the plain parts up to more than 1,000 mm in 
the mountainous areas (unpublished data from State Hydraulic Works, DSI).  
 
Results 
 
According to Figure 1a, both SEBS and the RCM simulate similar seasonal ET 
variation, while SEBS is estimating higher than the RCM throughout the year 
with an average difference of about 0.5 mm/day.   
 
Discussion 
 
Although both SEBS and the RegCM3 simulate similar seasonal dynamics of 
ET, there is considerable difference of average daily ET estimates between the 
two models, and this difference varies spatially in the region. The differences 
can be attributed to several factors including differences in model structures, 
input parameters and spatial resolutions. Due to the different model structures 
(RegCM3 using BATS, while SEBS estimates ET based on surface energy 
balance), the sensitive parameters of the two methods are also rather different. 
In the case of RegCM3, ET simulations are highly sensitive to the water stress 
level which is imposed by the land cover input to the model. For example, the 
few grids which had much larger ET estimates by the RegCM3 (blue grids on 
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Figure 1d) were the ones assigned as irrigated crops or water surfaces. 
Therefore, we can claim that an accurate estimation of ET by RegCM3 highly 
depends on an accurate definition of the dynamic land cover conditions of a 
region, spatially and temporally. However, though being a high resolution 
simulation for a RCM, 10 km horizontal resolution of the RegCM3 is still quite 
coarse in representing the heterogeneous and dynamic land cover characteristics 
at regional and basin scales. In fact, according to a detailed CORINE land cover 
mapping study (unpublished data from Ministry of Environment and Forestry of 
Turkey), the green polygons in Figures 1b-d depict the irrigated croplands and 
they occupy much larger areas than the one used as input to the RegCM3. In the 
case of SEBS, the land cover map is not a direct input to the model and ET 
estimate is most sensitive to the surface temperature and the difference between 
the surface and air temperature. Further improvements for the regional ET 
estimations by the two methods can be suggested with further concurrent 
validations of the methods against the ground-based measurements.  
 

 
 

Figure 1a. Seasonal dynamics of the basin-averaged ET, b-c. distribution of the average 
daily ET and, d. distribution of the difference between average daily ET during the study 

period (2000-2008) by RCM and SEBS, respectively. 
Figures 1b-d. reveals that, apart from some particular grids of the RCM (the blue 

coloured areas in Figure 1d; the daily ET estimate by SEBS is generally higher in the 
basin. While the difference is between 0 to 1 mm/day in the plain areas (inside the bigger 

black polygon), it can reach up to 2 mm/day in the mountainous upstream parts in the 
southwest and south of the basin (outside the bigger black polygon). 
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Abstract 
 
This study investigates the link between the occurrence of mass mortalities of benthic 
invertebrates in the Mediterranean Sea and changes in its thermal stratification. The 
analysis covers the period 1945-2011 using data from three public sources: MEDAR-
MEDATLAS, World Ocean Database, MFS-VOS program. Mass mortalities events have 
been identified considering studies published from 1945 to 2011. A synthetic description 
of the evolution of the upper water column is provided in terms of four parameters 
describing the mixed layer and the seasonal thermocline. Results show that important 
changes in the uppermost part of the water column have occurred in the last three 
decades of the analyzed period (1983-2011, when mass mortalities have been reported) 
with respect to the previous decades (1945-1982, with no recorded mass mortalities): a 
widespread increase of thickness and temperature of the mixed layer, deepening and 
cooling of the thermocline base. It is shown that most mass mortalities occurred in 
seasons with anomalously high mixed layer temperature.  
  
Keywords: mixed layer, seasonal thermocline, mass mortalities, temperature profiles, 
DYFAMED station, Mediterranean Sea 
 
Introduction 
 
The Sea Surface Temperature (SST) of the Mediterranean Sea is increasing 
(Nykjaer 2009) and this has been linked to changes in Mediterranean biota 
(Lejeusne et al. 2010). In fact, increasing SST may be associated to stronger 
thermal stratification and warming of the upper water column, which can result 
in dramatic events, such as the mass mortalities of benthic invertebrates that 
have been observed in the last decades (Rivetti et al. 2014). Assessing the 
magnitude of changes of the SST and of the upper water column is critical to 
understand their effects on marine ecosystems. In this study we assess the 
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effects of changes in thermal stratification on marine ecosystems, by evaluating 
changes of selected parameters describing the mixed layer and the seasonal 
thermocline and their relation with mass mortalities of benthic invertebrates.  
 
Materials and Methods 
 
In this study we have analyzed all the vertical profiles of temperature available 
for the Mediterranean Sea, including bottles, MBT, XBT and CTD, extracted 
from the MEDAR/MEDATLAS database (Fichaut et al. 2003), the World 
Ocean Database 2013 (WOD13; Johnson et al. 2013) and the Mediterranean 
Forecasting System-Voluntary Observing Ship program (MFS-VOS; Manzella 
et al. 2007). The analysis has covered the period 1945-2011 and has been 
focused on summer and autumn. The total number of temperature profiles that 
have passed a quality control procedure and have been used is 108.079. Data 
used in this study include also CTDs collected at the DYFAMED station 
(Ligurian Sea), a Mediterranean long-term observatory, in the period from 1991 
to 2008.  
 
The three segments profile model, has been selected among different 
possibilities as it has been shown to yield robust results for most shapes of 
temperature profiles (Rivetti et al. 2014). This method approximates the upper 
water column with three segments representing mixed layer, thermocline and 
deep layer. The parameter values defining these three segments are determined 
by an optimization procedure that minimizes the root mean square error of the 
idealized profile with respect to the observations. This computes four 
parameters: Mixed Layer Depth (MLD), Mixed Layer Temperature (MLT), 
Thermocline Base Depth (TBD) and Thermocline Base Temperature (TBT).  
 
To describe the ongoing changes in the thermal stratification across the 
Mediterranean Sea, mean seasonal values of MLD, MLT, TBD and TBT have 
been computed for the periods 1983-2011 and 1945-1982, and their difference 
has been binned in boxes of 1° lat × 1° long. The two periods have been chosen 
considering that mass mortalities have been reported after 1983. Further the 
MLD and the MLT in the season and location of each mass mortality event have 
been compared with the corresponding mean MLD and MLT over the period 
1945-1982.  
 
Results 
 
Figure 1 shows the spatial distribution of the variations of MLD, TBD, MLT 
and TBD between the two considered periods in summer.  
 
Most coloured cells show an increase of MLD (Figure 1a) with the exception of 
the Algerian and of the South Ionian Seas. Also a general increase of TBD is 
present over most of the basin with the exception of the Aegean, Gulf of Lion, 
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Catalan Sea (Figure 1b). A clear signal of MLT increase is evident for the whole 
basin (Figure 1c). The TBT is, instead, generally decreasing (Figure 1d) except 
in the Central Ionian, the Tyrrhenian, the Balearic and the Algerian Seas. 
Autumn (not shown) presents a similar pattern of change. 
 

 
 

Figure 1. Variations of the MLD (a), of the TBD (b), of the MLT (c) and of the TBT (d) 
in summer. Depth\temperature variations are computed as difference between average 

depth\temperature values in the period 1983-2011 and those in the period 1945-1982 in 
1°lat x 1°lon cell and tested for statistical significance at the 90%. Significant values are 

reported as coloured cells, not significant values are reported as grey areas 
 
Considering summer and autumn (Rivetti et al. 2014), in 18 out of 26 reported 
mass mortalities, the MLT during the event was higher than the mean MLT over 
the period 1945-1982. Further, 10 events occurred when the MLD was deeper 
than the mean MLD over the period 1945-1982. This result confirms a general 
link between MLT and mass mortality events. 
 
Discussion 
 
Results, extensively discussed in Rivetti et al. (2014), show a widespread 
increase of thickness and temperature of the mixed layer, deepening and cooling 
of the thermocline base in the last three decades (1983-2011). Further, in most 
locations where mass mortalities have been reported the MLT was higher than 
the mean MLT calculated over the period 1945-1982. In conclusion, our results 
support a recent warming, which is potentially associated with important 
environmental changes in the upper layer of the Mediterranean Sea.  
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Abstract 
 
This study focusses on the impact of climate change on water demand and yields of 
Mediterranean crops (winter wheat, tomato and olive). High resolution climate data, 
based on the A1B emission scenario, were arranged to represent the mean climate 
conditions in years 1991-2010 and 2036-2065 and describe climate change over a 50-
years span, during which an overall reduction of precipitation and increase of air 
temperature are expected. As a consequence, net irrigation requirements (NIR) for olives 
may increase (particularly in Southern Spain), while actual evapotranspiration of rainfed 
olives would decrease in most areas due to increased water stress. The potentially 
cultivable areas of winter wheat, tomato and olive trees may substantially increase mostly 
in the Northern Mediterranean countries. Due to anticipation and shortening of growing 
season, the NIR may decrease for both wheat and tomato. As a whole, future relative 
yield losses are expected to be slightly larger than now for rainfed wheat, particularly in 
the Northern Mediterranean, while they are not expected to change for tomato. 
Precipitation decrease will be relevant for winter-spring crops and the adoption of 
supplemental irrigation for winter wheat could become widespread in the future. Locally-
tailored (water, land and nutrient) best management practices will play determinant role 
for crop production. 
  
Keywords: winter wheat, tomato, olive trees, Mediterranean region, crop water 
requirements, irrigation, yield 
 
Introduction 
 
Agricultural production depends on a complex interaction between the pedo-
climatic conditions, availability of resources, cropping pattern and management 
practices. Climate change is one of the main factors affecting this interrelation 
through its direct impact on the climatic conditions of cultivation, availability 
and quality of resources (water and land). Accordingly, the adaptation measures 
give emphasis on the adoption of cropping pattern and management practices 
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that fit adequately to the new cultivation condition. This work focusses on the 
expected impact of climate change on water demand and yields of some 
characteristic Mediterranean crops, such as winter wheat, tomato and olive trees, 
indicating possible variation of actual cultivation practices. The results present a 
synthesis of findings reported in the deliverables of the WASSERMED project 
(EC-FP7-ENV) and related publications (Tanasijevic et al. 2014; Saadi et al. 
2015).  
 
Materials and Methods 
 
Climate data have been derived from the ENSEMBLES project (EC-FP6-ENV) 
RCM simulations. The results of RACMO2, driven by ECHAM5, were selected 
as the most suitable for this analysis. The data refer to A1B SRES scenario and 
two time periods: a) present, denoted as “year 2000” (average values of 
simulations for the period 1991-2010), and b) future, denoted “year 2050” 
(average values of simulations for the period 2036-2065). Monthly values of 
precipitation, air temperature and relative humidity, solar radiation and wind 
speed are used. Daily values were generated as described in Saadi et al. (2015). 
Soil data were taken from the harmonized soil database, HWSD version 1.2 
(FAO/IIASA/ISRIC/ISSCAS/JRC 2012). 
 
Crop evapotranspiration, irrigation requirements and yield reduction under non-
optimal water supply were estimated using the standard FAO approach (Allen et 
al. 1998). More details about soil water balance and applied irrigation scenarios 
are given in Saadi et al. (2015) and Tanasijevic et al. (2014). The Geographical 
Information System (GIS) software (ArcView GIS) was used for data 
elaboration. 
 
Results and discussion 
 
Climate data for the period 2000-2050 indicated over the Mediterranean an 
average reduction of annual precipitation (-39.1±55.1 mm year-1) and increase 
of surface air temperature (+1.57±0.27°C). As a result, the areas suitable for 
cultivation of winter wheat, tomato and olive trees are foreseen to increase 
prevalently in the Northern Mediterranean countries by 7, 24 and 25%, 
respectively. Moreover, an increase of annual reference evapotranspiration 
(Figure 1) of 92.3±42.1 mm (6.7%) is expected (Saadi et al. 2015). 
 
Due to temperature increase, a future reduction of the average length of growing 
season (15 and 12 days for wheat and tomato, respectively) and, consequently, 
of crop evapotranspiration (6 and 5% for wheat and tomato, respectively) are 
also expected. Then, net irrigation requirements (NIR) under optimal water 
supply could be diminished by 11% for wheat and 5% for tomato (Saadi et al. 
2015). 
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Figure 1. Reference evapotranspiration over the Mediterranean for year 2000 (A) and 
expected variation in respect to 2050 (B), (mm/year) (Saadi et al. 2015) 

 
Shortening of growing season and earlier crop development would negatively 
affect yield, but could reduce the risk of drought and heat stress (Moriondo and 
Bindi 2007; Saadi et al. 2015). Also rain-fed cultivation of wheat could lead to 
slight reduction of yield especially in the Northern Mediterranean where the 
introduction of supplemental irrigation could be required. No particular changes 
are expected for tomato and other spring summer crops cultivation.  
 
An anticipation of olive flowering by 11±3 days is foreseen. Crop 
evapotranspiration is expected to increase on average by 8% (51±17 mm 
season−1) while NIR is foreseen to increase by 18.5% (70±28 mm season−1). The 
greatest increase of NIR is expected in Southern Spain and north-western 
Algeria and Morocco (Tanasijevic et al. 2014), where available water resources 
are already limited. 
 
Conclusions 
 
The impact of climate change on agricultural production in the Mediterranean 
depends on the considered crop and varies throughout the regions. In general, 
the benefits are expected to be larger in the Northern areas of the Mediterranean, 
where resources (land and water) are available, while in the Southern regions 
cultivation could be penalized. The overall effects of climate change could 
actually reduce water demand in most regions. However, the effects on yield 
should be seen within a complex management setting that includes the starting 
day and duration of growing season, the selection of the most adequate varieties 
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(short or long maturing), CO2 concentration in the atmosphere and the adoption 
of locally-tailored best management practices.  
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Abstract 
 
This study investigates the heat-related impacts of climate change on public health in the 
East Mediterranean. Most of the health problems in the East Mediterranean are related 
mainly to the warming already occurred as well as to extreme weather events such as 
heatwaves. In addition projections indicate that warming and extreme events will 
increase in future posing serious threats on human health. To examine the potential 
negative impacts of climate warming on human life for the greater East Mediterranean 
area, the HUMIDEX index, employed to express the temperature perceived by people, 
was examined. HUMIDEX is applied in summer and generally warm periods and 
describes the temperature felt by an individual exposed to heat and humidity. The 
analysis revealed a significant increase in the HUMIDEX in future period mainly during 
summer months. 
 
Keywords: regional climate modeling, climate change, public health, HUMIDEX, 
Eastern Mediterranean 
 
Introduction 
 
One of the major concerns of climate change is its impact on human health. The 
Fourth IPCC assessment report (Parry et al. 2007) provides evidence that 
climate change currently contributes to the global burden of disease and 
premature deaths. In fact, it plays an important role in the spatial and temporal 
distribution of some of the most deadly infectious diseases such as malaria, 
dengue fever, tick-borne diseases, etc. It is also affecting the seasonal 
distribution and concentrations of some allergenic pollen species, and it has 
increased heat-related as well as extreme weather-related morbidity and 
mortality (Parry et al. 2007).  
 
Eastern Mediterranean is already experiencing some of the impacts of climate 
change on public health (Paz et al. 2010). Most of the health problems in the 
area are related mainly to the warming already occurred as well as to extreme 
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weather events such as heat waves, floods, fires, etc. (D'Ippoliti et al. 2010). 
Even if milder winters have the potential to decrease cold-related mortality and 
morbidity locally (Donaldson et al. 2001), the direct and indirect effects of 
climate change are expected to have adverse impacts on human health and well-
being at the global scale in the future, in particular in the Mediterranean (Paz et 
al. 2010). From the 1960's until today, the mean intensity, duration and number 
of heat wave events in the Eastern Mediterranean, have increased by a factor of 
around 7.5, 7.5 and 6 respectively posing serious threats to human health 
(Kuglitsch et al. 2010).  
 
Materials and Methods 
 
HUMIDEX is applied in summer and generally warm periods and describes the 
temperature felt by an individual exposed to heat and humidity. More 
specifically, the HUMIDEX parameter (in °C) is calculated by the following 
equation: 

𝑇(ℎ) = 𝑇𝑚𝑎𝑥 + 5
9

× (𝑒 − 10),      𝑒 = 6.112 × 10�7.5× 𝑇𝑚𝑎𝑥
(237.7+𝑇𝑚𝑎𝑥)� × ℎ

100
, 

 
where e is the vapour pressure, Tmax is the maximum 2m air temperature (°C) 
and h is the humidity (%). 
 
Furthermore, 6 classes of HUMIDEX ranges are established to inform the 
general public for discomfort conditions: 
1) <29°C comfortable, 2) 30–34°C some discomfort, 3)35–39°C discomfort; 
avoid intense exertion, 4) 40–45°C great discomfort; avoid exertion, 5) 46–53°C 
significant danger; avoid any activity 6) >54°C imminent danger; heart stroke. 
 
All calculations were performed using PRECIS (Providing Regional Climates 
for Impact Studies) regional Climate Model based on the United Kingdom (UK) 
Meteorological Office Hadley Centre HadRM3P model (Jones et al. 2004). The 
model simulations were performed at the Cyprus Institute within the framework 
of the CIMME project (www.cyi.ac.cy/climatechangemetastudy), which studies 
‘Climate Change and Impacts in the Eastern Mediterranean and Middle East’. In 
all simulations the period 1961–1990 was used as the base period (control run) 
providing a reference for comparison with future projections for the period 
2040–2069. The future period simulations of the model are based on the IPCC 
SRES A1B scenario (Nakićenović et al. 2000), which provides a good mid-line 
scenario for carbon dioxide emissions and economic growth (Parry et al. 2007). 
 
Results 
 
In the control period (Figure 1), most parts of Greece and Western Turkey 
appear to have around a month of thermal discomfort. This value reaches 3 or 
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more months for North Africa and south parts of the Arabian Peninsula. Coastal 
and island regions appear equally vulnerable. 
 

 
Figure 1. Number of days with HUMIDEX > 38°C for the control period using PRECIS 

RCM Model 

 

          

Figure 2. Potential near future changes in the number of days with HUMIDEX > 38°C 
using PRECIS RCM model 

For coastal regions in the Eastern parts of Greece, Crete, western/central Turkey 
and Cyprus, the duration of HUMIDEX >38°C is projected to increase by as 
many as 50 days in 2020-2050 (Figure 2). Increases of 80 days are projected for 
the Arabian Peninsula. Smaller changes are evident in mountainous areas (e.g. 
Balkans, Anatolia) i.e. their cool summer climate should be maintained.  
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Abstract  
 
The Mediterranean Sea circulation has been simulated by means of three different 
implementations of the MITgcm (MIT General Circulation Model). The three model 
domains extend over the same model domain and share the same surface forcing and 
lateral boundary conditions. The first model has been implemented at a horizontal 
resolution of 1/12° with 72 vertical z-levels, while the remaining two models use a non-
uniform curvilinear orthogonal grid, having a maximum horizontal resolution of about 
1/200° in the Strait of Gibraltar, degrading eastward down to a regular grid with a 1/16° 
resolution, and 72 vertical levels. The last two models differ in the inclusion/exclusion of 
tidal forcing. Comparison with observed data shows that the overall surface and 
intermediate circulation simulated by the 1/12° model reproduces the main features of the 
basin-scale circulation reasonably well. From the comparison of the two additional 
higher resolution experiments performed with and without tidal forcing, it appears that 
the tidal forcing has a not negligible impact on the simulated circulation. 
 
Keywords: numerical ocean modelling, Mediterranean, tidal forcing, Strait of Gibraltar 
Introduction 
 
The Mediterranean Sea is a mid-latitude, semi-enclosed marginal sea connected 
to the Atlantic Ocean through the Strait of Gibraltar and located in a 
topographically complex region, where orographically enhanced intense local 
winds induce strong turbulent air-sea fluxes, thus causing substantial heat and 
mass exchanges at the air/sea interface. The excess evaporation over 
precipitation is compensated by water supply from the Atlantic, and sustains a 
heterogeneous thermohaline circulation which makes the Mediterranean Sea a 
“miniature ocean”, which deserves attention for both experimental observations 
and numerical modeling. 
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Over the last decades, many observational campaigns have been conducted in 
the Mediterranean and Black Seas in the framework of several different 
international initiatives (MODB, MEDAR/MEDATLAS, EU/MATER, POEM), 
providing more comprehensive datasets of temperature and salinity profiles, 
bio-chemical parameters and revised climatological statistics. However, a 
detailed study of the physical processes in the Mediterranean Sea and an 
assessment of the relative roles of external forcing and internal variability in 
determining the observed circulation need to also include the information 
provided by the constantly improving numerical modelling simulations that 
have been carried out over the last years. Recent studies have focused on 
externally-induced climatic variability by exploiting the available multi-decadal 
numerical hindcasts of mass and energy exchanges at the air-sea interface, thus 
allowing new insights into the decadal and inter-annual variability of the ocean, 
and into episodic phenomena such as the Eastern Mediterranean Transient 
(EMT), (see for example Beuvier et al. 2010;Vidal-Vijande et al. 2011).  
 
In the present work we present the main results of a 1/12° resolution 
Mediterranean hindcast covering the period 1958-2004. A preliminary 
assessment of the effects induced by both increasing resolution at Gibraltar and 
including tidal forcing will be presented. 
 
Data and Methods 
 
The numerical simulation has been initially performed with the MITgcm 
implemented at a horizontal resolution of 1/12º, with 72 unevenly spaced 
vertical levels. The model (hereinafter MedMIT12) is forced by the downscaled 
surface fluxes provided by a REMO/MPI simulation driven by the 
ECMWF/ERA40 reanalysis. The simulation is initialized using the 
MEDATLAS-II monthly climatology data. Model results have been validated 
using the temperature and salinity observational dataset developed by Rixen et 
al. (2005), consisting of 50 years of Mediterranean and Black Sea climatology. 
Observed temperature and salinity profiles have been quality checked according 
to international standards and interpolated at 25 standard vertical levels on a 
0.2°x0.2° grid.  
 
A shorter hindcast (1958-1967) for the Mediterranean has been successively 
performed by the MITgcm using a non-uniform curvilinear orthogonal grid, 
having a maximum horizontal resolution of about 1/200° in the Strait of 
Gibraltar, and degrading eastward down to a regular grid with a 1/16° 
resolution, and 72 vertical levels (same as 1/12° model) (hereinafter 
MedMIT16). The resolution adopted for SoG follows the recommendations 
suggested by Sannino et al. (2014) to correctly represent the hydraulic behavior 
in the Strait. An additional hindcast (1958-1967) has been performed using 
MedMIT16 in which the tidal forcing has been explicitly included (hereinafter 
MedMIT16T). We would like to stress that these experiments represent an 
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absolute novelty for the Mediterranean ocean modeling community, as 
Mediterranean tides and thermohaline circulation have always been studied 
separately and in different contexts. 
 
Results and Discussion 
 
The time mean general circulation simulated by the 1/12° model (Figure 1) is 
well reproduced and it is in good agreement with results from other authors 
(Pinardi et al. 2013; Brossier et al. 2011; Beuvier et al. 2010). The surface 
circulation is shown in panel (a) as represented by currents and mean Sea 
Surface Height (SSH) averaged over the period 1958-2004. The Atlantic Water 
(AW) flows into the Mediterranean Sea and, following an overall cyclonic path, 
meanders around the Alboran anti-cyclonic gyres, spreading northward as far as 
the Balearic Islands. An organized current flows along the African Coast 
(Algerian Current), and then bifurcates, partly entering the Eastern basin 
through the Sicily Channel and partly proceeding to the northwest along the 
Tyrrhenian Coast and recirculating westward as the Northern Current. The 
inflow into the Levantine basin describes a major cyclonic basin wide gyre 
developing unstable eddies along the Southern Coast and then being 
transformed into the salty and warm Levantine Intermediate Water (LIW) off 
the Turkish Coast, where the structure of the Rhode gyre is also evident. The 
Adriatic Sea circulation is also well represented. The newly formed LIW 
recirculates westward spreading into the Ionian basin and the Southern Adriatic 
Sea, being then conveyed into the Western Basin through the Sicily Channel, 
where it bifurcates into a Tyrrhenian branch and a direct current heading to 
Gibraltar (panel b). 
 
The Mediterranean basin circulation is driven by the heat and water mass fluxes 
that determine the unbalance compensated by the inflowing Atlantic Water. 
Temperature and salinity interannual variations have been investigated at 
different depth layers and over the entire Mediterranean basin as well as for the 
Western and Eastern sub-basins separately, and compared to the reference 
observed data (Rixen et al. 2005). Figure 2 shows temperature and salt content 
averaged over the entire volume of the basin, temperature is in good agreement 
with the observations and its variations are mainly related to those of the 
intermediate layer (100 to 600 m) with the exception of the period 1960-1975. 
Such discrepancy is mostly due to the positive bias (0.9°C over the entire 
Mediterranean and 1.2°C over the Eastern basin) between observation and 
model in the first layer (0-100m) until the year 1990, partially compensated by 
the negative bias of the deep layer (figures not shown). On the other hand the 
mean salt content over the entire basin agrees with observation but the model 
shows significantly less interannual variability than the observations.  
 
Despite the encouraging results of MedMIT12, there remains need for the 
advancement in the Mediterranean models concerning the physically based 
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representation of the flow exchange through the Strait of Gibraltar (hereinafter 
SoG), the Mediterranean eddy-dominated flow field, and the formation rates and 
transports of water masses involved in the Med Thermohaline Circulation 
(hereinafter MTHC). Despite the key role played by the SoG (Sannino et al. 
2004; 2009a; 2009b) on the MTHC, none of the ocean models implemented in 
the last 15 years for the Mediterranean Sea was able to fully simulate the Strait 
dynamics. The main limiting factors were the coarse horizontal resolution 
adopted for the SoG and the omission of tidal forcing. Here we fill this 
modeling gap performing the two eddy-resolving experiments: MedMIT16 and 
MedMIT16T. A preliminary analysis of results obtained comparing the 
MedMIT16 and MedMIT16T shows that tides strongly affect the hydrological 
properties of the Atlantic inflow. The effect of tide induced mixing in the Strait 
is to increase salinity and decrease temperature in the upper layer, the reverse 
occurring in the underlying water, thus giving rise to a thicker interfacial layer 
with respect to MedMIT16. The altered characteristics of the inflowing Atlantic 
water have a non-negligible impact on the surface circulation in the Western 
basin, by influencing the processes occurring within the accumulation area of 
eddies in the western Algerian, their variability and the resulting paths of the 
Modified Atlantic water, with repercussions on the winter convection events 
that lead to deep water formation in the Gulf of Lions (Figures 3 and 4).  
 

 
Figure 1. Mean surface circulation (a), mean intermediate circulation (b) 
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Figure 2. Variability of temperature (a) and salt (b) content over the basin volume 
Observations (red) and model (blue) 

 

 
 

Figure 3. Mixed Layer Depth in meters (color bar) in the Gulf of Lion area computed 
using a threshold value for the vertical diffusion coefficient of 0.04m2s-2. Upper and 

lower rows correspond to tidal and non-tidal runs, respectively. The plots represent the 
January-to-April average. 

 
Our experiments represent a first attempt to investigate the weight of tidal 
forcing in determining the main features of the Mediterranean thermohaline 
circulation, although they are too short to fully describe both its direct impact 
and the mechanisms of the feedbacks it triggers within the bulk of the fluid. 
Longer simulations have been planned, as well as the development of ad-hoc 
diagnostics to be applied to critical areas of the basin. However, even at such a 
preliminary stage, we can conclude that the inclusion of explicit tidal forcing in 
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an eddy resolving Mediterranean model has non-negligible effects on the 
simulated circulation, in addition to the intensification of local mixing 
processes. The signal induced in the MAW crossing SoG in fact propagates into 
the basin interior and concurs to determine the dispersal paths of the main water 
masses, with consequences on critical processes such as deep water formation in 
the Gulf of Lion and LIW recirculation. 
 

 
Figure 4. Total deep water volume (ρ > 29.10 kgm-3) stored in the Gulf of Lion area. 

Comparison of the MedMIT16T (solid line) and MedMIT16 (dashed line). 
 Units of 1014m3 
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Abstract 
 
In this study, the performance of regional climate model in terms of simulating 
temperature and precipitation extremes is investigated. In order to assess the changes in 
the extreme events over Turkey and the neighboring region, high resolution regional 
climate simulation (double nested from 50-km to 10-km) forced by NCEP/NCAR 
Reanalysis has been accomplished by using ICTP-RegCM3 for the period of 1961-2008. 
Daily temperature and precipitation simulations are used to calculate extreme weather 
indices and their trends. The selected extreme indices, which are defined by World 
Meteorological Organization (WMO) and World Climate Research Programme (WCRP), 
have been mainly analyzed into two groups: Extreme hot days (TX35), summer days 
(SU), warm nights (TN90p), warm days (TX90p), extreme warm days (TX99p) as 
temperature indices and very wet days (R95p), wet days (RR1), heavy rainy days 
(R10mm), excessive heavy rainy days (R20mm), consecutive dry days (CDD) as 
precipitation indices. 187 Meteorological stations of Turkey are used to compare with the 
model results. The model results have been analyzed inter-annually to define the trends 
in extremes.  

Keywords: extreme events, regional climate modeling, climate indices 
 
Introduction 
 
Climate has an undeniable impact on human and natural systems. Extreme 
weather events depending on climate change are more frequent and severe in 
recent decades. In addition to long-term climate conditions, extreme values and 
extreme weather events should be known to reach more comprehensive 
information in terms of assessing climate change. Thus, the aim of this study is 
to analyse extreme events, calculating indexes and possible trends of extremes 
and testing model skills in terms of simulating extremes. 
 
According to the IPCC’s Managing the Risks of Extreme Events and Disasters 
to Advance Climate Change Adaptation Report (2012), heavy rains intensity 
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and frequency will increase at the end of 21st century. Furthermore, heat waves 
duration, frequency and intensity will also expand gradually. World 
Meteorological Organization (WMO) and World Climate Research Program 
(WCRP) defined a set of 27 indices to characterise extremes and pointed out a 
increase in the number of warm days since 1990 and a decrease (fewer station 
than temperature) in the number of cold days since 1970 for Middle East region 
(Zhang et al. 2005). Another study focused on summer heat waves over western 
Turkey (Unal et al. 2013), pointed out that number of warm days, number and 
frequency of heat waves have increased between 1965 and 2006. Türkeş et al. 
(2004) analyzed trends in the diurnal temperature ranges (DTRs) over Turkey 
for the period 1929-1999. Some of the results of this study indicate that daytime 
maximum temperatures have shown weak warming and cooling. On the other 
hand, night-time minimum temperatures have shown warming in some of the 
regions. In addition, the study by Kuglitsch et al. (2010) focused on the changes 
in heat wave number, length and intensity by using the homogenized daily 
maximum and minimum summer air temperatures in the eastern Mediterranean 
region (covering Cyprus, Greece, Turkey, Albania etc.) for the period 1960-
2006. According to this study, western, southwestern and central Turkey and the 
eastern parts of the Turkish Black Sea coastline have experienced changes in 
“Hot spots” of heat wave. Kostopoulou and Jones’s (2005) determined possible 
changes in extreme temperature and precipitation, which is connected with 
climate change, over Eastern Mediterranean for the period of 1958-2000. 
Analysis of heat waves, consecutive dry days, heavy rainy days showed 
increasing trend, on the other hand number of the warm nights showed 
decreasing trend.  
 
In this study, daily-based analyses have been performed to investigate regional 
climate model skills over Anatolian Peninsula and its surrounding area. Daily 
maximum, minimum temperatures and daily precipitations produced by regional 
climate model (ICTP-RegCM3) have been analyzed over Turkey. The model 
forced with NCEP/NCAR re-analysis data for period of 1961-2008 and the 
horizontal resolution of simulation is 10 km (Önol 2012). The model skills have 
been tested in terms of capability of RegCM to capture extreme events. 
 
Materials and Methods 
 
The extreme indices have been selected from WMO and WCRP climate indices. 
Accordingly, extreme hot days (TX35), summer days (SU), warm nights 
(TN90p), warm days (TX90p) and extreme warm days (TX99p) are used as 
temperature indices. Very wet days (R95p), wet days (RR1), heavy rainy days 
(R10mm), excessive heavy rainy days (R20mm) and consecutive dry days 
(CDD) are used as precipitation indices. Available temperature and precipitation 
records of Turkish State Meteorological Service (MGM) have been controlled 
for 187 meteorological stations. 107 of 187 stations for the period of 1961-2008 
have more than %99 of available daily records (63 stations do not have missing 
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data). The remaining stations have more than %90 of available daily values. 
Therefore, selected stations are suitable to make comparison between model 
results and observational data. 
 
Q-Q plot analyses of extremes have been accomplished for meteorological 
stations and corresponding grid points of model. In order to define simulated 
temperature values at station coordinates, bilinear interpolation method 
(weighted average of the nearest 4 grid points) is applied. On the other hand, 
simulated precipitation values are obtained from the nearest grid point. The Q-Q 
plot analyses have been performed by using values greater than 90th percentile 
of temperature data and 95th percentile of precipitation data. According to the Q-
Q plot analysis of top percentiles, precipitation and minimum temperature data 
of model and station are consistent with each other. However, there is a 
discrepancy between model and station maximum temperature values (Figure 
1a). Since the same inconsistency has been observed in TX35 analysis over the 
Mediterranean region stations (not shown here), we eliminated these stations for 
only Q-Q plot analysis (17310-Alanya, 17320-Anamur, 17330-Silifke, 17340-
Mersin, 17370-İskenderun, 17372-Antakya, 17958-Erdemli, 17960-Ceyhan, 
17962-Dörtyol, 17979-Yumurtalık, 17981-Karataş, 17986-Samandağ) and 
reproduced Q-Q plot called the corrected maximum temperature (Figure 1b). 
The model and the observation are highly consistent after this correction. We 
still have been investigating the source of the model failure based on extreme 
temperatures over the Mediterranean coastal region. The trend analyses of 
temperature and precipitation indices have been accomplished to define decadal 
tendency of selected extremes over Turkey. Linear regression method is applied 
and time is selected as an independent variable.  
 
Consequently, time series of annual mean temperature and precipitation indices 
have been analysed. The recent temperature trends have been captured quite 
well by the model. On the other hand, time series of precipitation shows 
decreasing trend at some of the station points both in model and observation. 
Since this paper is shortened version of our study, we only represent two of the 
indices, CDD and SU, in eight-panel plot (Figure 2). 

a. b.  
 

Figure 1. a) Q-Q plot for the maximum temperature b) Q-Q plot for the               
corrected maximum temperature 
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Results and Discussion 
 
Long-term averages, which are calculated from selected indices covering the 
period of 1961-2008, demonstrate that the model is consistent with observations 
for precipitation and temperature variables. The model generally overestimates 
all precipitation indices. Especially for RR1, the model has positive biases in the 
range of 50-150 days. The biases of CDD indicate that the model especially 
overestimates for inland stations of the southern Turkey but the general pattern 
of precipitation (not shown) and CDD are captured well by the model (Figure 
2a). Inter-annually analysed temperature indices produced by the model also 
consistent with observations except TX99p. Especially on SU, the model has 
negative biases in the range of -10 and 10 days at Aegean, Marmara and Black 
Sea Regions (Figure 2b). In terms of point wise analysis, the spatial 
distributions of model and observation are similar. The spatial distribution of 
grid wise analyses of the precipitation indices produced by the model reveals 
significant information for the regions where the station coverage is sparse. This 
is especially critical over the mountainous regions. The model results capture 
general pattern and distribution of precipitation indices.  
 
Additionally, trend analyses have been performed to reveal decadal tendency of 
temperature and precipitation indices. Decadal analyses of all precipitation 
indices demonstrate decreasing trend. RR1 decadal trend shows decreasing 
tendency in the range of 1-4 days in all regions of Turkey. Additionally, R10mm 
and R20mm show decreasing trend in the range of 1-3 days in Aegean and 
Black Sea region. On the other hand, drought index (CDD) shows increasing 
trend in the southern part of Anatolian Peninsula (Figure 2c). Trend analyses of 
all temperature indices indicate positive signal. Particularly, TX90p, TN90p and 
SU (Figure 2d) increase in the range of 2-10 days. Decadal tendency of extreme 
warm days also increases but the range is 1-2 day over Turkey. The trend 
analysis of TX35 shows increasing signals especially at Aegean region and the 
southern coastlines of Turkey in the range of 5-25 days. The western coastlines 
of Greece, Syria and Iraq has also significant positive trend. In terms of trend 
analyses, accuracy of the model has been proven with regard to capturing skill 
in both increasing tendency of temperature indices and decreasing tendency of 
precipitation indices. 
 
Consequently, using high-resolution regional climate simulations results is 
considerably reliable to determine climate extremes. Point-wise analyses 
between the model simulations and observations indicate good agreement and 
spatial consistency. According to outcomes of this study, the regional climate 
model results can be performed for future extremes in scenario studies. 
Therefore, it is possible to produce new indices by determining new thresholds 
in order to make detailed analysis in impact studies. 
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a) 

 

b) 

 
Figure 2. a) Climatology for observation, model and model-observation 

for CDD b) Climatology for observation, model and model-observation for 
SU c) Trend Analysis of CDD d) Trend Analysis of SU 
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Abstract 
 
The recent sea surface temperature (SST) and air temperature (T2m) for the Eastern 
Mediterranean Basin (EMB) are analyzed using 0.75 degree gridded ERA-Interim dataset, 
in the period 1979–2010. The results indicate that these data have a significant positive 
trend. During the period of study, the annual average values (trends) of SST and T2m     
in the EMB were 20.03±1.25°C (0.39±0.1°C/decade) and 18.79±1.52°C 
(0.43±0.06°C/decade) respectively. Finally, these variables are linked with the North 
Atlantic Oscillation Index. 
 
Keywords: Mediterranean, trend analysis, climatic changes, ERA-Interim 
 
Introduction 
 
The Eastern Mediterranean Basin (EMB) extends from 11° to 36° E and 30° to 
46 °N. It is a semi-enclosed basin with a negative water balance (i.e. 
evaporation greater than precipitation plus river runoff). The Sicily Channel 
(149 km wide and depth about 300 m) and Strait of Messina (4 km wide and 
maximum depth is 250 m) connect the Eastern and Western Mediterranean 
basins. The Bosporus-Marmara-Dardanelles system connects the Black Sea with 
the EMB (Aegean Sea). Several studies demonstrated the rapid surface warming 
of the Mediterranean Sea during the last decades and dealt with the variability of 
the air temperature regime in the Mediterranean region during the last century. 
Some earlier relevant studies are available. The AVHRR-SST, which is used by 
(Nykjaer 2009) indicated that, the SST in the EMB increased by about 1 °C in 
the last 2 decades. The satellite-derived mean annual warming rate is about 
0.42 °C/decade for the EMB over 1985–2008; this is suggested by (Skliris et al. 
2012). The modeled SST showed a positive trend of 0.3 °C decade-1 over the 
period 1985–2008, this is done by (Shaltout and Omstedt 2012). Finally, 
Shaltout and Omstedt (2013) found that, the Mediterranean SST is significantly 

54 
 



 

warming by 0.35°C/decade, with a seasonal trend variability peaking in spring 
at 0.38 °C/decade followed by 0.32 °C/decade in summer, 0.22 °C/decade in 
autumn and 0.16 °C/decade in winter during the period 1982–2012. Study of 
T2m and SST is used as significant indicators of climate change effect on the 
world. The present study aims to describe the EMB climate variability through 
analyzing the time series in different scales (monthly, seasonal and annual), 
discussing the spatial distributions of averages and linear trends (monthly and 
annual) and studying the effect of the North Atlantic Oscillation Index (NAOI) 
on SST and T2m.  
 
Data sources 
The used data are: the NAOI is extracted from the National Oceanic and 
Atmospheric Administration (NOAA) National Weather Service database 
(http://www.cpc.ncep.noaa.gov/) and gridded data of SST and T2m are 
extracted from the European Centre for Medium-Range Weather Forecasts 
(ECMWF) data server (http://www.ecmwf.int/). 
 
Results and discussions 
 
Thirty-two year (1979-2010) of ERA-Interim reanalyzed data are used to 
describe the spatial and temporal variability of SST and T2m over the EMB. 
The results showed that, the SST and T2m displayed large monthly, seasonal, 
annual, and long-term variability. Increasing SST and T2m is the most 
important changes. The spatial distributions of averaged SST and T2m show a 
strong seasonal signal occurred over the EMB characterized by zonal 
distribution during cold winter (November to March) and meridional 
distribution over the hot summer (June to August) together with transition 
distribution during the spring and autumn. The transition from cold to hot 
season occurred during spring (April and May) while the transition from hot to 
cold season occurred during autumn (September and October). The similarity 
between T2m and SST distributions may indicate the significant correlation 
between SST and T2m [0.85-0.97]. This may indicate that T2m is the significant 
source, rather than the water exchange through Sicily Channel, of the EMB 
heating. 
 
The monthly and annual climatic linear trend distributions of SST and T2m 
indicated that the rate of warming of SST and T2m are so different in general 
pattern. Generally, over the EMB the monthly rate of warming of T2m is 
significantly larger than SST, as seen in Table 1 and Figure 1. The results 
indicated a strong southward increasing sea surface warming trend. The SST 
and T2m exhibit a strong warming for all months. The annual trend of SST over 
the EMB was 0.39±0.1 °C decade–1. This increase in SST is not constant 
throughout the year. The monthly mean increase of SST ranged from 
0.17±0.11 °C/decade in April to 0.43±0.16 °C/decade in July. The annual trend 
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of T2m over the EMB was 0.43±0.06 °C/decade, ranged from 0.24±0.15 
C/decade in February to 0.48±0.11 °C/decade in July. 
 

Table 1. Annual and seasonal characteristics of SST and T2m in the EMB during the 
period from 1979 to 2010 based on yearly means; all linear trend analyses were tested for 

significance using the t-test at a 95% significance level 
 

 Sea Surface Temperature (SST) Air Temperature (T2m) 
 Trend 

[°C/year] 
Mean 
± SD 
[°C] 

Minimum 
[°C] 
(year) 

Maximum 
[°C] 
(year) 

Trend 
[°C/year] 

Mean 
± SD 
[°C] 

Minimum 
[°C] 
(year) 

Maximum 
[°C] 
(year) 

Annual 0.031 20.03 
±0.36 

19.33 
(1980) 

20.71 
(2003) 

0.036 18.79 
±0.41 

17.99 
(1980) 

19.48 
(2010) 

Winter 0.022 15.38 
±0.33 

14.63 
(1981) 

16.19 
(2001) 

0.028 13.35 
±0.57 

12.30 
(1993) 

14.77 
(2001) 

Spring 0.031 19.10 
±0.49 

17.96 
(1980) 

19.94 
(2003) 

0.038 18.95 
±0.54 

17.68 
(1980) 

19.85 
(2003) 

Summer 0.039 25.36 
±0.50 

24.35 
(1984) 

26.57 
(2003) 

0.042 24.85 
±0.54 

23.81 
(1984) 

26.04 
(2003) 

Autumn 0.033 20.17 
±0.43 

19.49 
(1983) 

20.96 
(1999) 

0.035 17.93 
±0.52 

16.94 
(1988) 

18.85 
(2010) 

 
 

  

 
 

Figure 1. Spatial distribution of annual SST and T2m trends over the EMB during  
1979–2010 period; all linear trends are statistically significant at 95% confidence interval 

 
Over the whole EMB, the maximum (minimum) value of annual SST occurred 
during the year 2003 (1980) which corresponds to the heat wave over Europe. 
The warmest (coldest) T2m occurred during the year 2010 (1980), see Table 1. 
Finally, the NAOI show a negative significant correlation with SST and T2m 
everywhere in the EMB. This is in agreement with (Shaltout and Omstedt 2012; 
Skliris et al. 2012). 
 
Conclusion 
 
The main conclusions of this study are: 
a- The ERA-Interim data can describe significantly the large-scale features of 
the EMB climate and show good agreements with observations, remote sensing 
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and modeling techniques. However, it is poorly describing the mesoscale 
features that may be due to its low spatial resolution, 
b- The EMB is exposed to climate change especially the warming of SST and 
T2m, and 
c- The NAO is significantly affected on the EMB climate. 
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Abstract 
 
An analysis is made of the historical datasets covering almost 40 years (1976 - 2014) in 
the Ligurian Sea, in the North-Western Mediterranean. Two transects are studied: one at 
the boundary with the Tyrrhenian sea, in the Corsica Channel, the other between Nice on 
the French coast and Calvì on Corsica. The variability in the circulation patterns and 
changes in the hydrological properties of the water masses on seasonal and interannual 
time scales are investigated. For every cruise we chose the closest transect to the chosen 
ideal sections.  
 
Keywords: Ligurian Sea, Corsica Channel, geostrophic velocities 
 
Introduction 
 
The North Western Mediterranean Sea is a well-known location where deep 
water formation (DWF) events occur, sustaining the Mediterranean overturning 
circulation. The main DWF site in the Western Mediterranean is the Gulf of 
Lion. The Ligurian Sea in the north-eastern part of the Western Mediterranean is 
occasionally involved in DWF events. The first evidence of deep convection in 
the Ligurian basin was recorded in February 1969 down to a depth of 1200 m; 
other events were observed in 1991 (Sparnocchia et al. 1995) and from 2003 to 
2006 (Marty and Chiaverini 2010) almost every year.  
 
In the Ligurian Sea, the cyclonic circulation pattern of the Ligurian-Provençal 
Current (LPC) co-exists with a marked frontal structure. This current is fed by 
the Eastern Corsica Current (ECC) and by the Western Corsica Current (WCC) 
shown in Figure 1. 
 
There is evidence (Astraldi et al. 1994) that the inflows and the outflows of the 
Ligurian Sea are undergoing strong variability. Similar changes are also 
expected in the characteristics of the main water masses, i.e. Levantine 
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Intermediate Water (LIW), the Atlantic Water (AW) and the Western 
Mediterranean Deep Water (WMDW). 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1. Map of the Ligurian Sea. Green lines identify the chosen transects. 

 
Materials and Methods 
 
A total of 191 hydrographic stations obtained from the MEDAR/MEDATLAS 
project, as well as others collected in the more recent cruises have been 
examined for the present study (Figure 2).  
 
 
 
 
 
 
 
 
 
 

 
 

Figure 2. Map of hydrographic stations (green) and ideal chosen sections (red) for the 
analyses 

 
Geostrophic velocities (GV) have been computed from the horizontal gradients 
of density, based on the salinity and temperature profiles extracted at each 
station. In calculating the GV the depth of no motion has been selected at the 
bottom, where water is considered to be at rest, a good approximation 
considering that 80% of the transport in the Corsica Channel has been found to 
occur in the surface layer (Astraldi et al. 1994). The GV are calculated every 
decibar, between every pair of stations. The component of the velocity is normal 
to the line joining the two stations, it is the difference between the current at 
each pressure and the current at the bottom, the reference level velocity, which 
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is assumed to be 0. The velocity is the average velocity between two 
consecutive stations, so the vector velocity is in the middle of the two stations. 
First the transports are calculated across each section, where the transport equals 
the vertically and horizontally integrated GV. Then we divide the transport by 
the section area to plot the average GV for each section. 
 
To identify the cores of water masses we used the relative maximum in salinity 
for the LIW and the relative minimum in salinity for the AW. To identify the 
WMDW we looked for the minimum in temperature. 
 
Results and Discussion  
 
Observations of the interannual variability of GV in the Corsica Channel (Figure 
3) show that in summer velocities are lower (Astraldi et al. 1994), while in 
winter velocities are higher. The increase in winter, especially in the latest 
winters is thought to compensate for the convection occurring in the Gulf of 
Lion. Exceptions to this trend are observed to occur in Nov-1991 and Jul-1976.  
 
 
 
 

Figure 3. Interannual variability of average GV in the Corsica Channel and in the Nice -  
Calvì section 

 
Most of the variability in the Nice - Calvì transect is given by the LPC, which is 
typically double the magnitude of the WCC (Astraldi et al. 1994). The WCC 
velocities increase in winter, meanwhile the Ligurian front displaces 
compressing the WCC against the coast (Astraldi et al. 1994). To conserve the 
volume inside the chosen box, the LPC, which is dominating the trend of the 
velocities through the section needs to decrease in this period of the year, 
making the graph descend, for instance in Feb-1982.  
 
According to the interpretation of the data (not shown here), in the Nice - Calvì 
section in winter, the salinity content is higher, possibly due to the influence of 
evaporation caused by the northern winds, Mistral and Tramontane, that blow 
on this part of the basin. 
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In the fall season, the LIW salinity presents a maximum, apparently as a result 
of the increased stratification in summer. On the other hand, in winter, 
especially after deep-water formation or convection events, the LIW can be 
mixed with the AW, which lowers its salinity. 
 
The WMDW potential temperature seems to be higher in fall and its core 
becomes deeper. It has been suggested that the new WMDW formed in more 
recent years is saltier and warmer (Schroeder et al. 2010) than the core of the 
old WMDW, which is being eroded and therefore is becoming thinner. 
 
Further studies and calculations are required to quantify the transiting water 
masses and the evolution of the WMDW and to better estimate the level of no 
motion for the geostrophic calculations. A study on the level of reliability of 
estimates and statistical measures of variability is undergoing. 
 
To better estimate the temporal variability in the Ligurian Sea, this study is now 
being extended to examine time series profiles in the Corsica Channel taken 
over the past decade. 
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Abstract 
 
This contribution describes projections of the maximum level that water will reach 
during a storm along the coast of the Mediterranean Sea in the next decades (2021-2050). 
The computation accounts for changes of marine storminess (maximum wave amplitude 
and maximum storm surge level) and for the steric contribution (thermosteric expansion, 
halosteric contraction) to the mean sea level, but not for addition of water mass to the 
basin through the Gibraltar Strait. This analysis is based on an ensemble of regional 
climate model simulations (produced by the CIRCE fp6 project ) covering the period 
1951-2050 under the A1B emission scenario, whose results have been used for forcing a 
hydro-dynamical shallow water mode and a wave model, obtaining estimates of storm 
surge levels and maximum amplitude of ocean waves, respectively. Data produced by 
high resolution models of the Mediterranean Sea circulation have been used for 
diagnosing the steric sea level change. The climate change signal is computed as the 
difference between maximum water level statistics in the 1971-2000 and 2021-2050 
periods. Results show that the decrease of storm surge level and wave height will 
compensate for the positive steric effects in the next decades.  
  
Keywords: maximum water level, climate change, storms, coastal management, 
Mediterranean Sea 
 
Introduction 
 
This contribution describes the results of a practical methodology for estimating 
the maximum water level that is reached at the coastline during a storm and how 
it will be affected by global climate change in the future. Results are expected to 
be relevant for planning coastal and harbor defenses (dams, sea walls, 
breakwaters and structures such as jetties and docks). 
 
The analysis is carried out accounting for several factors, which in the 
Mediterranean Sea are actually expected to act in different directions. Previous 
studies show that storm surge levels and significant wave height will likely 
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decrease (Conte and Lionello 2013; Lionello et al. 2008), while steric effects are 
positive (Tsimplis et al. 2008), though recent criticism have been raised on their 
interpretation in term of sea level rise (Jordà and Gomis 2013). However, no 
study has up to now attempted to consider the net result of the superposition of 
these different effects. 
 
Materials and Methods 
 
The procedure adopted in this study consists in 3 main steps: i) to produce an 
estimate of the various factors responsible for the water level, ii) to add the 
different contributions iii), to build indicators of water level maxima, whose 
values are used for estimating the climate change signal (see Lionello et al. 
2014 for details). 
 
Input data for this analysis are provided by seven climate simulations that have 
been produced by different institutions (CMCC, MPI, ENEA, CNRM, IPSL) 
within the CIRCE fp6 project (Climate Change and Impact Research: the 
Mediterranean Environment) and cover the period 1951-2050 under the A1B 
emission scenario (Gualdi et al. 2013). Six out of seven simulations have been 
carried out with coupled atmosphere ocean models including a high resolution 
model of the Mediterranean Sea circulation. The data of these simulations have 
been used for 3 sets of computations. The surface wind fields have been used for 
driving the wave model WAM and producing projections of maximum wave 
amplitude. The SLP (Sea Level Pressure) and wind fields have been used for 
driving the hydro-dynamical shallow water model HYPSE (Hydrostatic Padua 
Sea Elevation model) and producing sea level projections. The sea temperature 
and salinity fields have been used for computing sea water density and the steric 
sea level variation. 
 
The practical recipe adopted here for computing the maximum water level is to 
assume a maximum individual wave height hmax=1.8h1/3, where h1/3 is the 
significant wave height, and add the maximum wave amplitude amax= 0.5 hmax to 
the change of sea level produced by the storm surge and steric effects. Note that 
this is valid if the waves are symmetric. This addition is performed at 3-hourly 
steps and the resulting time series is used for identifying water level maxima 
and computing relevant indicators, such as the mean annual maxima. 
 
Results 
 
Figure 1 shows the Mediterranean coastline (panel in the top-right corner) and 
the change (2021-2050 versus 1971-2000) of the average annual maximum 
along its coastline. Figure 1 shows also the effect of waves only, of waves and 
surges together (without the steric contribution). Differences are considered 
significant (thick coloured parts of the lines in the figure) when the climate 
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change signal is larger than its standard deviation. Only the model ensemble 
mean is shown (see Lionello et al. 2014 for details). 
 
Results show that the reduction of storm intensity (green and blue parts of the 
lines) will compensate for the positive thermosteric effect (the halosteric effect 
is marginal), so that in the next decades the maximum water levels will 
significantly increase at very few points (black parts of the line) and changes in 
the Adriatic Sea and along the coast of the Middle East are negative even 
including the positive steric effect.  
     
Average annual max. variation (cm) 

 
 

Figure 1. Change of annual max water level along the coast of the Mediterranean Sea 
(coastal points are ordered clockwise from Spain to Morocco). Significant changes are 
marked using a thick black line. The figure shows also changes computed considering 

only the wave amplitude (significant changes in blue), wave amplitude and surges 
(significant changes in green). 

 
Discussion 
 
This contribution has analysed the future evolution of maximum water level, 
which will be produced by two contrasting factors: decrease of storminess and 
increase of mean sea level. In fact, the analysed simulations agree that maxima 
of storm surge and wave amplitude along the coast of the Mediterranean Sea 
will decrease in the future and that mean sea level will increase due to the 
thermosteric effect. Adding these factors shows that changes of water level 
maxima will be likely small in the next few decades. However, mass addition 
caused by melting of ice-caps will introduces a large and positive contribution 
that needs to be included in the actual sea level projections.  
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Abstract  
 
In this work we use an objective 3-D Lagrangian method to identify possible changes in 
the moisture contribution from the Mediterranean basin to the continental precipitation 
during the extended winter season (October-April) for the 1980-2012 period. We tracked 
air parcels from the Mediterranean forward in time along the 10-day trajectories to 
investigate the role of the basin as source of moisture. Climatologically, the contribution 
of moisture from the basin to the winter precipitation occurs over a domain expanding 
from the northern Africa towards Europe and the western Asia. The differences of the 
decadal composites point out that the 90’s was characterized by enhanced moisture 
contribution from the basin towards central/western Europe. 
 
Keywords: moisture transport, Lagrangian analysis, decadal changes 
 
Introduction 
 
Observational analysis suggests increasing in the evaporation averaged over the 
Mediterranean basin during the extended winter for the last three decades 
(Gomez-Hernandez et al. 2013 and references therein).  
 
In this work we use an objective 3-D Lagrangian method to identify possible 
changes in the moisture contribution from the Mediterranean basin source to the 
continental precipitation during the extended winter season (October-April) for 
the 1980-2012 period. 
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Materials and Methods 
 
We used the method developed by Stohl and James (2004), based on the 
Lagrangian model FLEXPART v9.0 forced by the 1º ERA-Interim reanalysis 
(Dee et al. 2011) available every 3 hours.  
 
The method divides the atmosphere into air parcels, which are transported using 
the wind field. The changes of the specific moisture of an air parcel (of mass m) 
along its trajectory can be expressed as: e – p = m dq/dt, where (e-p) can be 
interpreted as the freshwater flux in the parcel (the difference of evaporation and 
precipitation). By adding (e – p) for all the parcels in the vertical atmospheric 
column over an area, we obtain the surface freshwater flux (E – P).  
 
The lagrangian data set used comes from a global simulation in which the 
atmosphere was divided into approximately 2.0 million parcels. We track (E-P) 
from the Mediterranean basin (MED) forward in time along the 10-day 
trajectories (the average residence time of water vapour in the atmosphere). We 
analyse negative values of (E-P) integrated over the 10-day trajectories at the 
seasonal scale. They indicate the sinks of moisture that, under the necessary 
dynamical conditions, can be converted into surface precipitation.  
 
Differences of the 90´s (1991-2000) and 80´s (1981-1990) and of the 2000´s 
(2001-2010) and 90´s were calculated for the precipitation (GPCP; 2.5º; 
Huffmann et al. 2009), the vertically integrated moisture flux (VIMF; ERA-
INTERIM) and the (E-P) fields. A bootstrap test with 90% of significance was 
applied in the decadal differences of the (E-P). 
  
Results 
 
Climatologically, the rainy season for most of Europe occurs during October-
April, when higher precipitation and convergence of VIMF are observed (fig 1, 
left and central top panels, respectively). Divergence of VIMF over 
Mediterranean suggests its role as a moisture source. The contribution of 
moisture from MED to the precipitation occurs towards the northern Africa, 
Europe and the western Asia (Figure 1, right top panel). 
 
The 90’s - 80’s differences (Figure 1, central panels) show a dipole over MED 
and Europe: reduced (increased) precipitation and higher divergence 
(convergence) of VIMF over MED (central/north Europe). The moisture 
contribution from MED increased towards western and central Europe.  
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The dipolar structure of precipitation and VIMF over MED and Europe 
observed in the 90’s - 80’s was inverted during 00’s – 90’s (Figure 1, bottom 
panels). In comparison to the 90’s, enhanced moisture contribution from MED 
towards Egypt and areas of Turkey was configured during the 00’s. However, 
the moisture contribution from MED was reduced towards Black Sea and 
regions of western/Central Europe. 
 
Discussion 
 
The differences of the decadal composites suggest that the patterns over the 
Mediterranean basin and Europe have changed during the last thirty years. It 
seems that the 90’s was characterized by the enhancement of the divergence of 
the VIMF over the basin and by the intensified moisture contribution from this 
source towards central/western Europe.  
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Abstract 
 
The characteristics of cyclones over Eastern Mediterranean that cause precipitation in the 
island of Crete are studied examining potential forecasting applications. The datasets 
used for this study are ECMWF reanalysis (ERA-Interim) for the time period 1979-2011 
and local precipitation records from a dense rain gauge network in Crete. The Melbourne 
University algorithm (MS-scheme) is used for identification of the cyclones’ 
characteristics and tracks from Mean Sea Level Pressure (MSLP) fields. Cyclone 
pressure, intensity and other characteristics are examined in different seasons in 
combination with three rain severity categories. Results show that the most cyclones that 
affect Crete approach from the southwest direction during the spring period while during 
the other seasons they originate from north-northwest direction. Decrease in pressure as 
well as increase in cyclone intensity, depth, radius and propagation velocity result in an 
increased rain accumulation. Probability maps of the cyclone tracks over a gridded mesh 
of the domain of interest provide short term forecast of an affecting cyclone pathway. 
The rain diagnostic potential of the estimated probability maps reach 50-80% scores in 
the statistical tests of sensitivity, specificity and accuracy.  
 
Keywords: cyclones, rain, probability maps, Crete Island 
 
Introduction 
 
Socioeconomic damages in organized societies are highly depended on natural 
hazards such as floods, and landslides (Real and Lionello 2013). Cyclonic 
activity is the main triggering factor for rain events and especially extreme 
precipitation in Mediterranean region. Cyclone identification, analysis and 
tracking is a subject of research for many scientists and many algorithms have 
been developed for the study of these problems (Neu et al. 2013). In this work, 
cyclone-rain association is investigated for the island of Crete as well as cyclone 
rain diagnosis potential.   
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Materials and Methods 
 
The European Centre for Medium-Range Weather (ECMWF) 0.5x0.5 Era-
Interim MSLP fields for the years 1979-2011 are used for the extraction of 
cyclones as well as their tracks and characteristics with the aid of MS Scheme 
(Murray and Simmonds 1991). Rain records are gathered from 69 rain gauge 
stations over the island of Crete. The MSLP fields have 6-hour temporal 
resolution while rain records are daily. The domain of study covers middle-
eastern Europe (4°–33°E and 32° –43°N) and Crete (area of interest) is enclosed 
within the boundaries of 23.4°-26.4°E and 34.8°-35.7°N.  
 
Rain is classified in three accumulation categories: mild (10-50mm/day), strong 
(50-100mm/day) and heavy (>100mm/day) rain. The thresholds for the rain 
categories are chosen from the daily average of the gauging stations for the 50th, 
90th and 99.5th percentile of rain. If at least one station has a daily rain 
accumulation in the rain range of the defined rain categories then it is 
considered that we have a rain event of the corresponding rain category. 
Spatiotemporal correlation of a cyclone to the rain event is accepted when the 
cyclone center distance from Crete boundary is smaller than the cyclone radius 
(spatial correlation) and the cyclone appears within the day of the rain record 
(temporal correlation). 
 
Cyclones correlated to the rain events are referred as ‘hitting’ and their previous 
instances are referred to as ‘affecting’ cyclones. Probability maps (PMs) over 
the study domain are estimated by the number of affecting/hitting cyclones to 
the total number of cyclones, on a gridded 0.5x0.5 mesh. Weighted-normalized 
probability maps (WNP) are also estimated weighting PMs with the number of 
affecting/hitting cyclones. WNPs are normalized to 1 to be comparable with 
simple PMs. Relevant PMs are also estimated for cyclones with extreme 
characteristics of depth, radius and intensity. In every case estimations are made 
for every rain category and for every distinct cell of the gridded mesh. 
 
In order to predict whether a passing cyclone could in the near future trigger a 
rain event in Crete, probability thresholds are selected for each rain category 
over which an alarm of possible affecting cyclone is turned on. Statistical 
measures of sensitivity, specificity and accuracy are used to evaluate the success 
rate of the probability maps to predict rain events. Validation of the PMs is 
achieved using a combination of 10-fold cross validation and Monte Carlo 
technique. More details on the methodology of this work can be found in 
Iordanidou et al. (2014). 
 
Results and Discussion 
 
The cyclone-rain analysis showed that more than 70% of rain events and up to 
80% of heavy rain events are triggered by cyclones in agreement with (Reale 
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and Lionello 2013) who found an increasing probability of cyclone detection 
with the rain increase. In accordance to the geographical location of Crete the 
majority of affecting cyclones originate northwest in autumn and winter for all 
rain categories. In spring this changes, as the difference between northwest and 
southwest cyclones gets smaller and this difference gets even smaller for the 
rain categories of higher rain accumulation. Hitting cyclones are mainly located 
north of Crete. However difference of impacts between cyclones located north 
and south is small for events in the heavy rain category. In particular, heavy rain 
events are mainly triggered by south originating cyclones during spring. 
Differences in cyclone characteristics are also observed for the mild, strong and 
heavy rain events as well as for the tree examined seasons of autumn, winter and 
spring. An increase in intensity, depth, radius and propagation velocity causes a 
decrease in rain accumulation while the opposite is true for pressure.  
 
Regarding the probability maps, southern positioned affecting and hitting 
cyclones have greater probability to trigger heavy rain events than those located 
in other directions. WNPs compared to PMs, better emphasize the so-called ‘hot 
spots’ as the number of affecting cyclones passing by is used as weight for the 
probability. The region south of Italy has high probability to trigger rain in Crete 
in WNP probability maps (Figure 1), especially mild rain events. Validation 
results are promising, giving sensitivity-specificity in the range 0.6-0.8, with the 
higher results achieved for heavy rain events. WNPs have both good sensitivity 
and specificity results for all rain categories compared to the other combinations 
of the PMs. An example of the rain prediction use of the PMs and the statistical 
measures is shown in Figure1. 
 

 
 

Figure 1. Example of rain prediction via PMs use (Almirida flood event). On the left are 
illustrated the WNPs for mild, strong and heavy rain categories and on the right the 

METEOSAT image at 00:00 UTC in 17/10/2006. Below those images is presented the 
bar diagram showing for different PM and WNP combinations the sensitivity-specificity 

and accuracy scores. 
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Finally, the rain events in Crete are associated with cyclones, especially those of 
high rain accumulation. The results can be interesting from the perspective of 
storm-track regimes that favour different categories of precipitation in the area 
of interest. Also, giving fair results in sensitivity-specificity statistics, the PMs 
could be a useful tool for rain prediction complementary to conventional WNPs. 
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Abstract 
 
Based on the observed variability of the deep-water characteristics in the Eastern 
Mediterranean Sea, multi-decadal high-resolution model simulations were carried out in 
order to identify the major patterns of deep-water formation variability in the Aegean Sea 
and its influence to the adjacent basins. Water mass characteristics and deep-water 
formation processes in the Aegean Sea present very large temporal and spatial variability. 
This is related to the variability of the atmospheric forcing, the complex topography and 
the fact that the Aegean Sea receives very diverse water masses from the adjacent basins. 
The central Aegean plays an important role in the structure of the thermohaline cells. It is 
the combination of the high salinities of the waters reaching the central basin with the 
enhanced winter buoyancy loss that makes this area favorable for dense water formation. 
Interannual to multi-decadal variability is present in all Eastern Mediterranean sub-basins. 
Water column variability and circulation pattern are strongly affected by both the 
atmospheric forcing and the lateral fluxes through the boundaries with adjacent basins. 
 
Keywords: Aegean Sea, oceanic variability, thermohaline circulation 
 
Introduction 
 
The Aegean Sea is one of the four major basins of the Eastern Mediterranean 
Sea, situated in the northeastern Mediterranean, to the northeast of the Ionian 
Sea and to northwest of the Levantine Sea. The Aegean Sea is connected with 
the Marmara and Black Seas through the Turkish Strait system (Dardanelles and 
Bosphorus). At its southern end it is connected with the Levantine and Ionian 
Seas through a series of six straits (the Cretan Arc Straits). Despite the progress 
in direct observations and modeling efforts, the circulation of the Aegean Sea is 
yet far from being well defined and understood. The basic water masses in the 
Aegean are: the brackish Black Sea Water (BSW) outflowing from the 
Dardanelles, the highly saline and warm waters of Levantine origin (Levantine 
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Surface Water – LSW and Levantine Intermediate Water - LIW), and the dense 
deep and intermediate waters of that are formed locally and fill the deepest 
layers. The exchange between the Aegean Sea and the Levantine and Ionian 
basins, through the Cretan Arc Straits, is very complex, presenting strong 
seasonal and interannual variability.  
 
The importance of Aegean Sea to the thermohaline circulation of the 
Mediterranean Sea has acquired attention during the last decades due to the 
changes related to the Eastern Mediterranean Transient (EMT), when the 
stratification of the Aegean Sea changed dramatically and large amounts of very 
dense waters of Aegean origin outflowed from the basin and sank to the bottom 
of the Eastern Mediterranean Sea (Roether et al. 1996). It is, thus, very 
important to identify the major pattern and processes of deep-water formation 
variability in the Aegean Sea and the consequent influence in the adjacent 
basins deep circulation. 
 
Data and Methods 
 
Focusing on identifying the patterns and variability of water mass formation in 
the Aegean Sea the analysis of the in situ measurement is concentrated in the 
deeper layers of the basin (below the 800 m). Annual mean potential 
temperature, salinity and sigma-theta values were computed from temperature 
and salinity profiles acquired and quality controlled from a comprehensive data 
set (Ozsoy et al. 2014; Georgiou et al. 2014). Since the temporal and spatial 
resolution of the observations is rather sparse, the identification of the water 
mass formation patterns and its variability is difficult to make. For this reason 
the analysis is complemented with numerical experiments that cover the Aegean 
Sea and the adjacent basins. Two 40-years experiments (1960-2000) where 
carried out, one for the Aegean-Levantine basins (Vervatis et al. 2013) with 
horizontal resolution 1°/30 and one for the Ionian Sea (Ravdas et al. 2013) with 
horizontal resolution 1°/20. The experiments were validated towards the in situ 
observations and the results are discussed in the following section. 
 
Results and conclusions 
 
The time series of the mean annual thermohaline properties of the deep-water 
mass in the Aegean Sea demonstrate large variability (salinity variations are of 
the order of around 0.3 and temperature variations are of the order of 1°C). It is 
related to the small size and the complex topography of the sub-basins and the 
important open boundaries, which allow large lateral flows between the Aegean, 
the Levantine and the Ionian basins. The largest variability is observed during 
the EMT but other important events were also recorded. These events are related 
with deep-water formation processes that modify the structure of the Aegean 
water column and the thermohaline cells inside the basin. These waters outflow 
from the Aegean and subsequently modify in the thermohaline circulation 
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patterns of the other Mediterranean basins. 
 

 
Figure 1. Annual mean intermediate layer transport through the Ionian Sea eastern 

boundary, derived from the modeling results 
 
The magnitude of the variability of the deep-water characteristics differs 
between the various sub-basins of the Aegean (Georgiou et al. 2014). The 
central part of the basin seems to play a crucial role in determining the structure 
of the thermohaline circulation in the Aegean Sea. It is the area where the 
combination of lateral salinity input, of Levantine origin, with relatively strong 
winter atmospheric forcing creates the appropriate conditions for dense water 
mass formation. This was verified through direct observations (Vervatis et al. 
2011) and numerical experiments (Vervatis et al. 2013). In contrast, although 
the atmospheric forcing in North Aegean is of comparable strength, the presence 
of the BSW, with larger buoyancy, strengthens the stratification and prohibits 
water mass formation processes. Salinity preconditioning, in the Aegean Sea, is 
mostly related to lateral salt flux while temperature preconditioning and intense 
mixing, associated with formation processes, is related to the heat flux from the 
sea surface.  
 
Exchange flow of intermediate and deep waters between the Eastern 
Mediterranean basins is very important for the circulation and the water-mass 
formation. As an example we present here (Figure 1) the flux of saline waters (S 
> 38.9) at intermediate depths (200 - 500 m) through the eastern boundary of the 
Ionian Sea. This lateral flux variability together with the possible accumulation 
of water masses inside each basin can significantly change the stratification and 
thus the circulation and water mass formation processes. 
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Abstract  
 
Late Pleistocene and Holocene archaeological deposits from the central Mediterranean 
regions contain abundant terrestrial gastropod shell remains. Stable isotope studies of 
their shell carbonate are valuable proxies for various aspects of climate and 
environmental change such as temperature, hydrological sources and balance, as well as 
vegetation. Here we present stable carbon and oxygen isotope data of snail shells from 
several archaeological deposits in the western Mediterranean (Iberian, Italian Peninsula 
and Sicily). Isotope ratios differ remarkably between the Late Pleistocene, Holocene and 
modern shells. The results can be interpreted in terms of hydrological variations and 
changes in vegetation over time. Fossil shells offer the opportunity to examine the effects 
of past climate change on local and regional environments. 
 
Keywords: Western Mediterranean, archaeological record, land snail shells, stable 
isotopes, palaeoclimate, palaeoenvironment 
 
Introduction 
 
Late Pleistocene - Holocene archaeological deposits around the Mediterranean 
have preserved numerous shells of land snails and offer the exceptional 
opportunity to explore shell isotopic response to late Quaternary climate change. 
Land snails are sensitive to environmental conditions and the stable isotopes 
(oxygen and carbon) composition of their shells are valuable sources for 
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reconstructing local hydrological balance and vegetation cover. Shell δ18O has 
been related to atmospheric conditions, and in particular to the oxygen isotope 
ratio of precipitation, relative humidity and temperature (Balakrishnan and Yapp 
2004). However, the imprinting of atmospheric conditions on the shell oxygen 
isotope ratio is not straightforward and it is shown as distinctive regional 
relations (e.g. Zanchetta et al. 2005). Shell δ13C is mainly a function of respired 
CO2 from the diet, which for most of the species means vegetation (e.g. Stott 
2002). Shell δ13C thus reflects vegetation type (e.g. C3, C4), but also species-
specific feeding behaviour (calciophilous) and potentially the effect of 
environmental conditions on the plants carbon isotope fractionation. 
 
Here we analyse the stable carbon and oxygen isotope of shells from several 
archaeological sites of the Iberian and Italian Peninsula and Sicily (Figure 1; 
Table 1). Through a comprehensive compilation of previously published data   
(n = 854) we explore shell isotope variations between the Late Pleistocene 
(~14.5 to 10.7 ka cal BP) and the early-late Holocene (~10.7 to 2.5 ka cal BP) 
and discuss their implications to understand millennia-scale changes in 
hydrological conditions and vegetation dynamics. This work also aims at 
stimulating research efforts to complement the land snail archive with other 
environmental proxies from multiple sites (speleothems, lake cores etc.). 
 

Table 1. Archaeological sites reported in Figure 1 
 

Site 14C age (ka cal BP)       Reference 
1 - Los Castillejos ~7.2 – 4.0 Yanes et al. 2011 
2 - Marroquíes ~4.1 Yanes et al. 2013a 
3 - Arena de la Virgen and Casa Corona ~8.5 – 12.2 Yanes et al. 2013b 
4 - Bauma del Serrat del Pont ~2.5 – 9.0 Colonese et al. 2013 
5 - Grotta di Latronico 3 ~7.8 – 8.8 Colonese et al. 2010a 
6 - Grotta del Romito ~13.0 – 14.5 Colonese et al. 2007 
7 - Grotta della Serratura ~7.2 – 12.1 Colonese et al. 2010b 
8 - Grotta d’Oriente ~7.8 – 14.2 Colonese et al. 2011 

 
Materials and Methods 
 
Archaeological and modern shell values are compared at the regional scale. The 
comparison also includes modern shell isotope data from Italian Peninsula and 
Sicily (e.g. Zanchetta et al. 2005; Colonese et al. 2014) not associated with 
archaeological sites (Figure 2A). Variations in shell isotope composition are 
also analysed on a site-by-site basis by correcting archaeological values for the 
modern average shell isotope data at each site (Δδ = archaeological-modern; 
Figure 2B).  
 
Results and discussion 
 
Early to late Holocene shells in general are depleted in 18O and 13C compared to 
Late Pleistocene and modern counterparts. By contrast Late Pleistocene shells 
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fall within the range of isotope values of modern specimens from the western 
Mediterranean (Figure 2A). Δδ adjusts values for site-specific environmental 
condition (e.g. elevation, δ18O of rainfall, temperature) and species-specific 
 

 
Figure 1. Study area showing the location of the archaeological sites (Table 1) 

 
feeding behaviour (i.e. δ13C). Late Pleistocene δ18O and δ13C are similar to 
higher than modern counterparts (up to 4‰ and 2‰ for δ13C and δ18O 
respectively), whilst Holocene δ18O and δ13C values are variably lower (up to 
6‰ in both δ18O and δ13C). Δδ18O and Δδ13C values are positively moderately 
correlated (r = 0.63; R2 = 0.40; Figure 2B), implying a major mechanism that is 
driving changes in both δ18O and δ13C values over time. Variations between dry 
and wet conditions would explain the δ18O and δ13C values between the Late 
Pleistocene and Holocene. Higher δ18O and δ13C values in the Late Pleistocene 
generally reflect a negative water balance, which in turn increases the δ18O 
values of rainfall (Bard et al. 2002) and the δ13C of vegetation (e.g. Khon 2010). 
However other factors are likely to be involved as δ18O changes in the source of 
precipitation.   

   
 
Figure 2. A) Shell δ18O and δ13C distribution in Late Pleistocene, early to late Holocene 
and modern snails. B) Corrected shell δ18O and δ13C values between archaeological and 

modern counterparts for each site. Δδ value of 0‰ means no difference between 
archaeological and modern shells. 
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Shells are remarkably depleted in 18O and 13C during the Holocene in response 
to positive hydrological balance (and decreased evaporation) and dilution of the 
western Mediterranean Sea (source of precipitation), as well as taxonomic and 
isotopic changes in vegetation. Holocene δ18O in are in broad agreement with 
palaeohydrological scenarios provided by pollen records from Iberian Peninsula, 
lake records from SW and N Mediterranean regions, speleothems in NW Italian 
Peninsula at the time of decreasing summer insolation maxima in the N 
Hemisphere (e.g. Pérez-Obiol et al. 2011; Zanchetta et al. 2013). 
 
The results emphasize the validity of δ18O and δ13C signatures in fossil snail 
shells from archaeological records as complementary information for the study 
of past climate and environmental conditions. Furthermore, stable isotope 
composition of fossil shells can assist the translation of complex and large-scale 
climate conditions into local-regional opportunity and limits to human societies.  
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Abstract 
 
We have used sediments from Nar lake in central Turkey to reconstruct climatic 
variability over timescales longer than can be obtained from direct meteorological 
observations. Because the sediments of this lake are annually layered and precisely dated, 
it has been possible to calibrate sedimentary climate proxies against meteorological 
records to derive a drought index; this has then been applied to time periods before 
instrumental data are available. In this study, δ18O from Nar lake carbonates have been 
used to generate a decadal average P/E index for central Anatolia, which highlights major 
drought events since 1400 AD. 
 
Keywords: Anatolia, lake sediments, varves, calibration, Little Ice Age, oxygen isotopes 
 
Introduction 
 
In the context of a changing global climate, it is important to understand 
Mediterranean hydro-climatic variability over timescales longer than those that 
can be obtained from direct monitoring and observations (i.e. >100 years). The 
long-term frequency, duration and intensity of drought periods are especially 
significant for rain-fed agriculture, water supply, and other key human needs. 
Our objective in this study is a reconstruction of hydro-climatic conditions for 
the last 600 years for central Anatolia, one of the driest regions of Turkey and 
consequently especially sensitive to hydro-climatic variations. We have used the 
oxygen isotope composition (δ18O) of individual carbonate layers from Nar 
Gölü, a small volcanic lake whose sediments are annually laminated, or varved. 
Analysis of historical meteorological data suggests that climatic trends at this 
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site are likely to be representative of the central Anatolian climate region 
(Türkeş et al. 2009) (Figure 1). 
 

 
Figure 1. Spatial correlations in winter precipitation for Turkey 1953-2002 (see Türkeş 

et al. 2009 for detailed explanation. PC1 explains 46.5% of variance) 
 
Central and western Anatolia shows good coherency in the pattern of 
precipitation (Pearson’s correlation coefficients r ≥0.5). The Central Anatolian 
precipitation region is shown along with the location of the Nar lake study site 
and meteorological stations used for P/E index calibration. 
 
Materials and methods 
 
We have calibrated δ18O of carbonates from individual Nar lake varves against 
temperature, precipitation, etc. for four central Anatolian meteorological stations 
for the last ~70 years (Ankara, Nevşehir, Derinkuyu, Niğde) to derive a regional 
drought index; viz. Precipitation/Evaporation (or P/E). Because of the multi-
year residence time of the Nar lake water, sedimentary proxy data represent an 
8-year average of lake water balance (Jones et al. 2005). They therefore allow 
past droughts of decadal or longer duration to be identified, but year-to-year 
weather variations are less clear.  
 
We have used 1940-1976 as the reference period for this “calibration in time” 
approach. After 1980, shifts in the lake system, marked by a change in 
carbonate mineralogy between aragonite and calcite, altered isotopic balance in 
the lake, and complicate any linear calibration. For the calibration period there 
is an R2 correlation of 0.76 between δ18O in lake sediments and the 8-year 
running mean index for P/E. We have confirmed this relationship by annual 
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monitoring of Nar lake since 1998, a time period which has included a fall in 
lake level, increase in salinity and rise in δ18O (Dean et al. in press).  
 
Results 
 
Our P/E calibration has been applied to δ18O on individual carbonate laminae 
from long lake sediment cores from Nar lake (Figure 2). Although this Late 
Holocene record extends back to ~300 AD, we focus here on drought events 
during the Little Ice Age and modern times (1400-1980 AD), for which the lake 
carbonate mineralogy is mono-specific (i.e. aragonite) and we are confident of 
the linear relationship between δ18O and climate.  
 
Overall, the Little Ice Age in Anatolia was a period of relatively dry climate, 
compared to the preceding Medieval times and to the late 20th century. Within 
it, there were extended phases of drier than average climate during the 15th 
century (1410-1495 AD), in the 19th century (1810-1900 AD), and also in the 
mid-20th century (1920-1965 AD), including a number of important drought 
years during the 1930s. The 16th and 17th centuries were notable for the lack of 
major dry events, an exception being a severe drought at the end of the 16th 
century which is registered in Anatolian tree ring widths (Kuniholm 1990; 
Touchan et al., 2007) as well as in the Nar isotope record (Roberts et al. 2012). 
The historical links between this late 16th-century drought and the Ottoman 
Celâli rebellion have been studied in detail by White (2011, chapters 6 and 7).  
 
There is no clear relationship between the time interval between droughts and 
drought severity. Some dry phases included multiple events, for example, there 
were drought peaks in the 1850s, late 1860s-1870s (which led to the death of 
81% of cattle, 97% of sheep, and almost 40% of the human population in 
Ankara province; Kuniholm 1990) and again in the late 1880s. 
 

 
 

Figure 2. Oxygen isotope values for individual carbonate laminae from Nar Lake cores 
(1400-1980 AD). Data taken from Jones et al. (2006). More positive isotopes indicate 

dry climatic conditions, more negative values indicate a wetter climate. 
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Discussion 
 
Because of their annual chronology, it is possible with lake varves (in a similar 
way to tree rings) to calibrate climate proxies against meteorological records to 
derive a drought index which can be applied to time periods before instrumental 
data become available. In this study, δ18O from lake carbonates have been used 
to generate a decadal average P/E index for central Anatolia, which highlights 
major drought events since 1400 AD. This provides a long-term context for 
understanding future hydro-climatic changes in the eastern Mediterranean 
region. 
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Abstract 
 
Projected future changes in mean air temperature and precipitation for 2020 – 2050 were 
assessed with respect to the control period 1970 – 2000 via regional climate model 
simulations, using a regional climate model driven by three different global climate 
models, dynamically downscaled to 50 km for Turkey and surrounding regions, using the 
IPCC emission scenario outputs of global climate models.  
 
Keywords: Turkey, climate change, regional climate model 
 
Introduction 
 
Estimating future climatic conditions is crucial for the Mediterranean region 
including Turkey, a region most sensitive to impacts of climate change (Öztürk 
et al. 2013; Önol and Semazzi 2009; Şen et al. 2012; Trigo et al. 2006; Türkeş 
et al. 2011; Türkeş 2012).  
 
Materials and Methods 
 
Expected changes in air temperature and precipitation were assessed for the 
region surrounding Turkey for the period 2020-2050 with respect to the control 
period 1970-2000. The output of the Regional Climate Model (RegCM4.3.5) of 
ICTP (International Centre for Theoretical Physics) was used to analyze future 
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projections with respect to simulated present climate conditions. HadGEM2 
global climate model of the Met Office Hadley Centre, MPI-ESM-MR of the 
Max Planck Institute for Meteorology, GFDL-ESM2M of the National Oceanic 
and Atmospheric Administration Geophysical Fluid Dynamics Laboratory were 
downscaled to 50 km for Turkey and surrounding regions by using the regional 
climate model (Taylor et al. 2012). Two emission scenarios were considered in 
this study: the high-emission scenario RCP8.5 and the mid-range mitigation 
emission scenario RCP4.5 of the IPCC. To validate model performance, mean 
air temperature and precipitation obtained from the regional climate model 
forced by the above global circulation models were compared with the 
observational datasets of the Climatic Research Unit (CRU) for the reference 
period of 1970-2000. For parameterization, best agreement with observational 
data was obtained by using the Grell scheme with the Fritsch-Chappell type 
closure. 
 
Results 
 
Even though the model outputs show warm and/or cold biases for the different 
seasons, the magnitude of the biases is low and results can be accepted as 
reasonable and reliable when the domain’s geographical and climatic features 
were taken into account (Figure 1). 
 
Based on spatial mean biases with respect to the CRU dataset, HadGEM2 
displays better performance amongst the three global circulation models. 
According to the different model and scenario results, an increase between 
0.5 °C and 4 °C in seasonal mean air temperatures of Turkey is expected for the 
period of 2020 – 2050 with respect to the period of 1970-2000. This warming 
will be more severe in warm than in cold seasons. We only present mean air 
temperature for 2020 – 2050 with respect to 1970-2000 according to the RCP 
8.5 scenario outputs of global climate model HadGEM2 (Figure 2). Seasonal 
mean of total precipitation is expected to decrease by -0.4 mm/day and -2 
mm/day. Increases in precipitation are expected at coastlines of the region 
especially in the winter season.  
 
Discussion 
 
In accordance with the different model outputs, it is obvious that in the near 
future Turkey will be exposed to the warmer and drier climate conditions 
compared to that in the reference period and Turkey is in the group of most 
vulnerable countries to climate change. These results are of crucial importance 
mostly in terms of hydrological systems, forestry and agricultural production, 
among others.  
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Figure 1. Comparison of the seasonal air temperatures of the RegCM4.3.5, which is 
forced by the HadGEM2, with respect to CRU dataset for the period 1970 - 2000: (a) 

winter, (b) spring, (c) summer and (d) autumn 
 

 
 

Figure 2. Geographical distribution patterns of changes in projected mean air 
temperatures over Turkey and surrounding regions from the RegCM4.3.5, which is 

forced by the HadGEM2 with RCP8.5 scenario for the climatology of 2020 - 2050 period 
with respect to 1970 - 2000: (a) winter, (b) spring, (c) summer and (d) autumn seasons 
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Abstract  
 
A multi-model ensemble mean approach was followed in order to investigate the 
projected changes in near surface air temperatures and precipitation total over the 
Mediterranean region. Among sixty seven different models of thirty modeling groups all 
around the world participating in the World Climate Research Programme (WCRP) 
Coupled Model Intercomparison Project (CMIP5), fourteen models were used. In this 
respect, we focused on two distinct scenarios (i.e. RCP4.5 and RCP8.5) for three 
different future periods (i.e. 2016-2035, 2046-2065 and 2081-2100) to examine 
accurately the foreseen changes in two fundamental climate variables (near surface air 
temperature and precipitation total) for the Mediterranean region.   
                                                    
Keywords: Mediterranean, climate change, CMIP5, ensemble mean 
 
Introduction 
 
Harmful impacts of climate change have been becoming more severe on 
different spatial and temporal scales in this century. The results of climate 
change and variability studies for the Mediterranean basin indicate that 
Mediterranean basin will be affected adversely by climate change in the future 
(Giorgi and Lionello 2008; Lelieveld et al. 2012; Ozturk et al. 2014; Türkeş et 
al. 2011). Because of the importance of the region and its vulnerability to global 
climate change, the studies including the investigation of projected changes in 
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the climate of Mediterranean basin play a crucial role in order to struggle with 
the negative effects of climate change. 
 
Materials and Methods 
 
The projected changes in air temperature and precipitation over the 
Mediterranean region are examined based on the multi-model ensemble mean of 
the Coupled Model Intercomparison Project Phase 5 (CMIP5) historical, 
RCP4.5 and RCP8.5 experiments with 14 different coupled global climate 
models (GCMs) (Taylor et al. 2012). The models used in this study are 
ACCESS1.0, ACCESS1.3, CMCC-CMS, CNRM-CM5, EC-EARTH, 
HadGEM2-AO, HadGEM2-CC, HadGEM2-ES, MIROC-ESM, MIROC-ESM-
CHEM, MPI-ESM-MR, MPI-ESM-LR, MRI-CGCM3, CMMC-CM. Among 
the studied models, the CMCC-CM has the highest resolution. So, model 
outputs interpolated bilinearly 0.75 degree grid resolution. In the 14 models 
used in this study, CMMC-CM's horizontal resolution was the highest, hence we 
interpolated all the models to the highest resolution available. Firstly, to detect 
biases in the data, we calculated the temperature difference (and precipitation 
ratio) between the observational dataset from the Climatic Research Unit (CRU) 
for the reference time period (1981-2000) and the outputs of each model and the 
ensemble averages of them. Thereafter the projections of each model and their 
ensemble means were computed using delta bias correction method for near- 
(2016-2035), mid- (2046-2065), and long-term (2081-2100), respectively. 
 
Results 
 
With regard to multi-model ensemble mean, a mainly cold bias was found for 
the southern parts of the study region (North Africa - Levant) and a warm bias 
characterizes the Caucasus and Alpine areas. Besides, for precipitation 
overestimated results for winter and spring over North Africa, the Central 
Anatolia region of Turkey, and Western Spain were seen. Seasonal projected 
changes obtained by the GCM ensembles are given in Figure 1. In average, 
more dry seasons in all three future periods for both scenarios (up to 0.18 
mm/day) were found with the exception of the Caucasus region on winter for 
the mid- and far future periods. Generally, temperature is expected to increase in 
all seasons and projections (between 1.1 and 6.2 °C). Temperature rise was 
found particularly strong in the summer season. 
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Figure 1. Projected temperature and precipitation changes for three different future 
periods based on two different scenarios by GCM ensembles. DJF, MAM, JJA and SON 

denote winter, spring, summer and autumn, respectively. 
 
Discussion 
 
The results briefly shown above indicate that the Mediterranean region is 
expected to experience warmer and drier climate conditions in the near to far 
future study periods. Since the Mediterranean basin already has a semi-arid, 
semi-humid with strong and long summer dryness climate, any decrease in 
precipitation strongly affects the region. One should also consider the adverse 
effects on hydrology, ecosystems among others. Therefore especially the 
changes in the rainy season have stronger impacts. Furthermore, hotter and drier 
conditions might enhance the desertification processes which can also stimulate 
the erosion, salinization and forest fires. 
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Abstract 
 
Turkey lies in a region that is highly vulnerable to climate change, and the indicators 
show that climate is changing in Turkey. The station observations show that temperatures 
are increasing throughout the country. Summer temperatures increase more than those of 
the other seasons. There are significant shifts in the timing of the snowfed river 
discharges, which indicates that snow melts earlier in response to the elevated 
temperatures. No significant coherent change has yet been detected in precipitation 
observations. Future climate change projections agree on an increase in temperatures 
throughout the country and a reduction in precipitation in the southern half of the 
country. There is no doubt that these changes will impact the country’s water resources 
negatively by reducing the water potentials in the southern basins. The projections that 
were based on the high emissions scenarios indicate water potential reductions up to 37% 
in the Mediterranean basins, up to 70% in Konya basin and up to 10% in the Euphrates 
and Tigris basins by the mid twenty first century. The decline in the water resources has 
the potential to influence the agriculture, energy and tourism that are significant sectors 
in Turkey. 
 
Keywords: Turkey, climate change, water resources, agriculture, energy, tourism 
 
Introduction 
 
Observations indicate that the Earth’s climate has been changing as a result of 
human activities (IPCC 2013). Most visibly, the air is getting warmer (close to 
1 °C since 1900), the land and sea ice are melting, and consequently the sea 
level is rising (about 19 cm since the beginning of twentieth century). Climate 
change projections suggest that these changes will continue throughout the 
twenty first century. 
 
Turkey is located in the eastern parts of the Mediterranean Basin, which is 
identified as one of the most vulnerable regions to the future climate change by 
the recent Assessment Reports (AR4 and AR5) of IPCC (IPCC 2007; IPCC 
2013). The General Circulation Model (GCM) simulations largely agree on a 
basin-wide precipitation reduction in the Mediterranean Basin (IPCC 2007; 
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IPCC 2013). Some studies (e.g., Giorgi and Lionello 2008) suggest that the 
Atlantic cyclone tracks will shift northward as a result of the strengthening of 
the subtropical high over the Mediterranean region. This change is expected to 
increase the precipitation in the Black Sea basin, while decreasing it in the 
Mediterranean basin. Based on the A2 scenario simulation of NASA's fvGCM 
model, Önol and Semazzi (2009) investigated the future climate change over the 
eastern Mediterranean for the last 30 years of the 21st century. They reported 
drying for the Mediterranean and Aegean coastal regions of Turkey, while 
wetting for the Black Sea coastal areas. Hemming et al. (2010) pointed out that 
magnitude of precipitation decrease (5-25%) for all the model ensembles is 
highly consistent in western coasts of Turkey during the first-half of the 21st 
century. Önol et al. (2014) reported the most comprehensive climate change 
study for Turkey using several model-scenario combinations, and their results 
also confirm the finding of the previous studies that the precipitation will 
decrease in the southern half of Turkey in response to climate change.  
 
The present study, by compiling and analysing the available data, provides an 
integrated picture of climate change (both historical and future) in Turkey and 
its effects on Turkey’s water resources. It also discusses how primary sectors, 
including agriculture, energy and tourism, could be affected by these changes.    
  
Study area and data 
Turkey is a Eurasian country, lying between the latitudes 36° and 42° N and 
longitudes 26° and 45° E. Anatolian Peninsula consists of much of the territory 
in the Asian side. It is surrounded by seas on three sides: Black Sea to the north, 
Aegean Sea to the west, and Mediterranean Sea to the south. Turkey has a fairly 
mountainous landscape. It consists of a high central plateau that lies between 
two mountain ranges: the Pontic Mountain range to the north and Taurus 
Mountains to the south. The average elevation of Turkey is about 1000 metres. 
The elevation increases eastward. Highlands of eastern Turkey comprise the 
headwaters of the important rivers such as Euphrates and Tigris.  
 
Turkey is situated in the mid-latitudes, therefore it is under the influence of the 
westerly air flow with respect to the atmospheric general circulation. For this 
reason, the western-facing sides of mountain ranges and coastal areas receive, in 
general, more precipitation than the other sides. According to the Köppen–
Geiger climate classification, there are three primary climate types in Turkey. 
The Mediterranean and Aegean coastal areas of the country experience a 
temperate Mediterranean climate, which is characterized by hot and dry 
summers and mild and wet winters. The Black Sea coastal region experiences 
the features of a temperate maritime climate, which are warm and wet summers 
and cool and wet winters. The interior parts of Turkey are under the influence of 
a continental climate, which has hot summers and cold winters. This region 
usually receives comparatively less precipitation, much of which is in the form 
of snow in winter. 
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Many different data sets are used in this study. The observational precipitation 
and temperature data are obtained from the General Directorate of Meteorology. 
The water potential data are acquired from the State Hydraulic Works. The 
sector data (agriculture, tourism and energy) are acquired from the Turkish 
Statistical Institution. Climate change projections used in this study are based on 
the A2 scenario simulation of ECHAM5, the General Circulation Model of Max 
Planck Institute in Germany. Downscaling its outputs to a higher resolution (27 
km) was achieved by employing a Regional Climate Model called ICTP-
RegCM3, the regional climate model of International Centre for Theoretical 
Physics in Trieste, Italy (Bozkurt et al. 2012; Önol et al. 2014). 
  
Results 
 
Figure 1a illustrates the past (1970-2013) changes in the hydro-climatic 
variables. Temperatures are rising almost everywhere in Turkey. The summer 
temperatures have increased more than the temperatures in other seasons (not 
shown). The average summer temperature of 2000s is about 1.5 °C higher than 
that of 1960s or 1970s. Spring and fall temperatures have also increased in 
recent decades, but the increases are not as large as that in summer. Precipitation 
has not changed much in Turkey except for the northeastern parts where it 
shows a coherent regional increase. The observations indicate important 
changes in two more hydro-climatic variables (mountain glacial retreat and the 
streamflow timing), which could be considered as a response to the increasing 
temperatures. A study by Sarıkaya (2011) suggests that the mountain glaciers in 
Turkey have been retreating at a rate of about 10 m/year. The eastern Anatolian 
highlands, which feed important rivers such as Euphrates and Tigris, are 
covered by snow during the cold period, and the snow starts to melt in March 
when the temperatures rise over freezing point in the region. The recent 
warming is causing snow to start melting earlier, and this could be observed in 
the stream discharges as they start to rise earlier in response to this event. A 
study by Sen et al. (2011) analysed the discharge data in the unregulated basins 
in the region and assessed that the peak discharge timing has already shifted to 
earlier days. The magnitude of the shift they calculated is about 5 days. It is not 
directly related to the climate change in Turkey, but the observations show that 
the sea level is rising between 3.8 and 7.7 mm/year along the coasts of Turkey 
(Demir et al. 2005). 
 
Figure 1b shows the changes in the annual temperatures of the 2071-2099 
period over those in 1961-1990 reference period. According to the A2 scenario 
simulation, the temperatures in Turkey are projected to increase between 2.5 °C 
and 5.0 °C by the end of the century. The changes are not uniformly distributed. 
The eastern and southeastern parts of Turkey illustrate comparatively larger 
increases in temperatures. Figure 1c shows the changes in the annual 
precipitation of the 2071-2099 period over that in 1961-1990 reference period. 
The projections indicate that the annual precipitation will tend to decrease in the 
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southern parts of Turkey while it will tend to increase in the northern parts, 
especially in the northeastern parts. The reductions along the Mediterranean 
coastlines could be as large as 30% by the end of the century. Similar 
magnitudes could be stated for the increases along the northeastern coastal areas 
of Turkey. The map in Figure 1d shows the changes of the water potentials for 
individual basins in Turkey. It seems that there will be substantial reductions in 
the southern basins, while little or no changes in the northern basins will occur. 
The projections that were based on the high emissions scenarios indicate water 
potential reductions up to 37% in the Mediterranean basins, up to 70% in Konya 
basin and up to 10% in the Euphrates and Tigris basins by the mid twenty first 
century. 

a.  
 

b.  
 
 

Figure 1. (a) Historical (1970-2013) changes in temperature, precipitation, sea level, 
river discharges and mountain glaciers in Turkey, (b) future (2071-2099 period) 

temperature change over 1961-1990 period 
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c.  

d.  
 
 Figure1. (c) future (2071-2099 period) precipitation change over 1961-1990 period, (d) 

water potential changes in the basins of Turkey. Blue bar shows the water potentials 
based on the observations of State Hydraulic Works. Green and red bars show the 

projected water potentials for the mid-century and the end of the century, respectively. 
 
Discussion 
 
Turkey lies in a region that is highly vulnerable to climate change, and the 
indicators show that climate is changing in Turkey. The station observations 
show that temperatures are increasing throughout the country. Summer 
temperatures increase more than those of the other seasons. There are significant 
shifts in the timing of the snowfed river discharges, which indicates that snow 
melts earlier in response to the elevated temperatures. No significant coherent 
change has yet been detected in precipitation observations. Future climate 
change projections agree on an increase in temperatures throughout the country 
and a reduction in precipitation in the southern half of the country. There is no 
doubt that these changes will impact the country’s water resources negatively by 
reducing the water potentials in the southern basins. The decline in the water 
resources will, first and foremost, influence the agriculture and animal 
husbandry and the related sectors. Hydroelectric energy production is another 
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sector that will be negatively affected by the water potential reduction in 
Turkey. Besides, Turkey will be subjected to more droughts, heat waves and 
forest fires. The wider prevalence of Mediterranean climate in Turkey in the 
future (together with the expansion of warm summer period) may have positive 
effects in terms of both human life and tourism. The winter tourism will be 
negatively influenced by the climate change as a result of reduced snow cover. 
In order to mitigate the negative impacts and benefit from the positive impacts 
of climate change, Turkey should certainly include the climate change 
projections in all future planning. Switching to water efficient irrigation 
techniques, extending the irrigated fields, recycling water, saving water and 
energy, adopting climate compatible cropping patterns, distributing crop 
cultivation to different regions, replacing the forest areas with drought and 
temperature resilient trees, planning urbanization in such a way to minimize 
urban heat island effect, using more renewable energy will certainly help 
Turkey cope better with the adverse effects of climate change.     
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Abstract 
 
The Black Sea reconnection to the Mediterranean, in the early Holocene, is studied with 
special emphasis on the marine species immigration and occupation on the NE Caucasian 
shelf as well as the disappearance of species of Caspian origin. The distribution of 
different groups of fossils is analyzed from three radiocarbon dated sediment cores 
retrieved from the NE Black Sea shelf. The data provide evidence of sustained 
cohabitation of benthic species of Caspian and Mediterranean origin from at least ~8.8 to 
6.7 cal ka BP. The slow disappearance of brackish species suggests a gradual increase in 
salinity and most likely a change in salt composition. This study also confirms previous 
findings of some upward reworking of Caspian elements within the mixed fauna layer. 
As mollusc shells represent one of the major components of the sediments, the 
succession of facies from Dreissena mud and shell to Modiolus mud is outlined and 
discussed according to changes in dominance of species and their individual ecological 
preferences.  
 
Keywords: immigration, cohabitation, ostracods, molluscs paleoenvironments, 
sedimentation 
 
Introduction  
 
We present a continuous multi-proxy record from the core Ak-2575 which spans 
the last 9.6 cal ka. This new record is correlated to previously studied cores Ak-
521 and Ak-2571 to investigate environmental change, during the Holocene, on 
the relatively under-investigated NE Black Sea shelf. The major changes 

104 
 



 

occurred during the early Holocene and were initiated by the reconnection of the 
Black Sea to the Mediterranean. These records contribute to the existing debates 
on the timing of marine species invasion (e.g. Ivanova et al. 2012 and references 
therein; Yanko-Hombach et al. 2014 and references therein) and provide new 
evidence of temporal cohabitation and slow turn-over of species in benthic 
assemblages on the NE Black Sea shelf. These are linked to sea level and 
salinity rises followed by marine species immigration from the Mediterranean to 
the Black Sea and disappearance of Caspian origin species. For comparison with 
our previous and other regional studies we used the generally accepted 
framework by Balabanov (2007, see also Ivanova et al. 2012) based on the 14C 
dated succession of phases of the Black Sea transgression during the Holocene 
separated by the short-term regressions or the sea level low stand, since the 
reconnection of the Neoeuxinian Lake to the Mediterranean. In this paper, we 
focus on the major phases including Bugazian (9.2-7.9 14C ka BP), Vityazevian 
(7.9-7 14C ka BP) and Kalamitian (7-6 14C ka BP). According to the common 
practice in the area we consider waters with the salinity 5-12 psu (hereafter 
unitless) as brackish and with the salinity 18-20 as marine (e.g. Mudie et al. 
2011; Ivanova et al. 2012; Yanko-Hombach et al. 2014).  
 
Materials and Methods 
 
Three sediment cores were collected from the northeastern Black Sea outer shelf 
and shelf edge off Arkhipo-Osipovka village (Figure 1) during the RV Akvanavt 
cruises.The lithology, mollusc and ostracod assemblages are studied from all 
cores, and benthic foraminifers from two cores (Ak-521 and Ak-2575).  
 

 
 

Figure 1. Location of the sediment cores on the NE Black Sea shelf. Study area is 
marked by a square, Mediterranean water inflow is shown by flashes. Note that sites Ak-

521 and Ak-2571 are in close proximity (~ 30 m). 
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The results from cores Ak-521 and Ak-2571 are published by Ivanova et al. 
(2007, 2012). The new core, Ak-2575 was sampled contiguously in 2 cm slices. 
The grain size fractions 0.1-2 and > 2 mm were used for lithological and micro-
paleontological analyses. All cores are radiocarbon dated and correlated to the 
regional frame by Balabanov (2007). The radiocarbon dates are calibrated using 
CALIB7 with Intcal 2013 calibration dataset (Reimer et al. 2013) and applying 
a reservoir correction as described in (Ivanova et al. 2012). 
 
Results and Discussion  
 
Analysis of the radiocarbon dates and the stratigraphic frame by Balabanov 
(2007) suggest only one of the three cores, Ak-521, recovered the 
Neoeuxinian/Bugazian boundary. It was during this period that the brackish 
Black Sea was reconnected to the Mediterranean (event 1 in Figure 2) and the 
two-way circulation in the Bosphorus strait was re-established. However, the 
Bugazian-Vityazevian benthic assemblages were still strongly dominated by the 
brackish species of Caspian origin (Figure 2). Molluscs were represented by 
Dreissena rostriformis, Micromelania sp., and Monodacna caspia, whereas 
ostracod assemblages from the core Ak-2575 contained 16 species of Caspian 
origin and Fabaeformiscandona sp. of semi-freshwater origin and rare 
occurrences of three Mediterranean species. Among the species of Caspian 
origin, Loxocaspia lepida, Loxocaspia sublepida, Amnicythere postbissinuata, 
Euxinocythere relicta, Amnicythere stepanaitisae, Graviacypris schweyeri, were 
the most abundant suggesting the salt composition of the water was still similar 
to that of the Caspian Sea and not of the modern Black Sea. The first mollusc 
species of Mediterranean origin, Mytilus spp., appeared on the NE shelf at ~8.8 
(core Ak-521) - 7.8 (core Ak-2575) cal ka BP (event 2 in Figure 2) suggesting a 
significant increase in bottom-water salinity and gradual change in the salt 
composition. The diversity of the species of Caspian origin declined after this 
period before they disappeared from the record by 7-6.7 cal ka BP (event 3 in 
Figure 2). They were gradually replaced by the species of Mediterranean origin 
including Hiltermannicythere rubra, Leptocythere multipunctata, Palmoconcha 
agilis, Xestoleberis cornelii, Cytheroma marinovi and Cytheroma variabilis. 
The bottom-water salinity on the shelf increased from ~11- to ~18 (Nevessakaya 
1965; Yanko-Hombach et al. 2014 and references therein), i.e. from the lower 
limit of the tolerance of Mediterranean ostracods (Schornikov 1969) to almost 
modern values. It is noteworthy, that the ostracod data from the core Ak-2575, 
for the first time in the area, demonstrate the cohabitation of two groups in the 
early Holocene. This lasted until ~6.7 cal ka BP and is confirmed by many 
species being represented by specimens of different ontogenetic stages (adults 
and juveniles). Nevertheless, the reworking of several molluscs and ostracods of 
Caspian origin is also evident and supports data from other locations (Ivanova et 
al. 2012 and references therein; Yanko-Hombach et al. 2014 and references 
therein). In Figure 2, the reworking is demonstrated by AMS-14C dates 
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measured on Dreissena and Mytilus from the same samples in the cores Ak-
2575 and Ak-2571.  
 

 
 
Figure 2. Lithology of sediment cores from the NE shelf, 14C dates, chronostratigraphic 

units corresponding to transgression phases according to Balabanov (2007) and 
distribution of key mollusc species of Caspian and Mediterranean origin. Data on cores 

Ak-521 and Ak-2571 are modified from Ivanova and co-authors (2007, 2012). 
Correlation of records and peaks of four paleoceanographic events are also shown by 

grey lines at ~9 cal ka (event 1), ~7.8-8 cal ka (event 2),~ 7 cal ka (event 3) and 4 cal ka 
(event 4). W.d. – present-day water depth at core location. Lithology: 1 – mud with shell 

admixture (<10%), 2- shelly mud (10-30%), 3 – shell bed (>30%). 4 – hiatus. 
Stratigraphic units corresponding to transgression phases by Balabanov (2007): Ne-

Neoeuxinian, Bg-Bugazian, Vt-Vityazevian, Kl-Kalamitian, Dz-Dzhemetinian 
 
Accordingly, the following succession of sedimentary facies is distinguished 
from the cores, some of which are separated by hiatus. Dreissena mud and 
Dreissena shell bed in the lowermost part of the records before the event 2 (at 
water depth ~60-80 m); mixed mollusc fauna shell bed between events 2 and 3; 
Mytilus mud and shell beds between events 3 and 4 (at water depth ~ 70-90 m) 
and Modiolus phaseolinus mud after the event 4 when the sea level and salinity 
reached modern values of ~20 psu and 100 m, respectively. Our data suggest 
that the very rapid (likely pulsating) mud accumulation was due to intense 
terrigenous material supply. This created favorable conditions for the 
development of the active filtrator Mytilus galloprovincialis dominated mollusc 
assemblage on the outer shelf, much deeper than the common depth of the facies 
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(~50 m), because of abundant food resources and sufficient oxygen content in 
the mobile near-bottom nepheloid layer. 
 
Conclusions 
 
The significant discrepancies in the rate of immigration of molluscs, ostracods 
and foraminifers suggest that although salinity changes were the primary 
environmental change other factors were also important.  
 
Data from this study indicate that the ostracod assemblages were sensitive to sea 
water salt composition change during the Early Holocene. 
 
The cohabitation of benthic fauna of Caspian and Mediterranean origin is 
highlighted during the Early Holocene (Bugazian-Vityazevian interval) along 
with the upward reworking of several older specimens.  
 
We suggest an explanation for a deep location of Mytilus facies on the outer 
shelf from ~7 to 4 cal ka BP in terms of the specific bottom-water conditions 
favoring for the species during this period. 
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Abstract  
 
The system composed by the two narrow Straits, Dardanelles and Bosphorus, and the 
Marmara Sea is known as the Turkish Straits System (TSS). The scientific questions on 
the role of the TSS in coupling the adjacent basins of the Mediterranean and Black Seas 
with highly contrasting properties and in a region of high climatic variability can only be 
answered by model predictions of the processes that determine the integral properties of 
the coupled sub-systems. This can only be achieved if the entire TSS is modeled as a 
finely resolved integral system that appropriately accounts for the high contrasts in 
seawater properties, steep topography, hydraulic controls, fine and meso-scale 
turbulence, nonlinear and non-hydrostatic effects, thermodynamic states and an active 
free-surface in the fullest extent, based on well represented fluid dynamical principles. In 
this study the MITgcm (MIT General Circulation Model) is used at very high resolution 
to study this extreme environment that needs to be represented as a whole and with the 
full details of its highly contrasting properties. The capability of MITgcm to represent the 
two-layer exchange dynamics both in the straits and in the Marmara Sea is examined. 
The non-uniform grid and the vertical resolution implemented have demonstrated to be 
suitable to capture the fine scales within the two Straits and also to well represent 
mesoscale in the Marmara Sea. The response of the currents and density structure over 
the water column to different net flow is also examined through the setup of experiment 
with varying net barotropic volume fluxes. 
 
Keywords: numerical ocean modelling, Turkish Straits System, Bosphorus, Marmara 
Sea, Dardanelles 
 
Introduction 
 
The Turkish Straits System (TSS) consists of the Sea of Marmara connecting to 
the Aegean and Black Seas respectively through the Dardanelles (length 75 km, 
min. width 1.3 km) and Bosphorus (length 35 km, min. width 0.7 km) Straits. 
The Marmara Sea has three elongated depressions (max. depth ~1350 m) 
interconnected by sills (depth ~600 m) and adjoining continental shelves. The 
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nonlinear, turbulent, strongly stratified hydrodynamics of the flow through the 
narrow straits has made the modeling of the TSS a grand challenge. The 
coupling of the adjacent basins of highly contrasting properties, in a region of 
extreme hydro-climatic variability can only be achieved if the entire TSS is 
modelled as a finely resolved integral system, accounting for steep topography, 
nonlinear hydraulic controls and turbulent mixing processes, as well as an active 
free-surface. The nonlinear, turbulent, strongly stratified hydrodynamics of the 
flow through the narrow straits has made the modeling of the TSS a grand 
challenge. Here, thanks to a PRACE (Partnership for Advanced Computing in 
Europe) infrastructure this grand challenge has been achieved. In the following 
we describe and validate the TSS model together with a discussion on some 
preliminary results. 
 
Data and Methods 
In this work the MITgcm model (http://mitgcm.org) is used to study TSS with 
full details of its contrasting properties. The model domain chosen extends over 
the entire TSS, including also parts of the north-east Aegean Sea and the Black 
Sea at its two ends (Figure 1). A non-uniform curvilinear orthogonal grid covers 
the domain at variable resolution: from less than 50 m in the two Straits up to 
about 1 km in the Marmara Sea. To adequately resolve the complex hydraulic 
dynamics of the TSS, the model grid is made by 100 inhomogeneous distributed 
vertical z-levels. The thickness exponentially ranges from 1.2 m at the surface to 
80 m at the bottom with most of the levels concentrated in the first 100 m.  

Figure 1. Model bathymetry (colorbar: depth in m) 
 

The very high horizontal resolution adopted in MITgcm, together with the 
partial cell formulation result in a very detailed description of the bathymetry. 
The model has been initialized with three different water masses filling the 
western part of the domain, the Marmara Sea and the eastern side of the domain 
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respectively, with vertical profiles selected from CTD casts obtained during the 
cruise of the R/V BILIM of the Institute of Marine Sciences in June-July 2013. 
With the initial condition specified as lock-exchanges at the two straits, the 
model is left free to adjust to the expected two-way exchange. No-slip 
conditions were imposed at the bottom and lateral solid boundaries.  
 
Results 
 
The non-uniform curvilinear orthogonal grid and the vertical resolution 
implemented have demonstrated to be sufficient to capture the fine scales within 
the two Straits and also to well represent mesoscale in the Marmara Sea. The 
response of the currents and density structure over the water column to different 
net flow is also examined through the setup of experiments with varying net 
barotropic volume flux values (Q=-9600, 0, 5600, 9600, 18000 and 50000 m3/s 
respectively). The expected range of fluxes for testing the TSS behavior with 
respect to barotropic net flows were guided by our earlier experience based on 
frequent sampling by past field experiments using in-situ ADCP and CTD 
measurements of the strait hydrography and currents, covering the TSS under 
normal and extreme climatic conditions (Beşiktepe et al. 1994; Özsoy et al. 
1998; Gregg et al. 2002). Positive values of Q represent flow from the Black 
Sea towards the Mediterranean, while negative values represent net flow in the 
opposite direction. The free surface variations in the Marmara Sea, 
corresponding to configurations initialized with vertical profiles representative 
of the three basins selected from CTD casts in June-July 2013 and variable 
values of net barotopic flow values are shown in Figure 2.  
 
Discussion  
 
For the studied flows, characterized to be driven exclusively by the imposition 
of net flux, an S-shaped current, first moving south from the Bosporus, later 
turning northwest and finally exiting from the from the Dardanelles Strait, 
appears to be the basic character of the circulation. With a negative flux of Q=-
9600 m3/s, such that the net flow is towards the Black Sea, the upper layer flow 
from the Bosphorus into the Marmara Sea is still positive, and sufficient to 
generate an anticyclonic net circulation in the midst of the Marmara Sea, as 
shown in Figure 2. For zero net flux, the same structure is preserved and as the 
positive values of the barotropic flux is increased further the size of the central 
gyre is reduced and the flow becomes increasingly more attached to the northern 
coast of the Marmara Sea. As the flux is increased to 9600 m3/s, the central 
anticyclonic circulation cell takes an elongated form. For the extreme flux 
values of Q=18000 m3/s and Q=50000 m3/s, the lower layer flow in the 
Bosphorus becomes blocked, and qualitative changes occur in the circulation of 
the Marmara Sea, with a smaller anticyclone near the Bosphorus exit, a jet 
attached to the northern coast, and a secondary anticyclone further west, and a 
cyclonic circulation emerging in the south. For these cases, the circulation 
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pattern looks more like the buoyancy driven flow along the coast adjacent to the 
mouth of a river. The generation of a basic anticyclonic circulation in the 
Marmara Sea for lower net fluxes, evolving towards a more balanced circulation 
of cyclonic-anticyclonic eddies appears to be a result of the vorticity balance of 
the basin. 
 

 
Figure 2. The free surface variations in the Marmara Sea for varying net barotropic 

volume flux values of: 
(a) Q = -9600 m3/s, day=67,   range=2.2 cm (d) Q = 9600 m3/s,   day=22,  range=4.8 cm 

    (b) Q = 0 m3/s, day=100, range=2.7cm (e) Q = 18000 m3/s, day=65,  range=6.4 cm 
    (c) Q = 5600 m3/s,  day=66,   range=4.5 cm    (f) Q = 50000 m3/s, day=125, range=12.0 cm 

As shown by Spall and Price (1998), and studied by Morrison (2011), the net 
basin circulation is sensitively determined by the potential vorticity (PV) 
imports and exports of the basin. From this point of view, the reduction of 
interface depth (or upper layer thickness) from the Black Sea to the Marmara 
Sea implies a decrease in fluid vorticity, or anticyclonic circulation assuming 
the input to have zero vorticity. The behaviour of the buoyant plume entering 
the Marmara Sea, initially shooting south and hitting the opposite coast is 
displayed in all cases in Figures 2, although the later turning of the flow to the 
west is typical of buoyant plumes at this scale. Buoyant flows entering the sea 
are typically attached to the right hand coast (looking out from the exit in the 
northern hemisphere), especially for initial vorticity zero below a critical limit 
(e.g. Nof 1978; Stern et al. 1982). Often a bulge of the buoyant fluid is formed, 
as the flow turns right to follow the coast, as often observed at river mouths (e.g. 
Huq 2013). In a two-layer system with variable bottom topography and 
dynamically active layers, the circulation may develop differently, with 
topography influencing the lower layer flow, and the resultant interface 
topography influencing the upper layer flow (Beardsley et al. 1978). As the net 
flux is increased in Figure 2, the changes in the circulation pattern may be a 
result of this kind of interactive adjustment of the flow layers to bottom and 
interface topography. The qualitative change in the circulation towards a series 
of anticyclonic and cyclonic eddies following the meander of the currents, when 
the flux is increased to 18000 m3/s and 50000 m3/s is reminiscent of the Alboran 
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Sea, where similar gyres filling the basin develop under high fluxes (Spall and 
Price 1998).  
 

Table 1. Sea level difference at both edges of the two straits as a function of net flux 
 

Net flux 
Q (m3/s) 

Bosphorus (TSS) 
sea level 

difference 
Δη (cm) 

Dardanelles (TSS) 
sea level difference 

Δη (cm) 

Bosphorus (ROMS) 
sea level difference 

Δη (cm) 

-9600 2 1.5 - 
0 8 5 14 

5600 10 7 18 
9600 14 11 22 

18000 22 16 30 
50000 85 32 - 

 

 
Figure 3. Upper-layer (Q1) and lower-layer (Q2) volume fluxes through the Bosphorus as 
a function of the net flux (Q=Q1-Q2), based on observational data and compared with the 

results from the Bosphorus model (ROMS) of Sözer (2013) and the TSS (MITgcm) 
models 

 
The sea level differences that develop at the two straits, Bosphorus and 
Dardanelles are given in Table 1, in relation to the net barotropic fluxes and the 
values obtained from the TSS model are compared with the ROMS model 
results for the Bosphorus (Sözer 2013). While the total range of sea level in the 
Marmara Sea between cyclonic and anticyclonic areas varies between 2-12 cm 
(Figure 1), the net sea level differences across straits are much larger, varying 
between 2-85 cm in the Bosphorus and 1-32 cm in the Dardanelles, while the 
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results for the Bosphorus compare well between the two models. These results 
would imply sea level differences of about 0-120 cm between the Black Sea and 
the Aegean Sea, for the range of net transport tested. Finally a comparison is 
made of the upper-layer (Q1) and lower-layer (Q2) volume fluxes through the 
Boshorus (Figure 3), based on observational data and the results from the 
Bosphorus model (ROMS) of Sözer (2013) and the TSS (MITgcm) models. 
Although the Bosphorus model is more specific to the Strait and has better 
resolution, the TSS model results perform even better in comparison with 
observations. 
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Abstract  
 
The Etesian wind regime dominating the climate of the Aegean Sea in summer often 
influences a larger area extending from the Balkans and the Black Sea to the Levantine 
Basin of the Eastern Mediterranean. The steady dry northerly winds descending from the 
Balkans in summer often incite forest fires in the Aegean Sea region, while the moist air 
picked up from the sea and trapped against the mountainous eastern Black Sea coast 
results in severe floods. The intense upwelling on the southern Black Sea and the eastern 
Aegean Sea result from steady winds aligned with the coast. Case studies based on recent 
observations and model simulations illustrate these events. 
 
Keywords: Etesian, upwelling, floods, forest fires, Aegean, Black Sea, modeling 
 
Introduction 
 
The summer Etesian wind regime often develops to gale force winds, veering 
from NE to N and NW respectively in the north, central and south Aegean 
(Tyrlis and Lelieveld 2013; Tyrlis et al. 2014), fed by northerly winds from the 
Balkan gap and northeasterly winds from the Black Sea area. The typical wind 
pattern affects the entire region, often intensified south, at the elevated island of 
Crete (Figure 1a).  
 
Data and Methods 
 
Case studies in the present context emphasize the region-wide influence of 
Etesian winds by making use of surface wind, sea surface temperature and 
satellite data, as well as atmospheric and ocean models. Operational weather 
forecasts at the IMS-METU (http://linux-server.ims.metu.edu.tr/metuwrf/) are 
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used for the analyses. The NEMO model (domain: 40.92°-47.30°N, 27.43°-
42.00°E at 2.5 km horizontal resolution and 60 z-levels), developed for Black 
Sea hincasts and operational use in the MyOcean2 European project, includes 
inputs from major rivers, seasonal T,S profile boundary conditions specified at 
the Bosphorus, and is driven by surface fluxes based on the atmospheric data of 
the University of Athens (IASA) at 1 hr intervals and 0.05° horizontal resolution. 
SST satellite data are obtained from MHI, Ukraine. Daily observations of sea 
surface temperature are obtained at the İnebolu (41.98°N 33.76°E) station of the 
Turkish State Meteorology Service. ERA-interim reanalysis surface atmospheric 
data for the region have been obtained from the ECMWF. 
 
Results 
 
Strong air-sea interactions during the Etesian wind regime are all too significant 
in this sensitive region of continental/marine climates. Often the sustained wind 
pattern is suitable to create forest fires in the region especially in the central and 
southern Aegean (Koletsis et al. 2009; 2010), e.g. in 25 August 2012 when the 
government of Greece declared a state of emergency as the blaze reached 
Athens, verified by wind patterns (Figure 1a). It was however rather surprising 
to evidence a completely different extreme event happening at the same time in 
the eastern Black Sea, where the winds diverged with a northwesterly 
orientation. The moisture picked up by winds from the northern steppes was 
trapped against the steep Anatolian and Caucasian mountain ranges (Figure 1b) 
and precipitated by orographic uplift against the southeast coast, leading to the 
extreme flooding event on August 21, 2012 in the southeast (Figure 1c). 
Precipitation of about 230 mm was received in two days, equivalent to few 
months of annual rainfall. Several times in the summer of 2012 the pattern was 
repeated, and a similar flooding extreme event had occurred earlier on July 7, 
2012, associated with a small-scale cyclone trapped in the mountainous eastern 
Black Sea region. The storm created the worst floods in 70 years in Krasnodar 
and Krymsk, Russia, with rainfall amounting to 270 mm/day and a death toll of 
more than hundred people. 
 
In the Aegean Sea, circulation features such as the persistent upwelling along 
the eastern shores and the jet-like boundary currents on the western shores, 
largely owing their existence to the northerly Etesian winds, are well known 
(Theocharis et al. 1999; Olson et al. 2007; Sayın et al. 2011). In the Black Sea, 
the SW-NE oriented section of the southwest coast, aligned with the NW wind 
pattern in much of summer (Figure 1a) is favorable for Ekman drift currents in 
offshore direction leading to coastal upwelling (Sur et al. 1994). 
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(a)   

(b)  

(c)  
 
 

Figure 1. Atmospheric model forecasts of (a) surface winds (km/h), (b) surface relative 
humidity (%) and wind (km/h) on 20 August 2012 and (c) total precipitation (mm) during 

18-21 August 2012 
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(a)       

  (b)   

(c)  

(d)  
 

Figure 2. September 12, 2012 (a) satellite SST image, (b) surface winds and ocean 
model hindcasts of (c) surface currents and temperature, (d) surface currents and salinity 
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A typical situation is shown in the satellite image of Figure 2a, where cold 
waters with temperatures of 15°C are detected adjacent to the coast, in contrast 
to the 22-26°C in the rest of the basin. The upwelling is subject to some 
intermittency under changing winds, and located downstream of the meandering 
coastal jet (i.e. the ‘rim-current’) which often separates from the coast and 
transits offshore of the upwelling area (Sur et al. 1994; Özsoy and Ünlüata 1997, 
1998). 
 
The mainly cyclonic circulation of the highly stratified Black Sea is buoyancy 
and wind driven (Özsoy and Ünlüata 1997, 1998). A distinctive feature of the 
Black Sea thermal stratification is the subsurface Cold Intermediate Water 
(CIW) usually found above the pycnocline, upwelled in summer in the 
southwest as well as around Crimea (Figure 2a). Also shown in the same figure 
are the surface winds (Figure 2b), temperature (Figure 2c) and salinity (Figure 
2d) produced by the NEMO model continuous hindcast for the years 2010-2014, 
confirming the observed features. 
 
Daily observations of SST at the İnebolu indicate very frequent and persistent 
upwellings during repeated episodes in the summer season (Figure 3a). What 
are seen as many spikes and dropouts in the time-series are actually many cases 
of upwelling, with temperature drops to as low as 11oC, as a result of the cold 
intermediate water (CIW) surfacing at the coast. SST data high-pass filtered at 
cutoff period of 30 days indicate high frequency events (Figure 3a). The 
enlarged plots of the observed SST (Figure 3b, lower panel, blue) reveal sharp 
dropouts of temperature lasting from few days to few weeks, which differ 
strongly from the regional average SST in the ECMWF reanalysis (black). 
Figure 3b, upper two panels display along-shore and cross-shore components of 
the wind at the ECMWF grid point near the İnebolu station, after the wind 
vector has been rotated by 40° to be aligned with the coast. It is clear that the 
main component of the wind is along-shore and blows from the northeast in 
summer, favorable to upwelling. 
 
Discussion 
 
The regional influences of the Etesian winds are well known, but perhaps not 
sufficiently appreciated. Forest fires are incited in the Aegean, while floods 
occur concurrently in the Black Sea. We try to demonstrate the climatic 
significance of some of these concurrent events. For instance, in continuing 
fisheries studies in the Black Sea (http://hamsi.ims.metu.edu.tr), the role of 
upwelling events have not been investigated. Yet, Black Sea fisherman near 
İnebolu are very well aware that they can not go out to fish Palamut 
(pelamydes) during periods of persistent northerlies which lead to upwelling. It 
was only revealed to us during this study that local towns people of İnebolu 
have been going to the coast at night with searchlights to collect half-dizzy fish 
suffering shock by the cold waters during upwelling (Figure 4). 
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a)  

 (b)  
 

Figure 3. (a) İnebolu daily (upper) and high-pass filtered (lower) SST time series, (b) 
along-shore and cross-shore components of wind velocity at 42.2°N, 32°E based on 

ERA-interim reanalysis (ECMWF) rotated clockwise by 40° (upper two panels, red dots 
are original unfiltered data points), the SST based on the reanalysis (black) and the 

İnebolu meteorological station time-series data (blue) (lower panel) 
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Figure 4. İnebolu people searching for fish near the coast at night (photos: Sinan Çevik) 
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Abstract  
 
The analysis of both observed climate and fire data from 1970 to 2007 in a typical 
Mediterranean environment (i.e., the North-eastern Iberian Peninsula) shows that the 
warming climate forcing alone would have led to a positive trend in the Number of Fires 
(NF) and a slightly negative trend in the Burned Area (BA) in summer. This is in contrast 
to the common expectation that warming should result in larger fires. In fact, for BA, 
probably less favourable conditions for both fine fuel availability and fuel connectivity 
counterbalance the increase in fuel flammability. Climate projections from the 
ENSEMBLES Project indicate that warming will continue up to at least 2050, promoting 
more numerous fires but of similar or slightly smaller extension. These results suggest 
the necessity for a more intense fire management effort in order to maintain the number 
of fires at least at the same level as today.  
 
Keywords: forest fires, Mediterranean regions, climate change, fire management 
 
Introduction  
 
The Mediterranean region is a “Hot-Spot” of climate change and wildfires, 
where about 50’000 fires burn 500’000 hectares every year (San-Miguel-Ayanz 
et al. 2013). However, in spite of the growing concerns of the climate change 
impacts on Mediterranean wildfires, there are aspects of this topic that remain 
largely to be investigated. 
 
The main scientific objective of this study is to analyse the climate-driven 
changes on fires in a typical Mediterranean environment (Catalonia, NE of 
Spain). To achieve this goal, the following specific aims have been identified 
and addressed in this study. First, we analyse the recent evolution of fires. 
Secondly, we develop a statistical fire-climate model. Finally we estimate the 
fire impacts of observed and future climate change.  
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Materials and Methods 
 
Fire data were obtained from the Forest Fire Prevention Service of the 
“Generalitat de Catalunya” (SPIF) for the period 1970-2010. We focused on the 
eastern part of Catalonia and we considered two standard fire variables: the total 
Number of Fires (NF) and the total Burned Area (BA) in the summer months 
(June, July, August and September; JJAS). 
 
Observed climate data used in this study are provided by the high-resolution 
(0.2°×0.2°, approximately 20 km × 20 km) gridded dataset Spain02 
(www.meteo.unican.es/es/datasets/spain02; Herrera et al. 2012) covering Spain 
over the period 1950-2007. This dataset is a reference dataset for climate studies 
in Spain (see e.g. Herrera et al. 2010; Turco and Llasat 2011; Turco et al. 2011).  
 
The EU-funded project ENSEMBLES (http://ensemblesrt3.dmi.dk/; van der 
Linden and Mitchell 2009) produced the biggest available ensemble of latest-
generation RCM regional simulations at an unprecedented resolution (25 km). 
We have analysed three different sets of regional models: (i) the RCMs driven 
by the ERA40 reanalysis data, available for the period 1961-2000, (ii) the 
GCM-driven RCMs in the control period 1961-2000 (using the 20C3M 
scenario, i.e. with observed greenhouse gasses) and (iii) future A1B scenario 
simulations of GCM-driven RCMs. The RCMs used here has been extensively 
validated (see Herrera et al. 2010; Turco et al. 2013a for more details). 
 
Results 
 
First, we examined a homogeneous series of forest fires in the period 1970–
2010. We restricted the analysis to fires with a burned area of at least 0.5 ha. 
Our analysis shows that both the burned area and number of fire series display a 
significant decreasing trend. We found that BA decreased by about -2 km2year-1 
and NF by about -6 fires year-1. A possible driver of the observed fires trend is 
the increasing effort to fire management. For instance, after the big fires in the 
1980s, fire management strategies were improved, with an increase in fire 
prevention and fire fighting measures, on a European and Spanish level (more 
details at Turco et al. 2013b). 
 
Secondly, we showed that the interannual variability of summer fires is 
significantly related to antecedent and concurrent climate conditions, 
highlighting the importance of climate not only in regulating fuel flammability, 
but also fuel load (Turco et al. 2013c; Turco et al. 2014a). On the basis of these 
results, we developed a multiple linear regression model (MLR) through a 
stepwise regression process (more details in Turco et al. 2013c): 
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log(BA)’ = - 0.91 DD’(6-7)  + 0.36 Tx’(6-7) - 0.48 Tn’(4-4) - 0.75 Tx’(2-11)(2)+ Ɛ 
 (Eq.1) 
log(NF)’ =  - 0.36 P’(5-8)     + 0.34 Tx’(6-9) – 0.16 Tn’(4-5) + 0.08 P’(1-8)(2) + Ɛ 
 (Eq. 2) 
 
where the fire variables (log-transformed and detrended BA and NF in JJAS), 
are related to the detrended climate variables (precipitation P’(n−m)(τ), number 
of dry days DD’(n−m)(τ), maximum temperature Tx’(n−m)(τ), and minimum 
temperature Tn’(n−m)(τ), during the months from n to m (starting in January) at 
the time lag τ, in years, omitted if it is equal to 0. These regression models are 
the simplest empirical models with the largest explanatory power (R2= 67% for 
BA and 71% for NF). Our out-of-sample tests confirm that these simple 
regression models have predictive ability for summer fires in Catalonia (Figure 
1). 
 

Figure 1. Out-sample prediction for (a) detrended log(NF) and (b) detrended log(BA). 
The continuous line with solid circles represents the observed data. The dotted line with 

empty circles is the median of 1000 different out-of-sample predictions; the dashed 
orange bands include 95% of the members of the ensemble of out-of-sample predictions. 
Vertical lines show the edges of the 4 test periods considered in a 9-fold cross validation 

during the 36-years period 1970-2005. 
 
Finally we applied this model to estimate the impacts of observed climate trends 
on summer fires and the possible fire response to different regional climate 
change projections. The temperature trend indicates a clear warming, coherent 
with the observed regional and global warming (Turco et al. 2014b and 
reference therein) while for precipitation no significant trend is observed (Turco 
and Llasat 2011). Future projections indicate a sustained increase in 
temperature, particularly in summer, at a rate that continues the historical value. 
Precipitation projections show a non-significant decreasing trend (Turco et al. 
2014a).  
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We assessed the impact of observed climate trends on wildfire statistics by 
fitting the fire-climate model with two sets of drivers: (i) all drivers: that is, the 
MLR consider the year-to-year climate variation added to the overall trend and 
(ii) only the climate drivers. The climate trends lead to a positive trend for NF 
(+0.16 log(number)/decade). While the actual trend is negative (0.42 log(NF) 
/decade) climate forcing alone would have led to a positive trend in NF. This 
suggests that the direct effect of climate (i.e. higher flammability) is more 
important than the indirect effects (i.e. lower fine fuel availability). In the 
absence of fire management, which presumably drives the NF decrease, we 
would have had a significant increase in NF. As an example, in the 70’s the 
annual number of summer forest fires (>0.5 ha) arrived to 250, while at the end 
of last decade, was approximately near 50, but considering only the climate 
trend the expected value would be near 400. The climate change impact on BA 
is more complex. Both the actual fire trends (-0.49 log(BA)/decade) and the 
parts attributed to climate (-0.13 log(ha)/decade) are negative. In this case a 
decrease near to 40% in the burned area has been recorded since the 70’s. This 
can be associated with the importance of antecedent climate conditions for this 
variable. A hypothesis would be that warmer conditions act on the fuel structure 
by limiting the availability of fine fuel and the spread of large fires.  
 
Finally we analysed the future projections for NF and BA. For future 
projections, we drive the MLR models using only climate variables as 
predictors, that is, assuming no further improvement in future fire management. 
Figure 2 shows the impacts of climate change on BA and NF (as changes of the 
actual fire series and not of their log-transformed values). This is achieved by 
plotting the results for 2020-2050 relative to those for 1970-2000. Boxplots 
show the uncertainty of the ensemble of projections (composed by eleven 
RCMs) and the uncertainty of the fire-climate model parameters combined with 
RCM uncertainties (1000 bootstrap replications for each of the eleven RCMs). 
The results suggest that future warmer conditions should lead to a decrease in 
BA (the median of the BA is at -50% of the historical value), and to an increase 
in NF (median at about +50% of the historical value). The overall uncertainty is 
large, and it is dominated by the RCM spread (Figure 2).  
 
Conclusions 
 
We show that a transition toward warmer conditions has already started to occur 
and it is possible that these conditions will continue until 2050 (under the A1B 
scenario). Such an increase in temperature would promote more fires, with 
similar or lower extension. These results suggest that a warmer climate affects 
wildfire activity in Mediterranean environments, not only by leading to more 
favourable conditions for burning, but also modifying the structure of the fuel 
(availability and continuity) to be burned (Turco et al. 2014a). 
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Figure 2. Impacts on BA and NF from climate change in 2020-2050 relative to 1970- 

2000. Boxplots show the uncertainty associated with the ensemble of model projections 
(11 RCMs) and the uncertainty of the fire-climate model parameters combined with the 

RCM uncertainties (1000 bootstrap replications for each one of the 11 RCMs). The 
median of the fire response is shown as a solid line, the box shows the 25-75 percentile 

range and the whiskers show the 5-95 percentile range. 
 
Presumably, the complex relationships between climate, human activities, 
vegetation and fires, hamper the applicability of fire impact models to 
conditions which are very different from the current ones. For these reasons, we 
limited our estimate of wildfire response to a few decades in the future, when 
climatic conditions should not be dramatically different from the current ones. 
Even on such a limited time span, the ability to quantitatively predict the impact 
of climate change on wildfires is crucial to provide adequate society adaptation 
strategies. For example, the increase in NF which we find in future projections 
indicates the need for a more intense fire management effort in order to maintain 
the number of fires at least at the same level as today.  
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