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The Greater Mediterranean Region

Source: ESA, 2010

It is influenced by 
subtropical processes, 
mid-latitude dynamics1 

�…

High population density (~60 persons/km2), vulnerability, exposure to 
climate change�….HOT SPOT2

1 Xoplaki, 2002

2 Giorgi, 2006



Why is the Mediterranean of importance?Why is the Mediterranean of importance?

A A ““hotspothotspot”” whose climate is especially responsive to global whose climate is especially responsive to global 
change and where potential climate change impacts are change and where potential climate change impacts are 
particularly strongparticularly strong

Spatial distribution of temperature and precipitationSpatial distribution of temperature and precipitation
– Large scale atmospheric circulation,

latitude, orography, land-sea interactions,
SSTs, other smaller scale processes



Hydrologic cycle Hydrologic cycle –– Rainy seasonRainy season
Water resources & water qualityWater resources & water quality

Agriculture & environmentAgriculture & environment

Economics & social development & behaviourEconomics & social development & behaviour

Temperature extremes Temperature extremes –– Heat wavesHeat waves
Mortality & air pollutionMortality & air pollution

TourismTourism

Vulnerability in the MediterraneanVulnerability in the Mediterranean
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Summer 2003; one of the hottest European Summer 2003; one of the hottest European 
summers over past centuriessummers over past centuries



Fires during summer 2003Fires during summer 2003



Extreme temperature eventsExtreme temperature events

1998

2009

2009

2005

2007



Impacts of extreme temperature eventsImpacts of extreme temperature events

2003

2007

2005



Costa Blanca floods, autumn 2007Costa Blanca floods, autumn 2007



Mediterranean Mediterranean climatologicalclimatological datadata
Gridded time seriesGridded time series

EE--OBS (OBS (HaylockHaylock et al. 2008)et al. 2008)
EMULATE (Ansell et al. 2006)EMULATE (Ansell et al. 2006)
CRUTEM3 (CRUTEM3 (BrohanBrohan et al. 2006)et al. 2006)
CPC GHCN/CAMS (Fan and van den CPC GHCN/CAMS (Fan and van den DoolDool 2008)2008)
CRU TS 3 (CRU TS 3 (MitchelMitchel and Jones 2005)and Jones 2005)
APRHODITE (E. Mediterranean only, APRHODITE (E. Mediterranean only, YatagaiYatagai et al. 2008)et al. 2008)
GPCC V4 (Schneider et al. 2008)GPCC V4 (Schneider et al. 2008)
TremberthTremberth’’ss NH (NH (TrenberthTrenberth and and PaolinoPaolino 1980)1980)
HadSLP2 (Allan and Ansell, 2006)HadSLP2 (Allan and Ansell, 2006)
NCEP/NCARNCEP/NCAR--Reanalysis (Reanalysis (KistlerKistler et al. 2001)et al. 2001)
ERAERA--4040--Reanalysis (Reanalysis (UppalaUppala et al. 2005)et al. 2005)



Mediterranean Mediterranean climatologicalclimatological datadata
ObservationsObservations

Daily and monthly station time series from 22 countries Daily and monthly station time series from 22 countries 
across the Greater Mediterranean Region across the Greater Mediterranean Region –– up to 2006up to 2006

Global Historical Climatology Network (GHCN)Global Historical Climatology Network (GHCN)
European Climate Assessment & Data set (ECA&D)European Climate Assessment & Data set (ECA&D)
WMOWMO––Initiative on Mediterranean Climate Data Rescue Initiative on Mediterranean Climate Data Rescue 
(WMO(WMO--MEDARE)MEDARE)
National Meteorological and Hydrological Services (National Meteorological and Hydrological Services (NMHSsNMHSs))

Algeria, Austria, Bosnia and Herzegovina, Bulgaria, Croatia, Algeria, Austria, Bosnia and Herzegovina, Bulgaria, Croatia, 
Cyprus, Egypt, France, FYROM, Greece, Hungary, Israel, Cyprus, Egypt, France, FYROM, Greece, Hungary, Israel, 
Italy, Jordan, Libya, Moldova, Morocco, Portugal, Romania, Italy, Jordan, Libya, Moldova, Morocco, Portugal, Romania, 
Serbia, Slovenia, Spain, Switzerland, Syria, Tunisia, TurkeySerbia, Slovenia, Spain, Switzerland, Syria, Tunisia, Turkey



Mediterranean Mediterranean climatologicalclimatological datadata
Monthly observations Monthly observations –– TmaxTmax & & TminTmin

Status 2009



Mediterranean Mediterranean climatologicalclimatological datadata
Monthly observations Monthly observations -- PrecipitationPrecipitation

Status 2009



Mediterranean Mediterranean climatologicalclimatological datadata
Daily observations Daily observations –– TmaxTmax & & TminTmin

Status 2009



Mediterranean Mediterranean climatologicalclimatological datadata
Daily observations Daily observations –– PrecipitationPrecipitation

Status 2009



Errors in Errors in climatologicalclimatological time seriestime series

mean

variance

mean and 
variance



Quality control & homogenizationQuality control & homogenization
Daily dataDaily data

•• Break DetectionBreak Detection
CaussinusCaussinus and and MestreMestre 20042004
Wang et al. 2007Wang et al. 2007
Wang 2008Wang 2008
Toreti et al. 2011Toreti et al. 2011

•• CorrectionCorrection
PENHOM (PENHOM (KuglitschKuglitsch et al. 2009)et al. 2009)
HOMAD (HOMAD (ToretiToreti et al. 2010)et al. 2010)

DellaDella--Marta and Marta and WannerWanner 20062006



Quality control & homogenizationQuality control & homogenization
Daily dataDaily data

•• Break DetectionBreak Detection
-- No metadata neededNo metadata needed
-- Detection of unknown number of Break Points (BP) Detection of unknown number of Break Points (BP) 

possiblepossible
-- Time series between 2 break points assumed to be Time series between 2 break points assumed to be 

homogeneoushomogeneous

•• CorrectionCorrection
-- Adjustments of daily values, variance, Adjustments of daily values, variance, skewnessskewness and and 

higherhigher--order moments, taking into consideration order moments, taking into consideration 
autocorrelation of the time seriesautocorrelation of the time series



Quality control & homogenizationQuality control & homogenization
Break detectionBreak detection

Kuglitsch et al. 2009

Status 2009



Quality control & homogenizationQuality control & homogenization
Break correctionBreak correction

Kuglitsch et al. 2009

Status 2009



Slope changesSlope changes

Kuglitsch et al. 2009

Status 2009



Quality control & homogenizationQuality control & homogenization
Break correctionBreak correction

Homogenised Max temperatureHomogenised Max temperature
KuglitschKuglitsch et al. 2009et al. 2009



The Mediterranean ClimateThe Mediterranean Climate
Winter temperature,Winter temperature, 19511951--20052005

CRU

Station data

CRU

Station data

Toreti 2010



The Mediterranean ClimateThe Mediterranean Climate
Winter precipitation, 1951Winter precipitation, 1951--20052005

Station data CRU

Toreti 2010



The Mediterranean ClimateThe Mediterranean Climate
Summer temperature, 1951Summer temperature, 1951--20052005

EOBS

CRU
Station data

Toreti 2010



Mediterranean summer Mediterranean summer TmaxTmax & & TminTmin

-0.12°C/decade
-0.19°C/decade

-0.27°C/decade
-0.30°C/decade

+0.67°C/decade
+0.61°C/decade

+0.48°C/decade
+0.43°C/decade

Kuglitsch 2010



Mediterranean Climate ChangeMediterranean Climate Change
Winter temperature, 1951Winter temperature, 1951--20052005

CRU

Station data

Toreti 2010



Mediterranean Climate ChangeMediterranean Climate Change
Winter precipitation, 1951Winter precipitation, 1951--20052005

CRUStation data

Toreti 2010



The Mediterranean ClimateThe Mediterranean Climate
Summer precipitation, 1951Summer precipitation, 1951--20052005

CRUStation data

Toreti 2010



Data and MethodsData and Methods

Independent climate data for the MediterraneanIndependent climate data for the Mediterranean
Gridded temperature 1750Gridded temperature 1750--20062006
LuterbacherLuterbacher et al. 2004 & et al. 2004 & XoplakiXoplaki et al. 2005, updated; et al. 2005, updated; BrohanBrohan et et 
al. 2006al. 2006

Gridded precipitation 1750Gridded precipitation 1750--20062006
Pauling et al. 2006; Pauling et al. 2006; BrohanBrohan et al. 2006et al. 2006

LargeLarge--scalescale ggridded sea level pressure 1750ridded sea level pressure 1750--2006,2006,
combined station pressure and CLIWOC/ICOADS datacombined station pressure and CLIWOC/ICOADS data
KKüüttelttel et et al.al. 20102010 & & AllanAllan andand AnsellAnsell 20062006

MethodMethod
Canonical Correlation Analysis (CCA)Canonical Correlation Analysis (CCA)

selection of optimally correlated patterns between SLP selection of optimally correlated patterns between SLP 
and Mediterranean temperature & precipitationand Mediterranean temperature & precipitation



CCA1, 1750CCA1, 1750--20062006
The EA/WRUSThe EA/WRUS--like patternlike pattern

+warm

co
ol

dryer and warmer (north),
wetter and cooler (south)

wetter and cooler (north),
drier and warmer (south)

_ _



CCA2, 1750CCA2, 1750--20062006
The NAOThe NAO--like patternlike pattern

dry and warm+

_
dry and warm, pos NAOI

wet and cool, neg NAOI



CCA1, 1960CCA1, 1960--20062006
The EA/WRUSThe EA/WRUS--like patternlike pattern

+ +

_ _ _ _



CCA2, 1960CCA2, 1960--20062006
The partly NAOThe partly NAO--like patternlike pattern

+ +

_ _



ConclusionsConclusions

Importance of Mediterranean data availability & qualityImportance of Mediterranean data availability & quality

The most important atmospheric modes to account for The most important atmospheric modes to account for 
Mediterranean winter climate variability over the past 250 Mediterranean winter climate variability over the past 250 
years are the NAO and EA/WRUS with changing influence years are the NAO and EA/WRUS with changing influence 
over time and different impacts at regional scalesover time and different impacts at regional scales

Recent winter dryness is exceptional, although dry periods Recent winter dryness is exceptional, although dry periods 
were also experienced within the last 250 yearswere also experienced within the last 250 years

Positive NAO and EA/WRUS strongly contributed to the Positive NAO and EA/WRUS strongly contributed to the 
recent overall winter dryness, especially over the Iberian recent overall winter dryness, especially over the Iberian 
Peninsula, and warming to the north of the BasinPeninsula, and warming to the north of the Basin

Lesser warming to the west and even cooling to the east Lesser warming to the west and even cooling to the east 
can be partly attributed to the different impact of the NAO can be partly attributed to the different impact of the NAO 
and EA/WRUS patterns in these regionsand EA/WRUS patterns in these regions



Extreme events in the Mediterranean



Climate extremesClimate extremes

Climate extremes: 
the tail is important

Source: Nasa

Source: La Repubblica

Source: WHO, 2008

Source: Barredo, 2009



Major flood disasters in the EU 1950Major flood disasters in the EU 1950-- 20052005

Barredo 2007



5050--year period flood distribution in year period flood distribution in 
Barcelona county from AD 1351 to 2000Barcelona county from AD 1351 to 2000

Barrera et al. 2005



Trends & extremes Trends & extremes –– MethodologyMethodology

Slope estimationSlope estimation
MannMann--Kendal (modified for indices: replication of values)Kendal (modified for indices: replication of values)
TheilTheil--SenSen (non(non--parametric, robust with outliers and errors; parametric, robust with outliers and errors; 
modified for indices: replication of values)modified for indices: replication of values)

ChangeChange--Point Analysis (detection of more complex trends)Point Analysis (detection of more complex trends)

dePOTdePOT ((declustereddeclustered Peaks Over Threshold; return values)Peaks Over Threshold; return values)
stationary model stationary model –– without imposing trends to the without imposing trends to the 
parameters of the distributionparameters of the distribution

PrecipitationPrecipitation
(missing values, too short time series)(missing values, too short time series)
Iterated Cumulative Sum of Squares, change in varianceIterated Cumulative Sum of Squares, change in variance

Extreme event indicesExtreme event indices (HWDI, HW3 duration & intensity, (HWDI, HW3 duration & intensity, 
HWmaxHWmax duration and intensity)duration and intensity)



Extreme precipitationExtreme precipitation
DataData

Daily preci series

GAHMM  
CauMe

286 daily preci series
1950-2006

Oct - March

Toreti 2010



Extreme precipitationExtreme precipitation
DataData

m

Source: Gualdi et al., 2010

INGV-CMCC GCM. 1950-2050 A1B scenario

Toreti 2010



Extreme precipitation: methodsExtreme precipitation: methods

Xt daily time series X-u conditional on X > u

Generalized Pareto Distribution1,2

shape parameter 
>0                heavy tail

=0                exponential

<0                finite right end point

scale parameter
1 Davison and Smith, 1990

2 Pickands, 1975

Toreti 2010



Extreme precipitation: methodsExtreme precipitation: methods

GP parameters estimation:
Minimum Density Power Divergence Estimator2

u  = Goodness-of-fit 
approach3

Declustering scheme1

u = 90th percentile

Std errors: var-covariance 
matrix and delta method4 1 Ferro and Segers, 2003

2 Juárez and Schucany, 
2004

3 Choulakian and Stephens, 
2001

4 Shao, 2003

Toreti 2010



Extreme precipitationExtreme precipitation

Shape

INGV-CMCC

model

Instrumental 
time series

Toreti et al. 2010



Extreme precipitationExtreme precipitation

5-year 
return 
level

INGV-CMCC

model

Instrumental 
time series

Toreti et al. 2010



Extreme precipitationExtreme precipitation

50-year 
return 
level

INGV-CMCC

model

Instrumental 
time series

Toreti et al. 2010



Extreme precipitationExtreme precipitation

INGV-CMCC GCM

2031-2050 
compared to 20th 
century

5-year return level 
(mm)

Winter preci due to 
extreme events (%)

Number of days 
with extreme daily 
precipitation

Toreti et al. 2010



Extreme precipitationExtreme precipitation

sign increase       sign decrease        no significance 

Probability of 
occurrence of 
extreme events. 
Estimated tendency

Toreti 2010



Dry days (< 1 mm), October Dry days (< 1 mm), October –– MarchMarch

Differences
1981 2000 �– 1961 1980



Wet days (> 1 mm), October Wet days (> 1 mm), October –– MarchMarch

Differences
1981 2000 �– 1961 1980



Extreme precipitation and atmospheric circulationExtreme precipitation and atmospheric circulation

20 coastal stations

Anomalies of Z500, SLP 
From

NCEP-NCAR reanalysis1

Daily anomaly fieds associated with extreme precipitation days

1 Kistler et al., 2001

Toreti et al. 2010



Extreme precipitation and atmospheric circulationExtreme precipitation and atmospheric circulation

Classification algorithm

Self Organized Maps1 Genetic K-means2

Singular Value Decomposition
similarity measure3

Significance: comparison with clusters associated with dry days 
and non-extreme wet days                      Brunner-Munzel test4

1 Kohonen, 2001

2 Krishna and Narasimha 
Murty, 1999

3 Dray, 2008

4 Brunner and Munzel, 2000

Toreti et al. 2010



Extreme precipitation and atmospheric circulationExtreme precipitation and atmospheric circulation

Z500 Western Mediterranean

Toreti et al. 2010

Dipole 
structure

southwesterly 
flow

moisture 
transport from 
the Atlantic



Extreme precipitation and atmospheric circulationExtreme precipitation and atmospheric circulation

Z500 Eastern Mediterranean

Toreti et al. 2010

Warm air 
advection &
anomalous 
vertical motion

instability

moisture 
transport from 
western basin



Winter and summer TX95n trends, 1958Winter and summer TX95n trends, 1958--20082008

Goodess and Efthymiadis
in Garcia-Herrera et al. 2011



Summer Summer TmaxTmax & & TminTmin trends, 1960trends, 1960--20062006

Kuglitsch et al. 2010



Trends: summer TX/TNTrends: summer TX/TN 95% percentile95% percentile

•• TX95perc: +0.38 TX95perc: +0.38 ±± 0.040.04°°C/decadeC/decade
•• Max. Max. increase in continental areasincrease in continental areas

•• TN95perc: +0.30 TN95perc: +0.30 ±± 0.020.02°°C/decadeC/decade
•• Max. increase in coastal areasMax. increase in coastal areas

Kuglitsch et al. 2010



55--year return levels, summer temperatureyear return levels, summer temperature

Toreti 2010



HeatwaveHeatwave definitiondefinition

Tmax

Tmin

95th percentile

HW 3 consecutive hot days and nights
Kuglitsch et al. 2010



Heatwave intensity trendHeatwave intensity trend

•• HWI95:HWI95: +1.33 +1.33 ±± 0.060.06°°C/decadeC/decade
•• 56% 56% significantsignificant

Kuglitsch et al. 2010



Heatwave duration trendHeatwave duration trend

•• HWL95:HWL95: +0.85 +0.85 ±± 0.02 days/decade0.02 days/decade
•• 37% 37% significantsignificant

Kuglitsch et al. 2010



Heatwave number trendHeatwave number trend

•• HWN95:HWN95: +0.17 +0.17 ±± 0.01/decade0.01/decade
•• 47% 47% significantsignificant

Kuglitsch et al. 2010



Trends Trends in heatwavesin heatwaves number, duration, intensitynumber, duration, intensity

•• HWI95:HWI95: +1.33 +1.33 ±± 0.060.06°°C/decadeC/decade
•• 56% 56% significantsignificant

•• HWN95:HWN95: +0.17 +0.17 ±± 0.01/decade0.01/decade
•• 47% 47% significantsignificant

•• HWL95:HWL95: +0.85 +0.85 ±± 0.02 days/decade0.02 days/decade
•• 37% 37% significantsignificant

•• Heatwaves Heatwaves �„�„HotHot--SpotSpot�“�“??
•• Western BalkansWestern Balkans
•• WesternWestern TurkeyTurkey
•• Black Sea CoastBlack Sea Coast

Kuglitsch et al. 2010



Influence of data homogenisation in Influence of data homogenisation in 
heatwave trendheatwave trend

•• Overstimated Overstimated 
temperaturetemperature

•• Measurement Measurement 
proceduresprocedures
•• weather screensweather screens

•• StevensonStevenson

•• TX95%:TX95%: --0.050.05°°C C ±± 0.030.03°°CC
•• TN95%:TN95%: --0.070.07°°C C ±± 0.020.02°°CC

•• HWN95HWN95: : --0.2 0.2 ±± 0.010.01
•• HWL95: HWL95: --0.5 0.5 daysdays ±± 0.020.02
•• HWI95: HWI95: --2.02.0°°C C ±± 0.110.11°°CC

•• 24% significant changes in 24% significant changes in 
HWN95 trendsHWN95 trends

Sign./not sign. heatwave increase
Sign./not sign. heatwave decrease
No change

1960s, 1970s

Kuglitsch et al. 2010



HeatwaveHeatwave fatalities in Eastern Mediterraneanfatalities in Eastern Mediterranean

Kuglitsch et al. in prep.



Eastern Mediterranean Eastern Mediterranean heatwavesheatwaves
Atmospheric circulationAtmospheric circulation

Xoplaki and Kuglitsch
in Trigo et al. 2011



Impacts of climate change & extreme events 
in Mediterranean societies



IPCC fourth assessment reportIPCC fourth assessment report

Impacts are occurring now as a consequence of Impacts are occurring now as a consequence of 
climate changeclimate change
Future possible impacts have been identifiedFuture possible impacts have been identified
We can now detect the global effects of  We can now detect the global effects of  
anthropogenic warminganthropogenic warming

Sectors impacted:Sectors impacted:
–– WaterWater
–– EcosystemsEcosystems
–– FoodFood
–– CoastsCoasts
–– Industry, Settlement and SocietyIndustry, Settlement and Society
–– Human healthHuman health



Future climate; Europe & MediterraneanFuture climate; Europe & Mediterranean

Changes in the number of summer days 
(Tmax > 25°C) between 2030 and 1990

2100: temperature will rise between 2 and 6.3°C above 1990 levels.
Greater frequency and intensity of extreme weather events are expected.

Giannakopoulos et al. 2009



Human healthHuman health

Changes in frequency and intensity of extreme weather and climate 
events could pose a serious threat to human health. These threats may 
either be direct, such as heat waves and flooding, or indirect, for 
example by the spread of tick-borne diseases. Particularly vulnerable 
sections of the population would be elderly people with limited access to 
health care services

Giannakopoulos
pers. comm.



TourismTourism

Unreliable snow cover resulting from temperature rise is likely to lead
to a loss in winter tourism. Water shortage, water quality problems,
and more frequent & intense heat waves in southern Europe could 
cause notable reductions in summer tourism.
New opportunities for tourism may arise in other areas.

Changes in the number of tropical nights 
(Tmin >20oC) between 2030 and 1990 Giannakopoulos et al. 2009



Water resourcesWater resources

Changes in the maximum length of dry spell in 
days between 2030 and 1990

Temperature rise and changing precipitation patterns are expected to
exacerbate the already acute water shortage problem in southern and
south-eastern regions. Changes in frequency and intensity of 
droughts & floods are projected, which could cause significant 
financial and human losses throughout Europe

Giannakopoulos et al. 2009



Climate change adaptationClimate change adaptation

Developing and implementing adaptation measures is a relatively 
new issue. Existing measures are very much concentrated in flood
defense. Therefore, there is considerable scope for adaptation 
planning and implementation in areas such as public health, water 
resources and management of ecosystems. Currently, there is a 
number of challenges facing climate change adaptation.



Climate change adaptation challengesClimate change adaptation challenges

improving climate models and scenarios at regional level, especiimproving climate models and scenarios at regional level, especially ally 
for extreme weather events, to reduce the high level of uncertaifor extreme weather events, to reduce the high level of uncertainty;nty;

advancing understanding on 'good practice' in adaptation measureadvancing understanding on 'good practice' in adaptation measures s 
through exchange and information sharing on feasibility, costs athrough exchange and information sharing on feasibility, costs and nd 
benefits;benefits;

involving the public and private sectors, and the general publicinvolving the public and private sectors, and the general public at at 
both local and national levels;both local and national levels;

enhancing coordination and collaboration both within and betweenenhancing coordination and collaboration both within and between
countries to ensure the coherence of adaptation measures with countries to ensure the coherence of adaptation measures with 
other policy objectives, and the allocation of appropriate resouother policy objectives, and the allocation of appropriate resources.rces.



ConclusionsConclusions

Increased occurrence probability of extreme precipitation eventsIncreased occurrence probability of extreme precipitation events

Less wet and more dry days, OctLess wet and more dry days, Oct--Mar, 1981Mar, 1981--2000 2000 –– 19611961--19801980

West Mediterranean extreme precipitation events are connected West Mediterranean extreme precipitation events are connected 
with intensified moisture transport of Atlantic originwith intensified moisture transport of Atlantic origin

East Mediterranean extreme precipitation events are connected East Mediterranean extreme precipitation events are connected 
with warm air advection and instabilitywith warm air advection and instability

Upward trends of Eastern Mediterranean Upward trends of Eastern Mediterranean heatwaveheatwave intensity, intensity, 
number and durationnumber and duration

10 most severe Eastern Mediterranean 10 most severe Eastern Mediterranean heatwavesheatwaves are are 
connected with increased atmospheric stability resulting in cleaconnected with increased atmospheric stability resulting in clear r 
skies and maximum skies and maximum insolationinsolation and reduced relative air humidityand reduced relative air humidity



Thank you very muchThank you very much
for your attention!for your attention!


