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1. Publishable Executive Summary
Temporal and spatial variability, related trends of extreme temperatures were examined. Indices of temperature extremes from E-OBS and ERA-40 gridded temperature datasets were calculated for the second half of 20th century and the respective trends were estimated. Comparison of indices from these two datasets shows that both provide a similar description of temperature extremes, although E-OBS is restricted over land-only regions. In particular, trend analyses of these indices in the last five decades (1958–2008) point a wide-spread increase of hot extremes (TN95n, TX95n TG95n, WSDI, HWDI), not only in the Mediterranean but in the greater European region too. At the same time, a general decreasing trend of cold extremes (TN5n, TX5n, TG5n, CWDI) is found, but is not as strong as the increasing trend of hot extremes. With regard to trends of hot extremes, they differ between western and eastern (south-eastern) sides of the Mediterranean in winter, whereas in summer they are more uniform across the Mediterranean and appear to be stronger over the sea and near-coast lands. Moreover, summer-time increasing trends of hot extremes were particularly strong in the last 20 years (1989-2008) over Central and Eastern Mediterranean and also in the Black Sea region. Station-based analyses for the Eastern Mediterranean and Italy generally confirm the findings of the gridded-data analysis while allowing more detailed analysis of the spatial variability over these sub regions.
2. Introduction
Global and regional-scale studies of daily temperature extremes in 20th century have shown patterns of changes in extremes being consistent with a general warming: cold extremes are reduced and warm/hot extremes are increased [IPCC, 2007]. These changes were particularly prominent in the second half of last century. 
In this report, the regional character of these changes in the Greater Mediterranean Region (15°W–42°E, 25°N–50°N) is first described based on the analyses of high-resolution gridded daily temperature datasets. This work presented in Section 3 was undertaken by the University of East Anglia (Efthymiadis, Goodess, Jones). An analysis of Eastern Mediterranean station data undertaken by the University of Bern (Toreti) is presented in Section 4, while an analysis of station data for sub-regions of Italy undertaken by IBIMET-CNR (Baldi, Coccimiglio) is described in Section 5.
3. Analysis of gridded temperature for the Mediterranean
3.1. Data Used
Two gridded daily temperature datasets were used for the analysis. The first is the E-OBS dataset produced after spatial interpolation and kriging of daily station data (daily minimum, maximum and mean temperature; abbreviated TN, TX and TG, respectively) originating from Europe and the circum-Mediterranean countries [Haylock et al., 2008]. Although the dataset starts in 1950, its spatial and temporal coverage is determined by the station data availability, and is quite limited in the southern and eastern lands of the Mediterranean Basin (i.e. N. Africa and Middle East). The 0.5 degree normal grid version of E‑OBS was used in this study. 
The second dataset stems from the ERA-40 reanalysis project developed at the European Centre for Medium-Range Weather Forecast (ECMWF) which through a multi-source data assimilation system aimed to describe the state of the atmosphere, land and ocean-wave conditions during the 45 years from September 1957 to August 2002 [Uppala et al., 2005]. The 2-metre temperature field is one of the products of ERA-40 and is provided four times a day, at 00:00, 06:00, 12:00 and 18:00 hours. 
To extend the temporal coverage up to recent times, the 2-metre temperature field from the successor of ERA-40, namely the ERA-Interim system [Simmons et al., 2006], was used from January 1989 onwards. The merging of the two data versions was preceded by adjusting ERA-40 data (1.0 degree normal grid version) using ERA-Interim data  (1.5 degree normal grid version) as a reference after regression analyses over the overlapping period of the two datasets (Jan. 1989 – Aug. 2002). For each point of the 1.5 degree normal grid, the analysis was performed on a calendar-day basis by selecting 1-month long time series of ERA-Interim temperatures around each calendar day and estimating the regression coefficients of contemporary ERA-40 series from neighbouring 1-degree grid points. These coefficients were then used to produce ERA-Interim compatible series using ERA-40 data for the period from Sep. 1957 to Dec. 1988. This merging yielded continuous daily series, from September 1957 to date. Finally, the TN, TX and TG variables were determined by approximating them with the minimum, maximum and mean of the four temperature values being available each day. 
While the advantage of E‑OBS is its higher spatial resolution, the continuous in time and space (over both land and sea) coverage of ERA-40 and the dynamic consistency between the variables of the data assimilation system, which enhances the homogeneity of the produced fields, makes the later dataset a useful complementary source for studying climate variations. In Table 1, the basic features of the datasets used are outlined.
	Dataset:
	E-OBS
	ERA-40

	Spatial span:
	Europe and Mediterranean Basin
	Global

	Spatial resolution:
	0.5° × 0.5° degrees
	1.5° × 1.5° degrees

	Land/Sea coverage
	Land only
	Land & Sea

	Temporal span:
	Jan. 1950 – to date
	Sep. 1957 – to date

	Daily variables:
	TN, TX, TG
	Temperature at 00:00, 06:00, 12:00, 18:00 hours

	Dataset development method:
	Two step spatial interpolation of station observations
(thin-plate spline interpolation of monthly means/totals;

kriging of daily anomalies)
	Reanalysis product 

(observational data assimilation)


Table 1: Datasets used and their features
3.2. Analysis of Extreme Temperature Events
3.2.1. Definition of Indices
The fifteen indicators for the characterization of temperature extremes (“indices” hereafter) which were proposed in an earlier stage of the CIRCE project (as described in Deliverable D6.1.1; see Table 2 below) were estimated for both E-OBS and ERA-40 datasets. These indices are related to:

· The intensity of temperature extremes (with reference to calendar day-dependent thresholds based on percentiles of daily temperatures’ distribution within a 5-day window over the 1961–1990 base period)
· The frequency of days exceeding the pre-calculated intensity levels (i.e. the thresholds) within a month or multi-month period
· The duration of spells whose all days (i.e. non-intermittently) exceed a certain intensity level.
	Index
	Abbr.
	Description

	Intensity related indices

	Threshold of extremely cold min temperature
	TN5p
	5th percentile of daily minimum temperature (TN)

	Threshold of extremely hot min temperature
	TN95p
	95th percentile of daily minimum temperature

	Threshold of extremely cold max temperature
	TX5p
	5th percentile of daily maximum temperature (TX)

	Threshold of extremely hot max temperature
	TX95p
	95th percentile of daily maximum temperature

	Threshold of extremely cold mean temperature
	TG5p
	5th percentile of daily mean temperature (TG)

	Threshold of extremely hot mean temperature
	TG95p
	95th percentile of daily mean temperature

	Frequency related indices

	Frequency of very cold nights
	TN5n
	Number of days with TN falling below TN5p

	Frequency of very hot nights
	TN95n
	Number of days with TN exceeding TN95p

	Frequency of very cold days
	TX5n
	Number of days with TX falling below TX5p

	Frequency of very hot days
	TX95n
	Number of days with TX exceeding TX95p

	Frequency of very cold daily means
	TG5n
	Number of days with TG falling below TG5p

	Frequency of very hot daily means
	TG95n
	Number of days with TG exceeding TG95p

	Duration related indices

	Cold Wave Duration  Index
	CWDI
	Number of consecutive days with TN below TN5p

	Warm Spell Duration  Index
	WSDI
	Number of consecutive days (at least 6) with TX exceeding TX90p

	Heat Wave Duration  Index
	HWDI
	Number of consecutive days with TX exceeding TX95p


Table 2: Indices of temperature extremes
3.2.2. Calculation of Indices

The calculation started with the determination of extremes’ thresholds throughout the annual cycle for the temperature series (TN, TX, or TG) of each grid-point and continued with the estimation of the frequency and duration-related indices for standard 3-month seasons. For the E-OBS dataset, indices were calculated for grid-points whose time series were either complete or with just a few missing values. Thresholds were estimated only when the number of days with missing values did not exceed 1% of the total number of days under consideration (i.e. only 1 missing day in a group of 150 days for a 5-day window). Where more missing data were found and in order to avoid gaps in estimation of thresholds (and of the other indices too), the time window was gradually expanded from 5 to 31 days, until the criterion of 1% of missing data was satisfied. Nevertheless, the density of missing data did not allow the satisfaction of such a relaxed criterion everywhere, leaving large regions in Northern Africa and Middle East out of the extremes’ analysis. Having estimated the extremes’ thresholds, the calculation of frequency and duration-related indices was made on the condition that no more than 3 missing values were found in a specific 3‑month season. For the ERA-40 dataset, the indices’ estimation was, in contrast, straightforward, since there are no gaps in its temperature time series.

3.2.3. Comparison of indices from E-OBS and ERA-40 
The indices calculated from the two datasets were compared and found to be similar, though discrepancies were not always negligible. In Figure 1, two examples for (a) Western and (b) Eastern Mediterranean are shown. 
Studies focusing on the evaluation of E-OBS dataset have shown that the accuracy of extremes estimated depend on (i) the homogeneity of the gridded station data and (ii) the density of station network [Haylock et al., 2008; Hofstra et al., 2009a; 2009b]. In the regions of Northern Africa and Middle East where only a sparse network was available, the uncertainty in the indices of extremes is larger and thus the respective trends (wherever they can be calculated) should be treated with caution.
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Figure 1: Comparison of TX5n and TX95n extreme temperature indices (a) in Western Mediterranean (Central Iberia) and (b) in Eastern Mediterranean (Eastern Aegean) from E-OBS and ERA-40 data. Low-frequency variability of the indices is over-plotted.
3.3. Trends of Extreme Temperature Events
3.3.1. Trends over the period 1958–2008
Long-term trends of indices were calculated for the common 1958–2008 period. The results, for winter and summer, are shown in Figures 2–4. In these figures, the significant-only (at the 5% level) trends are also shown separately. Cold extremes in winter decrease (though not everywhere significantly) in Western Mediterranean lands, whereas marine extremes exhibit an increase in the W. Mediterranean Sea. In the Eastern Mediterranean, in contrast, cold extremes increase coherently over the Aegean and Black Seas and Asia Minor (Figure 2a). In summer, cold extremes exhibit a general decrease with variable rate across the Mediterranean Basin (Figure 2b).
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Figure 2: Trends of winter and summer TN5n, over the period 1958–2008, from E-OBS and ERA-40 data

Hot extremes in winter increase in the Western Mediterranean (but not in Northern Africa), whereas in the Eastern Mediterranean some decrease is observed (Figure 3a). In summer, a prominent increase is found almost everywhere and especially over sea (Figure 3b).
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Figure 3: Trends of winter and summer TX95n, over the period 1958–2008, from E-OBS and ERA-40 data

The duration of warm spells in winter is elongated in the Mediterranean, apart a marginally significant decrease in the eastern part of the basin (Figure 4a). In summer, heat waves become markedly longer over sea and more moderately longer over the lands surrounding the basin (Figure 4b).
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Figure 4: Trends of winter and summer HWDI, over the period 1958–2008, from E-OBS and ERA-40 data
The patterns of cold extremes’ trends, for spring, are similar (albeit less intense) to winter ones, whereas autumn patterns of decrease are the weakest across the year. On the other hand, hot extremes’ trends in spring and autumn are both summer like – but markedly weaker – although the comparatively strongest increases of hot extremes are found in the Western Mediterranean for spring, and in the South-Eastern Mediterranean for autumn.

3.3.2. Trends over the period 1989–2008
Long-term trends show the mean rate of change over the 1958–2008 period. A low-frequency analysis of the indices showed that in summer and in particular in the Eastern Mediterranean, most of the hot extremes’ trends detected there stem from changes in the last two decades (see Figure 1b). Thus additional trend analysis for 1989–2008 was done. The results are shown in Figures 5–6, where changes appear to have occurred mainly over the Central to Eastern Mediterranean Sea, in the Black Sea and to some extent over lands in the vicinity of these seas. Regarding spring-time trends, they exhibit a decrease of cold extremes in the eastern part of the Mediterranean and an increase of hot extremes in the western part, whereas autumn-time changes of cold (decrease) and hot (increase) extremes are both confined to the Eastern Mediterranean. As in the case of the 1958–2008 trends, none of these seasons exhibit such strong trends as those found in summer.
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Figure 5: Trends of summer TX95n, over the period 1989–2008, from E-OBS and ERA-40 data
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Figure 6: Trends of summer HWDI, over the period 1989–2008, from E-OBS and ERA-40 data

4. Changes in extremely hot daytime and nighttime temperatures in the Eastern Mediterranean

Daily summer maximum (TX) and minimum temperature series (TN) of 246 stations across the eastern Mediterranean Area were homogenized and used for estimating changes in percentiles. The findings highlight that 61% and 74% of the TX and TN time series respectively are affected by artificial break points such as site displacements, new instrumentation or land-use changes and underline the importance of data homogenization for analyzing extreme events. Results from the daily temperature homogeneity analysis suggest that many instrumental measurements in the mid-20th century are warm-biased and agree with findings by Della-Marta et al. [2007] and Kuglitsch et al. [2009]. 
After correcting these biases, the 95th percentile of maximum (TX95p) and minimum (TN95p) temperature have increased significantly and even more so than seen in analysis of the non-homogeneous raw data. 
Linear trends over the period 1960-2006 (°C/decade ± mean standard error; Theil-Sen method) of  summer TX95p and TN95p show a significant (using Mann-Kendall test) increase for a majority of the series analyzed (Fig. 1). The mean estimated trend in TX95p (+0.38 ±0.04°C/decade) over all stations is higher than in TN95p (+0.30 ±0.02°C/decade). While the TX95p increase is highest in continental areas (Central Balkan and Anatolia), the maximum increase of TN95p is in coastal areas. Only along the Turkish Mediterranean coastline and in parts of southeastern Anatolia TN95p increased more than TX95p. Overall, the strongest increase (>+0.625°C/decade) of TX95p and TN95p was found across the West Balkan, southwestern Turkey, western Anatolia and along the eastern parts of the Turkish black sea coastlines. Smallest changes in both TX95p and TN95p were found around the western Aegean and eastern and southeastern Anatolia. 

A significant decrease in TX95p was detected in Anamur (-0.27 ±0.05°C/decade) and Finike (-0.20 ±0.04°C/decade) on the Turkish southern coast. A significant decrease (-0.19 ±0.04 to -0.58 ±0.14°C/decade) in TN95p was detected in Kjustendil (Bulgaria), Tanagra, Tripoli (Greece), Egirdir, Erzincan, Sariz and Urgup (Turkey).  These stations showed 0.6-1.6°C higher temperatures in the 1960s compared to the last 10 years and are either located at higher altitudes (between 900 and 1500 amsl) or very close to sea level. However, significant and systematic differences in temperature trends in terms of altitude were not detected.

[image: image8.emf]
Figure 7: Linear trends (°C/decade) of summer TX95p (a) and TN95p (b) from 1960 to 2006 using the Theil-Sen method. Red- (blue-) colored dots indicate significant positive (negative) linear trends at the 5% significance level (Mann-Kendall test). Open circles indicate non-significant trends.
5. Temperature extremes in Italy

The description of the climate of a region and of its variability depends on the analysis of long-term time series of observed variables such as temperature, precipitation, humidity, wind, etc. However, in most of the cases, long time series of daily observations are affected by inhomogeneities, and, in addition, they also present missing values for periods of few (consecutive) days or more. This can limit the subsequent statistical analysis of time series therefore raw data must be specifically treated (Wilks, 2006).

For this study, daily meteorological observations were analyzed from 100 stations in Italy, covering the period 1961-2006. The stations were selected as those showing the lowest number of missing values, and, whenever possible, the lowest number of inhomogeneities. Data were first organized in a database, then quality controlled and homogenized. 

Data quality checks were carried out using software specifically developed by the authors which identifies potentially unrealistic climatic records, including negative values of daily maximum-minus-minimum temperatures, outliers, and negative values of daily precipitation.
In addition to data quality control, a further issue potentially affecting the data sets is homogeneity, which is related to changes of the instrumental apparatus or  to a relocation of the station or to changes of the environment surrounding the station (urbanization, etc). Several methodologies are currently used to homogenize meteorological time series (Peterson et al., 1998; Moberg and Alexandersson, 1997; Wijngaard et al., 2003). The RHtestV2 software package was used to detect, and adjust for, multiple change points (mean-shifts) that could exist in a data series that may have first order autoregressive errors. It is based on the penalized maximal t test (Wang et al. 2007) and the penalized maximal F test (Wang 2008a), which are embedded in a recursive testing algorithm (Wang 2008b), with the lag-1 autocorrelation (if any) of the time series being empirically accounted for. 

[image: image9.emf]
Figure 8: Spatial distribution of stations showing their assigned cluster (A-F)

During a second phase of the analysis, similarly to Unal et al. (2003), Principal Component Analysis (PCA) was applied to daily maximum and minimum temperature and precipitation and then a hierarchical cluster analysis, based on Ward’s method, of the full set of 100 stations covering the period 1971-2006 was used to divide the stations into six homogeneous classes, and the entire domain into six climatically homogeneous geographical regions (Figure 8). 

For each cluster, the climate characteristics were analyzed, in order to provide a description of the mean climate of each region, as summarized in Table 3.

	Cluster ID
	Description of climate homogeneous regions

	Cluster A
	To this cluster belong all stations in flat areas located along the Thyrrenian sea, in central-south Italy, not far from the coastline, and upwind relatively to the Appennines. They are directly exposed to westerly flows and perturbations of Atlantic origin. High winter precipitation rate (250/350 mm/winter). Mild temperatures

	Cluster B
	To this group belong all the stations along the coastlines and on the small Islands (i.e.: Pantelleria, Lampedusa, Ponza, Elba). Also a large portion of Puglia (South-East of Italy, except for the Gargano area), Sardinia and Sicily are counted in this class.  Mean characteristics: low precipitation rate, high temperatures.

	Cluster C
	To this class belong stations in the Po Valley, in flat areas or hilly terrain along the central-north Adriatic Sea, and hilly areas along the Central-North Thyrrenian Sea (in Tuscany and north Latium). They are all characterized by high  precipitation rate and high temperature during summer, low drought risk.

	Cluster D
	All the stations in the pre-Alpine region, north of the Po Valley. High precipitation rate and mild temperatures during winter and summer.

	Cluster E
	High elevation stations (over 1000m asl) along the Alps and the north Appennines. Cold temperatures.

	Cluster F
	Stations located at medium-high elevation (< 1000m asl) along the Appennines, such as Volterra and Radicofani in Tuscany (600-800m), Enna and Prizzi in Sicily (1000m), Fonni in Sardinia (1000m), and Gargano area in Puglia. Cold temperatures. Low summer precipitation.


Table 3: Characteristics of the six Italian climate clusters.
Finally, for each group of stations, the occurrence of the extreme events in terms of maximum and minimum temperatures (Tx, Tn respectively), their duration and intensity, and their trend over the last decades was analyzed. For this analysis the RClimDex software, developed and maintained by Xuebin Zhang and Feng Yang at the Climate Research Branch of the Meteorological Service of Canada (Zhang and Yang, 2004) was used.
RClimDex (1.0), an R based package (R is a language and environment for statistical computing and graphics which is a GNU implementation of the S language),  is designed to provide a user friendly interface to compute indices of climate extremes. It computes all 27 core indices recommended by the CCl/CLIVAR Expert Team for Climate Change Detection Monitoring and Indices (ETCCDMI) as well as some other temperature and precipitation indices with user defined thresholds. It also computes the linear trends of the indices and gives an assessment of statistical significance, for each individual weather station.

Results of the analysis of minimum and maximum temperature for stations located below 800m altitude, i.e. stations from the clusters A, B, C, D), which are representative of the most densely populated areas in Italy, show significant climate trends in the last few decades. Results are summarised in Table 4.
Table 4: Summary of extremes trends for four Italian clusters.
	Region
	Tn10p
	Tn90p
	Tx10p
	Tx90p
	Fd0
	Su25
	Tr20
	WSDI
	CSDI

	Region A
	-0,18
	0,3
	-0,2
	0,24
	-0,2
	0,4
	0,5
	0,2
	-0,2

	Region B
	-0,15
	0,2
	0,2
	0,19
	-0,1
	0,5
	0,5
	0,2
	-0,1

	Region C
	-0,13
	0,2
	-0,1
	0,19
	-0,2
	0,6
	0,4
	0,2
	-0,1

	Region D
	-0,16
	0,3
	-0,1
	0,27
	-0,4
	0,4
	0,4
	0,4
	-0,2


Note: 

Tn10p, Tx10p 10th percentile of Tmin, Tmax centred on a 5-day window; Tn90p, Tx90p 90th percentile of Tmin, Tmax centred on a 5-day window; FD0 Number of days where Tmin < 0C; SU25 Number of days where: Tmax > 25C, Tr20 Number of days where Tmin > 20C; WSDI Hot spells (number of days); CSDI Cold spells (number of days)

The overall picture shows in all the Italian regions considered a significant increase in hot spells (WSDI) and a significant decrease of cold spells (CSDI) (significance tested using Mann-Kendall test), confirming the results of Baldi et al (2006). The 90th percentile of maximum (TX90p) and minimum temperature (TN90p) has increased significantly, while the  10th percentile of maximum (TX10p) and minimum temperature (TN10p) has decreased significantly. The number of frost days (Fd0) has decreased over the period, while the number of days with minimum temperature >20°C (Tr20) has increased, as has the number of days with maximum temperature >25°C (Su25). In addition, a slight (0.01), but not significant, increase of daily temperature range (DTR, range of Tmax-Tmin) has been noticed in all the regions.

6. Ongoing Research
The ongoing research on Mediterranean temperature extremes is currently focusing on:
· The relation of the indices’ variations within the Mediterranean to variations of these indices in the wider European region
· The links to major atmospheric circulation patterns in the Euro-Atlantic region and also in the Tropics
· Analysis of links between summer temperature extremes over Italy and the westerly jet stream and other large-scale features
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