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1. Publishable Executive Summary
Changes in temperature extremes have been assessed using output from four of the CIRCE climate model simulations and 15 indices of extremes previously used to explore observed changes in extremes. The indices examined include the number of very hot days and nights and very cold days and nights, together with warm and cold spell duration. Changes are presented for 2021-2050 with respect to 1961-1990 and for the A1B emissions scenario. The general picture of more warm/hot extremes and fewer cold extremes is consistent with the changes observed over the Mediterranean over the last few decades and with other projections for the end of the 21st century. While the direction of the projected changes is robust, there is, however, uncertainty in the magnitude of change. 
2. Introduction
In earlier CIRCE work (D6.2.1 Report on extreme temperature events), the UEA team investigated observed trends for the second half of the 20th century in extreme temperature indices calculated from E-OBS and ERA-40 gridded datasets. A wide-spread increase of hot extremes was found, together with a (less strong) general decreasing trend of cold extremes. An acceleration of trends in summer-time hot extremes was found over the Central and Eastern Mediterranean and the Black Sea region over the last 20 years (1958-2008).

In this report, future changes in the same indices are investigated using output from the CIRCE climate model runs. The novel characteristic of these runs is that they incorporate a realistic representation of the Mediterranean Sea including coupling between the Sea and the atmosphere. 

3. Climate model data and temperature indices
Maximum and minimum temperature output from four of the six CIRCE climate model runs were obtained directly from the CIRCE RL2 modelling centres concerned (Table 1). The INGV global model has a spatial resolution of about 80 km and was used to drive the MPI regional model which has a resolution of 25 km. The IPSL system comprises a regional model at 30km nested within a global model. For this analysis, the version with one-way coupling was used, rather than the later version with two-way coupling. The ENEA model is a regional model with 30 km resolution and was forced by a non-CIRCE run of the ECHAM5 global model. All runs are for the A1B emissions scenario. Output was analysed for two thirty-year periods: the control period 1961-1990 and the future period 2021-2050. 

The four models used in this analysis reflect fairly well the full ensemble range of the CIRCE simulations in terms of mean temperature change over the region as a  whole (Table 1). The IPSL model used here gives the largest changes, while the smallest changes are simulated by the CNRM model and the two-way nested version of the IPSL model (IPSL2). The CNRM mean change of 0.78°C in winter (DJF) and the IPSL2 change of 1.16°C in summer are both somewhat smaller than the smallest changes in the models considered here (see the ENEA model in Table 1).    
Model validation was beyond the scope of RL6, but work undertaken by RL2 (for the Mediterranean as a whole) and RL11 (for the urban case studies) indicates systematic biases in the models. In the case of mean land-surface temperature, the CIRCE ensemble is generally colder than observed by about 2°C in both winter and summer. Here, we consider only the changes between the control and future periods rather than absolute values, but care is needed in using these data in any application (such as crop modelling) where the system is sensitive to the absolute value.   

	Modelling centre
	Type of model, spatial resolution of the atmospheric component and boundary forcing
	Seasonal mean temperature  response (DJF and JJA) over the Mediterranean for 2021-2050 with respect to 1961-1990 (°C)

	INGV
	Global model: ~80km
	1.44     1.68

	IPSL
	Global + regional model: 30km
	2.01     2.46

	ENEA
	Regional model 30km. Forcing from an ECHAM5 global model run. 
	0.97     1.41

	MPI
	Regional model: 25 km. Forcing from INGV.
	1.38    1.52


Table 1: Summary of the CIRCE climate models used for the analysis of changes in temperature extremes.
The fifteen indicators for the characterization of temperature extremes (“indices” hereafter) which were proposed in an earlier stage of the CIRCE project (Deliverable D6.1.1; see Table 2 below) and used for the analysis of observed changes (Deliverable 6.2.1) were also used for this work on future changes. 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
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 three-month seasons (only results for winter and summer are presented here). The use of percentile thresholds calculated from model output rather than from observations helps to correct for the systematic biases in mean temperature (see Section 3.2), though it cannot correct for any errors in the shape of the distribution.
4. Projected changes in temperature extremes over the Mediterranean region
Figure 1 shows changes in the number of very hot days (TX95n) from 1961-1990 to 2021-2050 for winter and summer and the A1B emissions scenario from the four analysed CIRCE models. For land areas, the largest increases in the number of very hot days are projected in summer and over the Iberian Peninsula (up to around 24-28 more days in summer). This is consistent with the spatial pattern of warming over land in mean maximum temperature – which reaches a maximum of about 3.5°C over the Iberian Peninsula in summer (not shown). The mean warming is lower in winter than summer and lower over the sea (particularly over the Eastern Mediterranean and Black Sea – less than 1°C in places in winter) than over land. The 95th percentile threshold values for the 1961-1990 baseline period are, however, lower over land than over sea, and hence the largest frequency increases in the number of very hot days appear over the sea areas.

Similar patterns of change are seen for the other indices of temperature extremes: more very hot nights and longer warm spells and heat waves. The maximum duration of warm spells (WSDI) increases everywhere in summer (Figure 2), with the largest changes over land over the Iberian Peninsula in all models. Changes are again largest in the IPSL model (a maximum extension over land of more than 10 days) and smallest in the ENEA model. As noted above, the large changes over the oceans are an artefact of the lower baseline threshold values here.   
Figure 3 shows changes in the number of very hot nights (TN95n). The maximum increase of around 30 days over the Iberian Peninsula in summer is larger than the maximum increase in very hot days (Figure 1), although the mean warming of minimum temperature in summer is somewhat less than that of mean maximum temperature (not shown).

Consistent with these increases in warm and hot extremes, the number of very cold days and very cold nights, together with cold spell duration, are projected to decrease. The number of very cold nights (Tn5n) in winter, for example, decreases by up to about four days over the southwest Iberian Peninsula (Figure 4).  
The spatial patterns and the magnitude of projected changes are rather similar in the driving INGV global model and the MPI regional model. The spatial patterns are also broadly similar in the IPSL and ENEA simulations, though the changes tend to be larger in the IPSL simulations than in the INGV and MPI simulations and smaller (often close to zero or occasionally of opposite sign over limited areas) in the ENEA simulations.
5. Projected changes in temperature extremes in the CIRCE case-study regions
A number of the climate indicators used in the CIRCE RL11 case studies focus on temperature extremes. Thus indices of temperature extremes for the 11 case studies calculated from CIRCE model data have been provided to the case-study teams for further analysis and inclusion in the RACCM (Goodess et al., 2011). Figure 5, for example, shows histograms of changes in the number of very hot summer days (Tx95n) for the urban, rural and coastal case studies. The ensemble-mean change is shown, together with changes for the four individual models. Reflecting the spatial patterns described above, the largest ensemble-mean change is for the Gulf of Valencia (about 15 more very hot summer days each year) and the smallest changes in the southeast Mediterranean (about 5 more very hot summer days for Alexandria). The inter-model spread is very large – with the IPSL model indicating more than 25 additional very hot summer days for Tuscany and the Gulf of Valencia compared with less than five for the MPI model.
6. Conclusions
The general picture of more warm/hot extremes and fewer cold extremes is consistent with the changes observed over the Mediterranean over the last few decades (see Deliverable D6.2.1). It is also consistent with many previous studies based on global climate models and uncoupled regional climate model simulations (Beniston et al., 2007; Diffenbaugh et al., 2007; Fischer and Schär, 2009; 2010; Giannakopoulos et al., 2009; Goubanova and Li, 2007; Kjellstrom et al., 2007; Koffi and Koffi, 2008; Sillmann and Roeckner, 2008). Many of these studies focus on the end of the 21st century. The CIRCE analyses presented here, indicate that large increases in high temperature extremes could occur before the middle of the coming century, with potentially large impacts on human and natural systems. While the direction of the projected changes is robust, there is, however, uncertainty in the magnitude of change.
7. References
Beniston, M., et al., 2007: Future extreme events in European climate: an exploration of regional climate model projections. Climatic Change,81, 71-95.

Diffenbaugh, N.S., J.S. Pal, F. Giorgi, and X. Gao, 2007: Heat stress intensification in the Mediterranean climate change hotspot. Geophysical Research Letters,34(L11706).

Fischer, E.M., and C. Schär, 2009: Future changes in daily summer temperature variability: driving processes and role for temperature extremes. Climate Dynamics,33(7-8), 917-935.

Fischer, E.M., and C. Schär, 2010: Consistent geographical patterns of changes in high-impact European heatwaves. Nature Geoscience, doi:10.1007/s00382-010-0780-8.

Giannakopoulos, C., P. Le Sager, M. Bindi, M. Moriondo, E. Kostopoulou, and C.M. Goodess, 2009: Climatic changes and associated impacts in the Mediterranean resulting from a 2°C global warming. Global and Planetary Change,68(3), 209-224.

Goodess, C.M., M. Agnew, C. Giannakopoulos, and D. Hemming, 2011: Integration of the climate impact assessments with future projections. Chapter 6, in Volume III, Part 5 of the CIRCE RACCM. 

Goubanova, K., and L. Li, 2007: Extremes in temperature and precipitation around the Mediterranean basin in an ensemble of future climate scenario simulations. Global and Planetary Change,57(1-2), 27-42.

Kjellstrom, E., L. Barring, D. Jacob, R. Jones, G. Lenderink, and C. Schar, 2007: Modelling daily temperature extremes: recent climate and future changes over Europe. Climatic Change,81, 249-265.

Koffi, B., and E. Koffi, 2008: Heat waves across Europe by the end of the 21st century: multiregional climate simulations. Climate Research,36, 153-168.

Sillmann, J., and E. Roeckner, 2008: Indices for extreme events in projections of anthropogenic climate change. Climatic Change,86(1-2), 83-104.
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Figure 1: continued.
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Figure 2: Projected changes (2021-2050 minus 1961-1990) in summer warm spell duration (WSDI). 
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Figure 3: Projected changes (2021-2050 minus 1961-1990) in the number of very hot nights (TN95n) in winter (above) and summer (next page).
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Figure 3: continued.
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Figure 4: Projected changes (2021-2050 minus 1961-1990) in number of very cold nights in winter (TN5n). 
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Figure 5: Histograms of changes (2021-2050 minus 1961-1990) in the number of very hot summer days (TX95n) for the urban, rural and coastal case studies. The ensemble-mean change is shown, together with changes for the four individual models. (Figure produced by NOA, Athens using data provided by UEA.)
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