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Introduction

This analysis examines likely changes in the duration of heat waves and cold spells in the Mediterranean under global warming as estimated by regional climate models. Since each model run can only provide a single view of such changes, we use three models to assess the uncertainty in the projections. The analysis considers the A2 IPCC emissions scenario – arguably the most likely of the scenarios under current global attitudes to emissions controls. This scenario has regionally-oriented economic development with quite fragmented technological progress and limited economic growth (Nakicenovic and Swart, 2000).
The definition of heat waves and cold spells is necessarily subjective. Here, we define a heat wave as consecutive days with temperatures above 30°C. A cold spell is defined as consecutive days with temperatures below 0°C. Using these thresholds, we created indices of the maximum length of hot and cold spells in each year of model data from 1961-90 and 2070-99. These are analysed by examining the mean change projected for all models between these two periods, and estimating the uncertainty in the projected mean change. 

The results indicate that, by the end of the century, the main tourist areas of the Mediterranean could experience annual maximum heat waves up to 50 days longer than at present. The length of cold spells is projected to decrease by about 20 days in some areas, but any advantages accruing to agriculture are likely to be negated by increases in the severity of summer drought during the more protracted heat waves. The models also indicate a 40-day decrease in the length of the maximum cold spell over the Alps, which could have implications for the winter tourism industry.
Data and Method
Model data and indices of extremes
The model data used in the analysis of heat waves and cold spells in the Mediterranean are the 2m daily maximum (tmax) and daily minimum temperatures (tmin), from the three Regional Climate Models (RCMs) summarised in Table 1. Using the temperature data, we extracted the time series of longest spells with tmax higher than 30°C, and with tmin lower than 0°C, in each year representing prolonged heat waves and cold spells, respectively. The annual indices were calculated for the climate normal period 1961-90 and for 2070-99, with the future temperatures representing the effects of the A2 emissions scenario. 
	Institute
	Model
	Driving data
	Ensembles
	Experiment
	Grid Spacing

	DMI
	HIRHAM
	HadAM3H
	1
	Control, A2 
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	HC
	HadRM3P
	HadAM3P
	1
	Control, A2
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	SMHI
	RCAO
	HadAM3H
	1
	Control, A2
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Table 1  Models used to calculate annual hot and cold spell data
Ideally, we would have preferred to present an analysis of heat waves derived from temperature and humidity, giving a heat index that can be empirically related to levels of human stress in hot conditions (Steadman, 1979). However, when this work was started, only one PRUDENCE model had relative humidity data available. Therefore, we define heat waves on the basis of tmax alone, using a threshold (30°C) set high enough to discomfort the millions of tourists flocking to the Mediterranean each summer. For comparison, the European high temperature event in 2003, which caused 30,000 fatalities, lasted roughly 90 days and had temperatures higher than 30°C on most days, reaching 35°C on about 10-15 days, at three stations in Italy (Baldi et al., 2005). Although our threshold for cold spells (0°C) may seem low for many Mediterranean countries, it is of interest because of the potential damage to agriculture with prolonged frosts. Moreover, according to the models, and as will be shown, changes in cold spells using this definition are certainly relevant to the region.
Bootstrapping

Bootstrapping is an alternative to classical parametric methods of statistical testing such as the t-test, chi-squared test, etc. The two principal advantages of bootstrapping are that no assumptions are made about the distribution of the datasets being compared, and the methodology is intuitive and relatively simple to understand. The original data are resampled with replacement enough times to produce unbiased results in a comparison. “Resampling with replacement” involves using a random number routine to select numbers arbitrarily from the original data and employing these as substitute data in whatever statistical procedure is required. It is possible, therefore, that all the numbers are the same on a particular iteration. The process is repeated, say 1000 times, to give representative results. Since the values in the dataset are the only values it is known the data can take, if is argued that these provide the best representation of the distribution of the data (as opposed to some assumed theoretical distribution). For example, to calculate the 95% confidence limits in the mean using bootstrapping, a time series would be resampled with replacement and its mean calculated 1000 times, storing each mean. Then, the 2.5th and 97.5th percentiles of the stored means are found to give the upper and lower confidence limits bounding 95% of the data. In practice, this simple method can yield biased results. The bias is removed using a bootstrap of the bootstrap as described by Davison & Hinkley (1997).
Results

The results are first presented for each model for heat waves and cold spells in turn, followed by an assessment of the multi-model ensemble mean and the associated uncertainty.
Results by model

Because of unknown error in the model formulation, each of these sets of results has a model-specific bias which means that the projected climate can only be considered as one realisation of the possible climate response to global warming.
Heat waves

Figures 1a to 1c show the difference in days between the maximum length of spell per year with maximum daily temperature higher than 30°C, averaged over 1961-90 and 2070-99, for the DMI, HadRM3P, and SMHI models, respectively. To facilitate comparison, the same scaling is used to contour the pattern for each model. The HadRM3P and SMHI projected changes compare particularly well (Figures 1b and 1c), indicating that, in the future under the A2 scenario, the longest heat wave in a year could be up to 65 days longer than at present over all the major tourist areas of the Mediterranean. The pattern for the DMI model (Figure 1a) is similar to the other two models, but with lower estimated changes (by 10 to 15 days) over most areas.
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Figure 1a  DMI model -  maximum length of spell per year with tmax>30°C. Difference between the 1961-90 and the 2070-99 means (days, +ve is longer spells in the future).
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Figure 1b  HadRM3P model -  maximum length of spell per year with tmax>30°C. Difference between the 1961-90 and the 2070-99 means (days, +ve is longer spells in the future).

[image: image6.emf]  10

o

W    5

o

W    0

o

     5

o

E   10

o

E   15

o

E   20

o

E   25

o

E   30

o

E   35

o

E 

  35

o

N 

  40

o

N 

  45

o

N 

  50

o

N 

10

20

30

40

50

60


Figure 1c  SMHI model -  maximum length of spell per year with tmax>30°C. Difference between the 1961-90 and the 2070-99 means (days, +ve is longer spells in the future).

Cold spells

Figures 2a to 2c show the difference in days between the maximum spell per year with minimum daily temperature below 0°C, averaged over 1961-90 and 2070-99, for the DMI, HadRM3P, and SMHI models, respectively. This metric shows that global warming gives shorter maximum spells with temperatures below freezing over the Mediterranean region. Although the patterns for all three models are similar, with the greatest effect over the Alps and Eastern Europe, the SMHI model (Figure 2c) shows a much weaker response to global warming than the DMI and HadRM3P models for this variable (Figures 2a and 2b, respectively). The results indicate that the maximum length of cold spell over the Alps could be shortened by up to 50 days, with obvious implications for the winter sports industry in that area. The reduction in the maximum length of cold spell, by up to 30 days, over eastern Europe and Turkey, implies a shorter, less severe winter with likely associated  increases in the length of the growing season. It is also likely that Turkey will experience a longer tourist season than at present, although the advantages of milder winters may be nullified by the projected increase in summer heat waves.
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Figure 2a  DMI model -  maximum length of spell per year with tmin<0°C. Difference between the 1961-90 and the 2070-99 means (days, -ve is shorter spells in the future).
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Figure 2b  HadRM3P model -  maximum length of spell per year with tmin<0°C. Difference between the 1961-90 and the 2070-99 means (days, -ve is shorter spells in the future).
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Figure 2c  SMHI model -  maximum length of spell per year with tmin<0°C. Difference between the 1961-90 and the 2070-99 means (days, -ve is shorter spells in the future).
Results by multimodel ensemble

By treating the three models as an ensemble, it is possible to estimate the difference in mean heat waves and cold spells between 1961-90 and 2070-99 averaged over all models. Each model will produce a different result because of a range of factors including differences in climate sensitivity and, particularly, unknown errors due to its particular simplifications and parameterisations. However, using projections from more than one model, it is possible to estimate the uncertainty in the ensemble mean using bootstrapping methods. We can conclude that the ensemble mean is more likely to give a projection representative of the effects of global warming than the results of any single model.

Heat waves
The projected change in maximum length of heat wave, averaged over the three models, is shown in Figure 3a. Under the A2 scenario, the models project that heat waves will be longer in 2070-99 by up to 55 days when compared with the present (1961-90). The regions most affected are southern and central Iberia, northern Africa, southern France, Italy, Greece, Turkey, southern Russia, and the Ukraine. The changes in length of maximum hear wave projected for central and northern Europe show an increase of 10-15 days.

The uncertainty in the ensemble mean shown in Figure 3a can be interpreted as ± half the confidence band shown in Figure 3b. For example, over northern Africa, the maximum annual heat wave in 2070-99 is projected to be about 50 days longer than at present (Figure 3a). On average, there is a 95% probability that the change will be within ±5 days of this value (Figure 3b) or, alternatively, within ±10%.
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Figure 3a  Ensemble mean - maximum length of spell per year with tmax>30°C. Difference between the 1961-90 and the 2070-99 means, averaged over the three models. (days, +ve is longer spells in the future).
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Figure 3b  Confidence band –difference (days) between the upper and lower confidence limits (5% level) in the ensemble mean shown in Figure 3a. 
Cold spells
Figure 4a, shows that, on average, the models have cold spells of at least 10 days for the present over most of the Mediterranean land areas. Cold spells are expected to shorten in future by up to 40 days under the A2 scenario. However, such extreme reductions in the length of maximum cold spell are necessarily confined largely to the Alps, where there are likely implications for the winter sports season. Reductions of about 20 days are indicated for southern Russia, Serbia, and eastern Turkey. Milder winters in these regions are likely to be associated with benefits to agriculture in the form of a longer growing season, starting earlier than at present. However, it is likely that increased drought, associated with longer heat waves in these areas (Figure 3a) will offset any agricultural gains associated with warmer winters. The uncertainty in these estimates (Figure 4b) is about ±12%.
[image: image12.emf]  10

o

W    5

o

W    0

o

     5

o

E   10

o

E   15

o

E   20

o

E   25

o

E   30

o

E   35

o

E 

  35

o

N 

  40

o

N 

  45

o

N 

  50

o

N 

-40

-30

-20

-10


Figure 4a  Ensemble mean - maximum length of spell per year with tmin<0°C. Difference between the 1961-90 and the 2070-99 means, averaged over the three models. (days, -ve is shorter spells in the future).
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Figure 4b  Confidence band –difference (days) between the upper and lower confidence limits (5% level) in the ensemble mean shown in Figure 4a.
Summary and Conclusions

This study uses data from three regional climate models to estimate likely changes in the length of heat waves and cold spells over the Mediterranean under the A2 global warming scenarios. Using the inter-model variability, an assessment is made of representative mean changes in climate and the extent of uncertainty in the findings. Neither of these things is possible using a single ensemble from a single model. 

Under the A2 emissions scenario the consensus of the models is that heat waves, defined as spells of days with maximum daily temperatures >30°C, are likely to increase in duration by up to 50 days (±10%) over the whole of the Mediterranean tourist area. The biggest change in cold spells, defined as consecutive days with daily minimum temperatures <0°C, occurs over the Alps where a reduction in the maximum length of cold spell by up to 40 days (±12%) is projected. A reduction in the length of cold spell by up to 20 days is projected for southern Russia, Serbia, and eastern Turkey.
The heat wave threshold of 30°C is somewhat arbitrary but, in the absence of humidity data, prolonged periods of such temperatures would cause considerable disruption of human activity. Apart from the increased fuel costs associated with intensive use of air-conditioning, the conditions would be unsuitable for protracted outdoor activity with potentially devastating consequences for the tourist industry. Although agriculture in some areas may benefit from the warmer winters associated with shorter cold spells, this is likely to be offset by more extensive and severe drought due to the prolonged heat waves in summer.
The two main industries in the Mediterranean are tourism and agriculture. The projected changes in duration of heat waves and cold spells are likely to lead to changes in the timing of both these activities.
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