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CHANGES IN HEAT WAVE CHARACTERISTICS OVER EXTREMADURA (SW SPAIN)

Heat wave (HW) events are becoming more frequent, and they have important consequences because of the negative effects they can have not only on the human population in health terms, but also on biodiversity and agriculture. This motivated a study of the trends in HW events over Extremadura, a region in the southwest of Spain, with much of its area in summer devoted to the production of irrigated crops such as maize and tomatoes. Heat waves were defined for the study as two consecutive days with temperatures above the 95th percentile of the summer (June-August) maximum temperature (Tmax) time series. Two datasets were used: one consisted of 13 daily temperature records uniformly distributed over the Region, and the other was the SPAIN02 gridded observational dataset, extracting just the points corresponding to Extremadura. The trends studied were in the duration, intensity, and frequency of HW events, and in other parameters such as the mean, low (25th percentile), and high (75th percentile) values. In general terms, the results showed significant positive trends in those parameters over the east, the northwest, and a small area in the south of the Region. In order to study changes in HW characteristics (duration, frequency and intensity) considering different subperiods, a stochastic model was used to generate 1000 time series equivalent to the observed ones. The results showed that there were no significant changes in HW duration in the last 10-year subperiod in comparison with the first. But the results were different for warm events (WE), defined with a lower threshold (the 75th percentile), which are also important for agriculture. For several sites, there were significant changes in WE duration, frequency, and intensity.

Introduction

Heat wave (HW) events are exceptional extreme meteorological phenomena that are increasing not only in frequency, but also in duration and in intensity, as many studies have shown during the last two decades [START_REF] Easterling | Climate extremes: observations, modelling, and impacts[END_REF][START_REF] Tank | Trends in indices of daily temperature and precipitation extremes in Europe, 1946-99[END_REF][START_REF] Meehl | More intense, more frequent, and longer lasting heat waves in the 21st century[END_REF][START_REF] Schär | The role of increasing temperature variability in European summer heatwaves[END_REF][START_REF] Tank | Signals of anthropogenic influence on European warming as seen in the trend patterns of daily temperature variance[END_REF][START_REF] Della-Marta | Doubled length of western European summer heat waves since 1880[END_REF][START_REF] Beniston | Future extreme events in European climate: an exploration of regional climate model projections[END_REF][START_REF] Acero | Trends in summer extreme temperatures over the Iberian Peninsula using nonurban station data[END_REF][START_REF] Russo | Top ten European heatwaves since 1950 and their occurrence in the coming decades[END_REF]. Also, events of the severity of the last two events in Europe in 2003 and 2010, classified as 'megaheatwaves' by [START_REF] Barriopedro | The hot summer of 2010: redrawing the temperature record map of Europe[END_REF], are expected to occur with increasing frequency over highly populated areas of Europe. As a consequence of the Russian heat wave in 2010, tens of thousands of people died, with this event being the worst in Europe since at least 1950 [START_REF] Russo | Top ten European heatwaves since 1950 and their occurrence in the coming decades[END_REF]. Also according to that study, regional projections suggest that in the next two decades (2021-2040) there will be heat wave events in Europe similar to or even more severe than that corresponding to the Russian in magnitude, extent, and duration [START_REF] Russo | Top ten European heatwaves since 1950 and their occurrence in the coming decades[END_REF].

According to the last Technical Report on Impacts, Adaptation, and Vulnerability developed by the Intergovernmental Panel on Climate Change (IPCC 2014): "impacts from recent climate-related extremes, such as heat waves, droughts, floods, cyclones, and wildfires, reveal the significant vulnerability and exposure of some ecosystems and many human systems to current climate variability".

The study area of the present work is the Region of Extremadura in southwestern Spain. It is characterized by its dependence on agriculture, particularly the production of irrigated crops in summer, and by its biodiversity which is an important aspect attracting tourism. The agricultural sector in Extremadura contributes 53% to the Region's total Gross Domestic Product (GDP) directly or indirectly. This high value is mainly due to the existence of a major proportion of agro-food industries. Many studies have demonstrated the influence of climate change on agriculture. For example, the aforementioned IPCC Report analyses the impacts of the 2003 HW on agriculture (IPCC, 2014). Maize production in the Po Valley in Italy fell by 36%, and in France, compared to the previous year (2002), there was a 30% reduction in the maize harvest and 20% in fruit production [START_REF] Ciais | Europe-wide reduction in primary productivity caused by the heat and drought in 2003[END_REF]. [START_REF] Schlenker | Nonlinear temperature effects indicate severe damage to U.S. crop yields under climate change[END_REF] studied the damage to crop yields of the nonlinear temperature effects of climate change. The results showed that, due to the increase in maximum temperatures, area-weighted average yields are predicted to decrease by 30-46% before the end of the century under the slowest warming scenario (B1), and by 63-82% under the fastest warming scenario (A1FI) according to a climate model [START_REF] Schlenker | Nonlinear temperature effects indicate severe damage to U.S. crop yields under climate change[END_REF]).

As mentioned above, there have been many studies in the last two decades showing a general tendency towards higher maximum temperature extremes in Europe. Different studies have considered the Iberian Peninsula (IP) as a whole, just Spain, or an area inside Spain using a variety of indices taken from the set provided by the Expert Team on Climate Change Detection and Indices (ETCCDI) recommended by the World Meteorological Organization (Zhang et al. 2011) to investigate trends in maximum temperatures. A spatial regionalization of summer temperature extremes has been developed for the northeast of the IP [START_REF] Kenawy | Anomalously severe cold nights and warm days in northeastern Spain: Their spatial variability, driving forces and future projections[END_REF]. Also, according to a study of non-urban observatory data over the IP [START_REF] Acero | Trends in summer extreme temperatures over the Iberian Peninsula using nonurban station data[END_REF], temperature extremes are expected to increase but not as much as the mean temperatures because the variance tends to decrease.

The aim of the present work is to study trends in HW characteristics: duration, frequency, and intensity. For this purpose, a set of 13 regularly distributed daily maximum temperature (Tmax) time series was selected from a larger database covering the Region of Extremadura in the southwestern IP. The SPAIN02 gridded observational dataset [START_REF] Herrera | Development and analysis of a 50-year high-resolution daily gridded precipitation dataset over Spain (Spain02)[END_REF](Herrera et al. , 2015) ) for Tmax was also used, considering three horizontal resolutions (0.11°, 0.22°, and 0.44°), and selecting just those grid points corresponding to the study region. Apart from HW events defined as exceedances over the 95th percentile, we also studied Warm Events (WE) defined as exceedances over the 75th percentile because of their important consequences on agriculture [START_REF] Hatfield | Climate impacts on agriculture: implications for crop production[END_REF].

This study of the evolution of HW characteristics was based on identifying trends in both the observed temperature time series and simulated temperature time series consistent with the observed ones.

The paper is organized as follows. The data that were selected and analysed are described in Sec. 2. The methodology used is analysed in Sec. 3. The results are presented and discussed in Sec. 4. Finally, the conclusions are drawn in Sec. 5.

Data

The study area was the Extremadura Region, in the southwest of the IP (Fig. 1), with a total area of 41 635 km². There is a contrasting orography between the wide areas of the Rivers Tagus and Guadiana depressions with altitudes under 400 m a.s.l and the highest peak of over 2400 m a.s.l. The northern area borders the Northern Meseta, and has greater altitudes than the western, eastern, and southern limits.

The time series were drawn from an extensive daily temperature time series database provided by Spain's State Meteorological Agency (Agencia Estatal de Meteorología, AEMET) for use within the framework of the present study. A group of series had to be chosen that covered Extremadura's orographic diversity. The final choice was a set of 13 homogeneous daily temperature time series corresponding to sites as uniformly spaced over the Region as possible. Table 1 lists the period covered for each site, and their locations are shown in Fig. 1. There are no sites in the mountainous areas of Extremadura due to the absence of population and difficult accessibility. The altitudes of the sites chosen range from 185 to 796 m a.s.l. We also used the gridded observational temperature dataset SPAIN02 [START_REF] Herrera | Development and analysis of a 50-year high-resolution daily gridded precipitation dataset over Spain (Spain02)[END_REF][START_REF] Herrera | Update of the Spain02 gridded observational dataset for EURO-CORDEX evaluation: assessing the effect of the interpolation methodology[END_REF] at three horizontal resolutions: 0.11°, 0.22°, and 0.44°. SPAIN02 [START_REF] Herrera | Development and analysis of a 50-year high-resolution daily gridded precipitation dataset over Spain (Spain02)[END_REF](Herrera et al. , 2015) ) is a series of high-resolution daily precipitation and (maximum and minimum) temperature gridded datasets developed for peninsular Spain and the Balearic Islands. A dense network of ~2500 quality-controlled stations (~250 for temperatures) for the period 1950-2007 was selected from the data of Spain's State Meteorological Agency (AEMET) in order to build the gridded products for version v2 (0.2° regular grid). The updated version v4 includes three resolutions (0.11°, 0.22°, and 0.44° in rotated coordinates) for the period 1971-2007. In the work of [START_REF] Herrera | Update of the Spain02 gridded observational dataset for EURO-CORDEX evaluation: assessing the effect of the interpolation methodology[END_REF], both mean and extreme indicators were considered to show that both regimes are correctly reproduced by the gridded dataset. This gridded dataset was used to check the main trends in Tmax with the observational data in the common period 1971-2007.

The homogeneity of the monthly time series data was evaluated using the R-based software package RHtestsV3, developed and maintained at the Climate Research Division of Canada's Meteorological Service, and available from the ETCCDI website (http://etccdi.pacificclimate.org/software.shtml). This software is based on a two-phase regression model with a common linear trend (Wang 2003), and can identify multiple step changes at documented or undocumented change-points. This same procedure has been used in previous work [START_REF] Acero | Peaks-over-threshold study of trends in extreme rainfall over the Iberian Peninsula[END_REF][START_REF] Acero | Multi-day rainfall trends over the Iberian Peninsula[END_REF][START_REF] Acero | Trends in summer extreme temperatures over the Iberian Peninsula using nonurban station data[END_REF]. The results of the analysis, together with the sites' metadata, showed that all of the 13 time series were homogeneous in their respective periods of study, with none of them having changepoints significant at 5%.

Methodology

Heat wave definition

There are lots of definition about heat wave involving temperature and other magnitudes such as humidity [START_REF] Robinson | On the definition of a heat wave[END_REF] or climate indices in order to quantify the heat wave duration or severity based on night-time minima or day-time maxima [START_REF] Meehl | More intense, more frequent, and longer lasting heat waves in the 21st century[END_REF][START_REF] Schär | The role of increasing temperature variability in European summer heatwaves[END_REF][START_REF] Orlowsky | Global changes in extreme events: Regional and seasonal dimension[END_REF][START_REF] Perkins | On the measurement of heat waves[END_REF]Sillman et al. 2013). But sometimes, these indices show limited robustness when comparing the severity of the heat wave in different places. Recently, [START_REF] Russo | Magnitude of extreme heat waves in present climate and their projection in a warming world[END_REF] presented an index called Heat Wave Magnitude Index (HWMI) that can be compared across regions and time and that takes into account both magnitude and duration of the heat waves. Considering, for example, the definition given by the National Oceanic and Atmospheric Administration (NOAA): "a period of abnormally and uncomfortably hot and unusually humid weather. Typically a heat wave lasts two or more days". But the study region is characterized by very dry summers leading to a non-significant use of the humidity in order to define the heatwave. Then, the heat wave is defined as two consecutive days with temperature over a high threshold. Besides, since the object of the study is the occurrence of heat waves, the threshold that we applied, u, is the definition of heat wave given by Spain's General Directorate of Civil Protection and Emergency belonging to the Department of the Interior, which is responsible for activating weather alerts for the population. This definition is the 95th percentile of the summer temperature time series. A more demanding definition, three consecutive days over the aforementioned threshold u, was also considered but the results lead to a very low number of heatwaves over the whole period disregarding this definition.

Then, heat waves are defined as two consecutive days occurring above a threshold of the summer (June-August) maximum temperature time series. The threshold (u) used was the 95th percentile of the daily Tmax for both the observational and the three gridded datasets. To illustrate the data used, Fig. 2 shows the spatial distribution of this threshold u for these datasets in Extremadura. The patterns of the threshold for the three gridded datasets are quite similar, with higher values in the southeast corresponding to the hottest areas reaching nearly 40°C, and lower in the north, corresponding to the most mountainous area with values of around 38°C. Comparing the results for observational and gridded dataset, the thresholds are similar for a big area of the study region with values over 38.7ºC for more than the mid-south. That the low values of the gridded data scale are lower than the corresponding for the station observations is due to the influence of the northern sites used in the kriging procedure. These correspond to a part of Extremadura in Spain's Northern Plateau where the values of Tmax are lower due to the altitude, higher than the mean altitude of Extremadura.

Fig. 3 shows that the trends in the mean maximum temperature are positive and significant for the majority of the sites. Hence, there might also be adverse effects for agriculture [START_REF] Hatfield | Climate impacts on agriculture: implications for crop production[END_REF] due to an increase in events not as severe as a HW, but still being episodes of consecutive days exceeding a lower, although high, threshold.

The pollinitation stage is one of the more susceptible phenological stages and, for example, maize pollen viability decreases with exposure to temperatures above 35 °C [START_REF] Herrero | High temperature stress and pollen viability in maize[END_REF]. For that reason, warm events had been defined as exceedances over the 75th percentile which, for the study region, range from 34°C in the north to 37°C in the southeast.

Trend identification and testing

Statistical trend tests

The HW duration, intensity, and frequency were estimated for each year, and the resulting values were used to estimate the significance of the trend by means of a twosided Mann-Kendall (M-K) test [START_REF] Kendall | Time Series[END_REF]) and the value of the trend with the Theil-Sen estimator [START_REF] Sen | Estimates of regression coefficient based on Kendall's tau[END_REF]). For each year, the duration was taken to be the mean HW duration in days, the frequency to be the number of events in that year, and the intensity the mean value of the sum of the exceedances over the threshold for each HW.

The Mann-Kendall test allowed monotonic (increasing or decreasing) trends in these variables (HW duration, frequency, and intensity) to be identified. One of the main advantages of this test is that it is non-parametric and therefore does not require the data to be normally distributed. In order to estimate the magnitude of the trends, we used the algorithm proposed by [START_REF] Hirsch | Techniques of ten analysis for monthly water quality data[END_REF] which extends the original test put forward by Theil (1950aTheil ( , 1950bTheil ( , 1950c) ) and [START_REF] Sen | Estimates of regression coefficient based on Kendall's tau[END_REF]. The statistics of this Theil-Sen test are related to the slope of the trend found by the M-K test. This procedure has been extensively used for trend estimations (e.g., [START_REF] Gallego | Changes in frequency and intensity of daily precipitation over the Iberian Peninsula[END_REF][START_REF] Gallego | Trends in frequency indices of daily precipitation over the Iberian Peninsula during the last century[END_REF].

However there is a limitation in the results given by the M-K test because, firstly, a real trend may not be monotonic (as was indeed the case, since sometimes the second decade was cooler than the first), and secondly, it does not take into account the variability around the means that it tests and observation gives just one realization of the variables. In order to go more deeply into the analysis, a simulation technique was used to produce a large number of equivalent time series and thus allow for more robust statistics.

Stochastic modelling

The , where the order p is chosen according to an Akaike criterion [START_REF] Parey | Changes in the distribution of cold waves in France in the middle and end of the 21st century with IPSL-CM5 and CNRM-CM5 models[END_REF]. For the trends in mean and variance, non-parametric estimation by LOESS fitting was chosen. The smoothing parameter needed was chosen by means of a modified partitioned cross-validation technique [START_REF] Parey | Changes in the distribution of cold waves in France in the middle and end of the 21st century with IPSL-CM5 and CNRM-CM5 models[END_REF].

More details of the model are given in [START_REF] Dacunha-Castelle | Modeling of air temperatures: preprocessing and trends, reduced stationary process, extremes, simulation[END_REF]. Validation of the model in different climatic regions in Eurasia and the United States [START_REF] Parey | Validation of a stochastic temperature generator focusing on extremes, and an example of use for climate change[END_REF] showed it to produce coherent results for both the bulk of a distribution and its extremes.

In the present work, this stochastic temperature generator was used to produce 1000 time series equivalent to the observed ones in order to investigate the significance of the changes in HW characteristics by applying subperiods of different lengths covering the observed period. Different 10-year subperiods were considered within the observed period. The mean durations, frequencies, and intensities were calculated for the simulated data for each subperiod, and compared with the first subperiod as reference (1960)(1961)(1962)(1963)(1964)(1965)(1966)(1967)(1968)(1969) for the time series beginning in 1960, and 1965-1974 for those beginning in 1965). A characteristic was taken to have changed if its value in the last period lay outside the 90% CI of its value in the reference period.

The ability of the model to simulate realistic heat wave characteristics for the considered region has been checked (see supplementary material).

Results

Heat Waves

Figure 4 shows the spatial distribution of the trends in HW duration, intensity, and frequency. The pattern for all three is quite similar, with positive trends significant at a 5% significance level for the west, the east, and a small area in the south. Also, there is good agreement between the results for the observed and the gridded datasets. One observes that the frequency has a smaller area with significant trends than the duration and intensity, with there being an extensive area without any significant trend in the number of HW events.

Then the stochastic model was used to analyse the changes in the HW characteristics of duration, frequency, and intensity. Table 2 summarizes which sites presented significant changes in WE or HW characteristics. With respect to HW duration, no significant differences were found in comparing the last subperiod with the reference subperiod.

The greatest differences corresponded to three sites (cor, cij, svi), but they did not reach significance at the 10% level. Since the first subperiod was warmer than the second for the time series beginning in 1960, this second subperiod was also tested as reference instead of the first. But again, no significant differences were found. No changes were significant even when subperiods of 5 years were tested, although the HW duration had increased by the last subperiod. By way of illustration, Fig. 5 (top four figures) shows the results obtained for San Vicente de Alcántara. This site shows an increase in HW duration, but, even considering the last period, the values remain within the reference period's CI. For the rest of observatories, the duration of the HW events is increasing from the first subperiod (1960)(1961)(1962)(1963)(1964)(1965)(1966)(1967)(1968)(1969) to the last (2000)(2001)(2002)(2003)(2004)(2005)(2006)(2007)(2008)(2009)(2010)(2011)(2012)(2013)(2014), but not significantly.

The results were different for the HW frequencies, with 7 sites (bad, ber, cac, cij, cor, gua, svi) showing significant changes at the 10% significance level in comparing the last subperiod with the reference. Figure 5 (four bottom figures) shows the changes in HW frequency for Coria. The Coria site showed significant changes in 1985-1994, 1995-2004, and 2005-2014 compared to the reference subperiod of 1965-1974.

As was the case with duration, there were no significant changes in HW intensity for any of the sites studied.

Thus although significant monotonic trends had been found according to the M-K test, increasing the variability by use of the stochastic generator showed that only the frequency of HW may have significantly changed.

Warm events

Figure 6 shows the spatial distribution of the trends in WE duration, intensity, and frequency. In general, all three of the variables present positive trends for the whole of Extremadura. Comparing this figure with the figure 4 for HW events, one observes that intensity is the variable with the greatest increase for WE in both the values of the trends and the area with a significant positive trend at the 5% significance level. As illustration of this behaviour, the site of San Vicente de Alcántara (svi), the westernmost one, shows a positive trend significant at the 5% significance level of magnitude 0.55°C per decade for HW events but of magnitude 2.61°C per decade for WE events. There is also an increase in the trend in frequency for this site from 0.33 HW events per decade to 1.02 WE per decade in changing the threshold from the 95th to 75th percentile. The comparison of Figs. 4 and6 shows that, although there are positive trends in many areas of Extremadura in frequency, intensity, and duration of the HW events, for WE the trends are stronger in these three variables, implying negative consequences for a

Region such as this based on farming and characterized by its biodiversity.

As noted above, climate variability plays an important role, with the 1970s being cooler than the 1960s. Therefore, for each site, the coolest 10-year subperiod was chosen as reference against which to compare the duration of these WE when using the stochastic modelling. The results showed 4 sites (cij, cor, jer, svi) to have significant changes in these WE durations of the last subperiod compared to the reference. These changes are illustrated in Fig. 7 for San Vicente de Alcántara (svi).

The analysis of changes in WE frequency showed 8 sites to have significant changes in the last subperiod compared with the reference one. 3 sites (cij, cor, svi) showed significant changes in WE intensity.

Thus more significant changes were found for WE than for HW. This may be linked to the large increase in the lower Tmax values over the region, as shown in Fig. 8 for the changes in the 25th percentile of the summer Tmax distribution compared to those corresponding to the 75th percentile.

Conclusions

Since many authors have described important negative impacts of HW events on agriculture and biodiversity, we undertook a study of HW events in Extremadura (SW Spain), calculating the trends in changes in HW characteristics (duration, frequency, and intensity) mainly using statistical tools and a stochastic model for temperatures. We also defined Warm Events (WE) so as to study trends in less severe warm temperatures. Two datasets were used: one was a set of complete daily Tmax time series from 13 sites for the period 1960-2014, and the other was the gridded dataset SPAIN02 for the period 1971-

2007.

The HW events were defined as two or more consecutive days above the 95th percentile of summer maximum temperatures. In general, trends were found in HW duration, frequency, and intensity over the study area that were significant at a 5% significance level according to the Mann-Kendall test. However, this test only looks for monotonic trends, which is a strong assumption since interannual variability leads to the behaviour being nonlinear. Besides, observation gives just one realization of the variables, and it does not allow internal climate variability to be taken into account.

Therefore, a stochastic model was used to generate 1000 maximum temperature time series equivalent to the observed series in order to go more deeply into the analysis of changes in the duration, frequency, and intensity of HW events in the observed period.

For this purpose, we considered 10-year subperiods, taking the coolest as reference against which to compare the characteristics of the other subperiods. This analysis found no significant changes in HW duration and intensity, since the values corresponding to the last observed 10-year subperiod lay within the 90% CI's of the reference period. But there were significant increases in the frequency of HW events for 7 sites in the last 15 years of the study period.

As well as HW events, we studied warm events (WE) defined as two or more consecutive days above the 75th percentile of the summer maximum temperature time series. In Extremadura, this value ranges from 34.5°C in the north to 37°C in the southeast. It is of especial interest in an agricultural area such as this for which the summer season is crucial for crops such as tomatoes, maize, and rice. Although this is not a threshold that defines very severe events, our aim was to analyse whether the trends in the duration, frequency, and intensity of these warm events were increasing more than those of HW, and to study any significant changes found in the WE characteristics of different subperiods using the stochastic model applied to the observed time series. The results showed the trends in WE frequency and intensity to be stronger than those corresponding to HW. There were significant changes in the last 10year subperiod compared to the first subperiod for 4 of the 13 sites in WE duration, 3 of the sites in intensity, and 8 in frequency. Thus, while the parameters of the HW events presented a moderate increase, those corresponding to WE increased more strongly. This is linked to hot summers not only with longer and more intense events of temperatures above 35-36°C, but also fewer days with milder temperatures as reflected in the marked increase in low values (25th percentile) of Tmax. Therefore, different classes of events such as those analysed in the present work should be considered in order to study the effects on agriculture and biodiversity under the conditions of climate change, like the aforementioned decrease of the maize pollen viability at temperatures higher than 35ºC, widely exceeded in the study region.
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With regard to the entire distribution, Fig. 10 shows the distributions of different percentiles (1%, 10%, 50%, 60%, 90%, and 99%) obtained from the 1000 simulations (in black) and the values from the observations (in red) for San Vicente de Alcántara.

The results show that, for all the percentiles, the observed estimates fall within the 95% confidence interval (CI) of the simulated estimates. The results were similar for the rest of the sites.

In order to check the ability of the model to produce HW events, we defined such events as periods of consecutive days with Tmax above the 99th percentile of the annual time series, which corresponds to the 95th percentile of the summer time series that had been chosen as threshold. For each site, the 99th percentile was computed, and the distribution of episodes of from 1 to more than 15 days in the observed time series was compared to the minimum, maximum, and mean frequencies of that distribution in the 1000 simulations. Figure 11 shows the results for HW events at San Vicente de

Alcántara. The stochastic model suitably reproduces short and long events for this site, but it tends to overestimate the proportion of 1-day events. The results were similar for the remaining sites. Therefore, HW and WE will be defined as events of at least 2 days with temperatures above the chosen threshold, as was done in the previous section. Open circles mean sites with a trend whose value is less than 15% of the highest trend. 
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Fig. 1

 1 Fig. 1 Location of the study area (Extremadura) in the Iberian Peninsula (top), the spatial distribution of the sites used (bottom-left), and the gridded dataset SPAIN02 for the resolution 0.11° (bottom-right).

Fig. 2

 2 Fig. 2 Spatial distribution of the 95th percentile of maximum temperature (°C) used as threshold for the observational data (top-left) and for the three resolutions of the gridded SPAIN02 dataset.

Fig. 3

 3 Fig.3Spatial distribution of the trends in the mean maximum temperature (°C per decade), as estimated by the Sen method. Black filled, grey filled, and open triangles mean trends that are significant at a 5% level of significance, significant only at a 10% level, and not significant, respectively, as determined by the two-sided Mann-Kendall test. Upward pointing triangles mean a positive trend, and downward pointing, negative. Open circles mean sites with a trend whose value is less than 15% of the highest trend.

Fig. 4

 4 Fig.4Spatial distribution of the trends in duration in days per decade (top), frequency in number of heat waves per decade (middle), and intensity in °C per decade (bottom), for the heat wave events over Extremadura. Black filled, grey filled, and open triangles mean trends that are significant at a 5% level of significance, significant only at a 10% level, and not significant, respectively, as determined by a two-sided Mann-Kendall test. Upward pointing triangles mean a positive trend, and downward pointing, negative. The size of the triangles represents the value of the trend for each site. Open circles mean sites with a trend whose value is less than 15% of the highest trend.

Fig. 5

 5 Fig.5Heat wave durations considering different subperiods for San Vicente de Alcántara (top four figures) and heat wave frequencies for Coria (bottom four figures) sites. The threshold used is the 95th percentile of the summer time series for the whole period. Solid black (blue) vertical lines correspond to the mean duration or the mean frequency for the reference (studied) period, and dashed lines correspond to the 90% CI.

Fig. 6

 6 Fig.6As Fig.4, but showing the spatial distribution of the warm events considered as exceedances over the 75th percentile defined as threshold.

Fig. 7

 7 Fig. 7 Warm events durations for different subperiods for the San Vicente de Alcántara site. Solid black (blue) vertical lines correspond to the mean duration for the reference (studied) period, and dashed lines correspond to the 90% CI.

Fig. 8

 8 Fig. 8 Spatial distribution of the trends in the low (25th percentiletop) and high (75th percentilebottom) values of the summer maximum temperature in °C per decade for the observational (left) and gridded (right) datasets.

Fig. 9

 9 Fig. 9 Q-Q plots of the daily maximum temperature at San Vicente de Alcántara (svi). The solid line means a diagonal (i.e., 1:1) relationship; open circles are for the

  

  

  simulation was based on a recently developed stochastic seasonal functional heteroskedastic autoregressive model capable of simulating daily minimum, maximum, or mean temperature time series that are coherent with the observed series(Parey et al. 

	2014; Dacunha-Castelle et al., 2015). It was designed to reliably reproduce extreme
	values. The model simulates 𝑍(𝑡) =	𝑋(𝑡)-𝑠 𝑚 (𝑡)-𝑚(𝑡) 𝑠 𝑣 (𝑡)-𝑠(𝑡)
						0 +
	∑ (𝜃 𝑖,1 𝑐𝑜𝑠 𝑝 𝑖=1	2𝑖𝜋𝑡 365	+ 𝜃 𝑖,2 𝑠𝑖𝑛	2𝑖𝜋𝑡 365	)

, where X(t) is the observed temperature time series, sm(t) and sv(t) are the seasonalities in the mean and the standard deviation, and m(t) and s(t) the trends in mean and standard deviation, respectively. The seasonalities are estimated as trigonometric polynomials of the form, 𝜃

Table 1 .

 1 Code used in the map, name, geographic coordinates, and length of the period studied.

		Name	Geographic coordinates (deg) Length
	alc	Alcuéscar	39.1806°N 6.2286°W	1960-2014
	alm	Almendralejo	38.69°N 6.3611°W	1960-2014
	bad	Badajoz/Talavera	38.8833°N 6.8139°W	1960-2014
	bdo	Barrado	40.0833°N 5.8825°W	1960-2014
	ber	Berlanga	38.2833°N 5.8325°W	1960-2014
	cac	Cáceres	39.4714°N 6.3389°W	1960-2014
	cij	Cíjara Dam	39.0372°N 5.0228°W	1965-2014
	cor	Coria	39.98°N 6.59°W	1965-2014
	gab	Gabriel y Galán Dam	40.2208°N 6.1256°W	1965-2014
	gua	Guadalupe	39.455°N 5.3333°W	1960-2014
	jer	Jerez de los Caballeros	38.3186°N 6.7714°W	1960-2014
	svi	San Vicente de Alcántara	39.3628°N 7.1367°W	1965-2014
	vil	Villanueva de la Serena	38.98°N 5.80°W	1960-2014
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Supplementary material: validation of the stochastic model

To validate these simulations, different tests were performed: comparison of the moments, Q-Q plots, and various quantiles. Figure 9 shows the Q-Q plots for the observed and simulated values of Tmax at San Vicente de Alcántara (svi). The results were similar for the rest of the sites, confirming that the model reasonably reproduces the temperature distributions.

WARM EVENTS (u=75th perc.)

HEAT WAVES (u=95th perc.)

Code Duration Frequency Intensity Duration Frequency Intensity

Table 2. Sites (marked with X) with significant changes in WE or HW characteristics.

simulations, and the dashed lines show the 95% confidence interval of the simulations.