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Abstract
One of the most relevant effects of climate change is its influence on the frequency and 
intensity of extreme events. The analysis and understanding of these events are of great 
importance due to the probability of causing environmental and social damage. In this 
study, we investigate changes in extreme hot temperature events over Spain for the near 
future (2021–2050) in relation to a control period (1971–2000) by using regional climate 
model simulations from the EURO-CORDEX project. The projection results show a sig-
nificant increase in the number of extremely warm temperatures throughout the area. A 
significant strong increase in warm days and warm nights is projected over the domain. 
Simulations also project more frequent summer days and tropical nights over most parts of 
the region. The most significant increase in relation to the present climatology corresponds 
to warm nights, while simulations corresponding to tropical nights project the smallest 
changes.

Keywords  Extreme temperature indices · Warming scenarios · CORDEX · Iberian 
Peninsula

1  Introduction

Concern about climate change and its possible impacts on the biosphere has been on 
the rise over the last decades. General climate simulations for the end of the twenty-first 
century indicate a global temperature increase suggesting that this warming will not be 
regionally uniform. In this current context of climate change, there are new challenges that 
require us to make an effort to adapt to them in all aspects that surround humans. Human 
health constitutes one of these important challenges since it can be affected by changes in 
temperature extremes, especially in hot extremes (Patz et al. 2005; O’Neill and Ebi 2009). 
Future projections suggest that heat waves will occur more frequently and will last longer, 
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while cold episodes are projected to decrease (Tebaldi et  al. 2006; Beniston et al. 2007; 
Ballester et  al. 2009; Orlowsky and Seneviratne 2011; Russo et  al. 2014; Lorenzo et  al. 
2021). Heat waves are the main cause of mortality directly related to climate and its varia-
tions, clearly showing the risk of an increase in the intensity and frequency of these events. 
Urban populations, the elderly, or children can be vulnerable groups to extreme hot tem-
perature events. The analysis of future changes in temperatures could, for example, help to 
prevent demands for hospital care from patients due to hot extremes. Thus, it would be pos-
sible to act in a more planned and global way on the population improving the effectiveness 
of urban heat island reduction or adapting the health system to the care needs as a result of 
these extreme events.

Temperature extremes can also affect short-term energy supply and demand (Schaeffer 
et  al. 2012; Sathaye et  al. 2013). The most immediate effect is that higher temperatures 
imply a reduction in demand for heating and higher demand for cooling. Nevertheless, 
temperature extremes can also affect other aspects of the energy sector, such as transmis-
sion and transfer of energy. A temperature rise could cause electric power transformer fail-
ures or decrease the capacity of a fully loaded transmission line.

Climate change can also cause damage to agriculture, forestry, and land uses increas-
ing crop water consumption and reducing their production (Ciais et al. 2005; Lucena et al. 
2009). Temperature increases could modify soil conditions producing shifts in the geo-
graphic distribution of crops or a decrease in available areas. The metabolism of insects 
can also be affected by increases in temperature, which could intensify the incidence of 
pests. Thus, the understanding of variations that occur concerning extreme hot temperature 
events supposes a great improvement of the human capacity to adapt to the problem and 
mitigate its effects.

Global climate models (GCMs) constitute an important tool to the international sci-
entific community providing substantial information about future changes in the climate. 
Global climate projections in terms of extreme temperatures over the twenty-first century 
have been extensively analysed in numerous studies over the last decade (Tebaldi et  al. 
2006; Kharin et  al. 2007, 2013; Sillmann and Roeckner 2008; Alexander and Arblaster 
2009, 2017; Orlowsky and Seneviratne 2011; Russo and Sterl 2011; Sillmann et al. 2013). 
General results indicate an intensification of patterns of change in temperature indices 
worldwide. Extreme warm temperature is projected to increase, while extreme cold tem-
peratures will become more moderate. Most of these studies reveal increases in warm day 
occurrences and heat wave lengths and decreases of cold extremes. The projected tempera-
ture change is also subject to variability in space indicating that the temperature increase at 
high latitudes will be much larger than near the equator.

Extreme temperatures have also been computed and analysed for projected future cli-
mate using regional climate models (RCMs) allowing for climate change assessment on a 
regional scale. Local studies are extremely necessary since the adaptation capacity of the 
different regions will depend on how climate change affects them. Several regional climatic 
simulations have been performed over Europe and the Mediterranean basin over the last 
years, where the Iberian Peninsula (IP) represents a sub-region of the study domain. These 
studies have revealed air temperature increases for all Europe and all seasons (Nikulin et al. 
2011; Heinrich and Gobiet 2012; Keuler et al. 2016; Larsen et al. 2020). The most respon-
sive regions are the northeastern parts of Europe in winter and southern Europe in sum-
mer. The largest future warming was detected in southern Europe showing a reduction of 
recurrence time of warm extremes and a probable disappearance of cold extremes (Niku-
lin et al. 2011; Heinrich and Gobiet 2012). This strong annual warming can be related to 
anomalous summertime warming (Keuler et al. 2016). Warming also increases for higher 
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altitude areas such as the Alps, the Pyrenees and the Iberian Peninsula (Larsen et al. 2020). 
The number of hot days will increase which could lead to social, economic and ecologi-
cal impacts due to heat waves (Beniston et al. 2007; Fischer and Schär 2009; Giorgi et al. 
2014). The models also project more frequent temperature extremes particularly over the 
Mediterranean area (Fischer and Schär 2009; Ozturk et al. 2018).

The Iberian Peninsula (IP), located in the southwestern part of Europe, has been con-
sidered in the previous studies. Nevertheless, more local studies over this region are still 
necessary to obtain a comprehensive knowledge of future changes of extreme temperature 
indices. Spatial variations of temperatures over the IP are strongly influenced by its com-
plex orography and distance from the sea promoting a marked climate gradient from the 
north to the south, as well as diurnal and seasonal thermal gradients from coastal to central 
areas (Fig. 1). Future changes in temperature extremes could lead to serious consequences 
on agriculture, ecosystems and human health highlighting the importance of climate infor-
mation availability at regional resolutions. Thus, the objective of this work is to analyze 
future projections of temperature extremes over Spain under the assumption of various rep-
resentative concentration pathways (RCP) (Moss et al. 2010; van Vuuren et al. 2011) using 
data from the EUROCORDEX project. These future projections provide high spatial reso-
lution data focusing on grid-sizes of about 12 km (0.11°). Projections are considered for 
the period 2021–2050.

2 � Data and methods

2.1 � Observations

Daily temperature data over Spain were obtained from the Spain02 database developed by 
the Spanish Meteorological Agency (AEMET) and the University of Cantabria. These data 
are available between 1950 and 2008 in a wide network of meteorological stations (Herrera 

Fig. 1   Map of the studied area
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et  al. 2010, 2012, 2015). Data corresponding to the horizontal resolution of 0.11º were 
used in the present study. For more details on this database, the reader is referred to the 
page (http://​www.​meteo.​unican.​es/​en/​datas​ets/​spain​02).

2.2 � Regional simulations

Simulations of daily maximum and minimum near-surface temperature data were obtained 
from the EURO-CORDEX project (http://​www.​euro-​cordex.​net/). This project provides 
regional climate projections over Europe considering the global climate simulations from 
the CMIP5 long-term experiments up to the year 2100 based on future climate scenarios 
considering larger amounts of data such as socioeconomic aspects or emerging technolo-
gies (Moss et al. 2010; Taylor et al. 2012; Jacob et al. 2014).

Temperature simulations were obtained from one RCM (RCA4) driven by five different 
global climate models (GCMs) over the period 1971–2050 (Table1). The regional model 
RCA4 generally performs well when simulating the recent past climate taking boundary 
conditions from the GCMs. The EURO-CORDEX project also provides simulations from 
other RCMs although none of them has downscaled any large fraction of the CMIP5 GCMs 
at 0.11º resolution. In addition, this model has undergone substantial physical and techni-
cal changes compared to its predecessor RCA3 (Strandberg et al. 2014), is easily transfer-
able and applicable for any domain worldwide and is efficient and user-friendly to operate 
(Kjellström et al. 2016). For more details on this climate model, the reader is referred to 
the page (https://​na-​cordex.​org/​rcm-​chara​cteri​stics.​html).

The surface temperature was analysed considering two periods. The first one corre-
sponds to the end of the twentieth century (1971–2000) and the second one to a near-future 
period (2021–2050). Future data were obtained from climate projections for two scenar-
ios, RCP 4.5 and RCP 8.5 (Moss et  al. 2010). Data were only considered until the year 
2050 to analyse projections in the near future period. Knowing the short-term effects of 
climate change is important to take appropriate actions to help mitigate the long-term con-
sequences of climate change.

Recent climate conditions (1971–2000) were firstly evaluated considering temperature 
from Spain02 dataset and simulations to assess the model’s performance and to identify 
differences among the five simulations, taking into account Taylor diagrams. Diagrams 
show the correlation among time series, the centred root-mean-square (RMS) differ-
ence and the standard deviation (σ) (Taylor 2001). The RMS and σ are normalized by 
the standard deviation of the reference Spain02 dataset to make the results of the indices 
comparable.

Projections (2021–2050) were evaluated considering a multimodel ensemble con-
structed by multiple linear regression (MLR) approaches (Lorenzo and Alvarez 2020). 

Table 1   Models considered to 
the analysis

Project GCM RCM

EURO-CORDEX CNRM-CM5 RCA4
EC-EARTH ICHEC
IPSL-CM5A-MR
HadGEM2-ES-MOHC
MPI-ESM-LR

http://www.meteo.unican.es/en/datasets/spain02
http://www.euro-cordex.net/
https://na-cordex.org/rcm-characteristics.html
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MLR is a method of statistical analysis that estimates the relationship between a depend-
ent (observed) variable and multiple independent variables (model outputs). This technique 
provides better results than using a multimodel ensemble mean (Krishnamurti et al. 1999, 
2000, 2001).

2.3 � Indices

Several climate indices from daily temperature were analysed. Table 2 shows a description 
of the indices used in the present work as defined by the Expert Team on Climate Change 
Detection and Indices (ETCCDI). These indices were computed for Spain02 temperature 
data and EURO-CORDEX temperature simulations.

Among the chosen indices, those related to hot extremes during the day and also at night 
have been considered. The heat wave that affected Europe in 2003 showed that not only 
daytime temperature peaks and humidity variations should be monitored, but also night 
time ones, especially the presence of continued temperatures above normal at night. These 
temperatures, in addition to causing discomfort, can contribute to the increase in mortality 
by not allowing body temperature to return to baseline levels (Bouchama 2004; D’Ippoliti 
et al. 2010; Liss et al. 2017).

Future projections of temperature indices were analyzed by calculating differences 
between the future period (2021–2050) and the reference period (1971–2000). Significance 
was tested with a two-sided Wilcoxon rank-sum test, which is a nonparametric test for two 
independent samples. It can be used to evaluate whether the distributions of two independ-
ent samples are systematically different.

3 � Results and discussion

Climate change is altering weather and climatology, and scientific evidence suggests that 
this could significantly affect the biosphere in the future. In many regions of the world, 
climate change is associated with an increase in extreme temperatures, which can have 
serious impacts on mortality, agriculture, energy supply, or indirect effects across different 
economic sectors. Therefore, it is necessary to carry out studies that analyze future projec-
tions of climatic variables such as temperature to improve the capacity to adapt to climate, 
as well as the quality of life of the population. Thus, in this work, the spatial pattern of 
different hot temperature indices was analysed over Spain for the next decades under two 
representative concentration pathways (RCP).

Table 2   Extreme temperature indices. Note that SU35 is not an ETCCDI index

Index Name Description Units

TX90 Warm days Percentage of days when daily max temperature > 90th percentile %
TN90 Warm nights Percentage of days when daily min temperature > 90th

percentile
%

SU Summer days Number of days when daily max temperature > 25ºC Days
SU35 Summer days Number of days when daily max temperature > 35ºC Days
TR Tropical nights Number of days when daily min temperature > 20ºC Days
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Before analyzing projected future temperature, the RCM performance in simulating 
observed climate was evaluated. Taylor diagrams were calculated considering maximum 
and minimum temperature averaged over the reference period to analyse the similarity 
between the modelled and observed data (Fig. 2). This type of diagram also provides infor-
mation about inter-model differences in terms of the Pearson correlation coefficient (r), 
the RMS difference and the standard deviation (σ). The five points corresponding to the 
RCM simulations show the same behaviour among them, both for maximum and mini-
mum temperature, indicating no significant inter-model differences among the simulations. 
The short distance to the reference point indicated by Spain02 (red dot) also shows a high 
model performance. The Pearson correlation coefficient reaches values close to 0.9, and the 
RMSD presents values around 0.5 indicating a good phasing between time series. Simula-
tions corresponding to maximum temperature present values of the standard deviation over 
the line marking Spain02 data indicating a close agreement among the amplitude of the 
variations. On the other hand, the observed amplitude of variations for minimum tempera-
ture is slightly underestimated by the models with values of the standard deviation between 
0.5 and 1. 

Taking into account the good agreement between the five simulations, the spatial pat-
tern of each index was evaluated by a model ensemble. Recent climate conditions were 
first evaluated for each index considering the observational dataset and simulations over 
the period 1971–2000. Then, possible changes in hot extremes were investigated for a near-
future period (2021–2050) under two climatic scenarios, RCP 4.5 and RCP 8.5. The analy-
sis of this period could help to better understand variations in extreme hot temperature 
events that will occur in the coming decades, helping to improve the human capacity to 
adapt to the problem and mitigate its effects.

Figure  3 shows the results for the TX90 index (warm days). The analysis of recent 
temperature conditions (1971–2000) indicates that simulations sufficiently reproduce the 
observed temperature climatology. A similar spatial distribution can be observed between 
both datasets with an annual mean percentage of warm days between 9–10% of days all 
over Spain. This pattern was also observed by Rodriguez-Puebla et  al. (2010) for the 
period 1950–2006. They analysed the frequency of warm days using observations from 

Fig. 2   Taylor diagrams for maximum and minimum temperature for the comparison of Spain02 observa-
tions (red dot) and the five simulations (star-CNRM, diamond-ICHEC, circle-MPI, triangle-MOHC, square-
IPSL) over the period 1971–2000
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Fig. 3   First row: annual mean of TX90 index (% of days) obtained from Spain02 observations and simula-
tions for the period 1971–2000. Second row: annual mean of TX90 index (% of days) obtained from RCP 
4.5 and RCP 8.5 scenarios for the period 2021–2050. Third row: Changes in projected TX90 index (% of 
days) for the period 2021–2050 concerning the period 1971–2000 for both scenarios. Grey dots mark the 
areas where changes are significant at the 5% significance level from the Wilcoxon rank-sum test. White 
colour in the colour scale represents the average increase in warm days (7.5% of days)
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meteorological stations all over the Iberian Peninsula finding a mean value of the TX90 
index around 10–12.

Figure 3 also shows the annual average pattern of the TX90 index along 2021–2050 for 
RCP 4.5 and RCP 8.5. Both scenarios project an important increase in the number of warm 
days throughout the territory concerning the present climatology (note the different values 
of the colour scale). The magnitude of warming projected by the RCP 8.5 scenario is more 
than that of the RCP 4.5 scenario. The highest number of warm days is obtained all over 
the central area of the IP and the Pyrenees with values around 20–22% of days. These data 
indicate an important change in the index increase in relation to the pattern observed for 
the period 1971–2000, where the average was 9–10% of days.

Changes in warm days for both scenarios with respect to the reference period 
(1971–2000) are also presented in Fig.  3. These changes were calculated as the differ-
ence between the near future period relative to the historical one, showing the change with 
respect to the average difference over the whole Peninsula. Both scenarios indicate a sig-
nificant increase in the TX90 index in the whole area. These changes will become more 
intense for the RCP 8.5 scenario. The average increase (white colour) is about 7–8% of 
days for both scenarios with the highest changes observed in the central area of the country 
and the Pyrenees.

The TN90 index (warm nights) was also analysed. Figure  4 shows the TN90 pattern 
obtained from observations and RCM simulations over the period 1971–2000. The pattern 
described by Spain02 data reveals an annual mean percentage of warm nights around 10% 
of days all over Spain. Simulation results reflect a similar pattern where the maximum val-
ues are observed in the eastern part of the IP and along the northern coast.

According to model results of future projections, the mean number of warm nights also 
presents higher values than those of the present period in the entire region under study 
for both scenarios (note the different values of the colour scale). The highest values of the 
TN90 index (45% of days) are obtained along the Mediterranean coast and the Ebro basin. 
As for warm days, the magnitude of warming projected by the RCP 8.5 scenario is more 
than that of the RCP 4.5 scenario.

From changes concerning the present climatology, it is possible to observe that simu-
lations project an important increase in the TN90 index higher than in the TX90 index. 
These changes are significant in the whole area. The highest increase is concentrated 
over the southern area, the Mediterranean coast and the Balearic Islands. These data indi-
cate a significant increase in warm nights concerning the pattern observed for the period 
1971–2000, even doubling in some areas changes observed on warm days (Fig. 3).

As previously mentioned, rising temperature is one of the most important factors with 
direct effects on health. Several studies have found that extreme hot temperature events 
during the day can be associated with hospitalizations for cardiovascular and respiratory 
causes in Spain (Tobias et al. 2014; Linares et al. 2015; Carmona et al. 2016). Neverthe-
less, the presence of continued temperatures above normal at night is also an important 
factor that can contribute to the increase in mortality (Bouchama and Knochel 2002) high-
lighting the importance of the results obtained for warm nights.

The projected increase in warm days and warm nights could also cause major impacts 
on society affecting energy demand, energy transmission, and distribution infrastructure. 
Thus, an increase in temperature can accelerate the aging of transformers or lead to effi-
ciency losses (Schaeffer et al. 2012; Sathaye et al. 2013). The occurrence of extreme tem-
peratures above a threshold could also have negative effects on agriculture and ecosystems 
with the intensification of droughts affecting crops fertility and productivity (Ciais et  al. 
2005; Lucena et al. 2009).
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Fig. 4   First row: annual mean of TN90 index (% of days) obtained from Spain02 observations and simula-
tions for the period 1971–2000. Second row: annual mean of TN90 index (% of days) obtained from RCP 
4.5 and RCP 8.5 scenarios for the period 2021–2050. Third row: Changes in projected TN90 index (% of 
days) for the period 2021–2050 concerning the period 1971–2000 for both scenarios. Grey dots mark the 
areas where changes are significant at the 5% significance level from the Wilcoxon rank-sum test. White 
colour in the colour scale represents the average increase in warm nights (28% of days)
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Hot extremes over Spain were also analysed by the number of summer days (SU). 
This index can provide information on possible impacts on droughts, forest fires, and 

Fig. 5   First row: annual mean of SU index (days) obtained from Spain02 observations and simulations for 
the period 1971–2000. Second row: annual mean of SU index (days) obtained from RCP 4.5 and RCP 8.5 
scenarios for the period 2021–2050. Third row: Changes in projected SU index (days) for the period 2021–
2050 concerning the period 1971–2000 for both scenarios. Grey dots mark the areas where changes are 
significant at the 5% significance level from the Wilcoxon rank-sum test. White colour in the colour scale 
represents the average increase in summer days (27 days)
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human health, among others (Garcia-Herrera et al. 2005; Trigo et al. 2006; Tobias et al. 
2014). Comprehensive knowledge of future variations in this index could help to pre-
vent adverse effects on multiple sectors such as agriculture or human health. Figure 5 
shows the results for the SU index. Both datasets reveal the highest values of the SU 
index in the southern of the IP and along the Mediterranean coast including the Ebro 
basin and the Balearic Islands. The number of summer days decreases towards the 
north, especially over mountains and elevations such as the Cantabrian Mountains or 
the Pyrenees with values that scarcely exceed 20–30 days. Similar results were obtained 
by Fernandez-Montes and Rodrigo (2012) using data from observation stations from 
1929 to 2005. Two areas were identified over the IP following the mean number of sum-
mer days with the maximum values obtained at the southern area.

Simulations corresponding to a near-future period (2021–2050) project a general 
increase in the mean number of summer days for both scenarios. The highest values of 
the SU index can be observed all over the southern area with maximum values around 
200 days over the Guadalquivir basin. The Balearic Islands and the Ebro basin also pre-
sent an important increase in the SU index with values that can exceed 160 days.

The analysis of changes indicates that the increase in summer days with respect to 
the period 1971–2000 is significant all over the IP. Changes corresponding to the RCP 
4.5 scenario show the highest difference over mountain areas as the Iberian System and 
the Central System reaching up to 35 days more than for the reference period. Positive 
changes around the average value of increase in summer days (25–30 days) are expected 
for the rest of the region except in the northernmost area where changes do not experi-
ence a significant increase. Results for the RCP 8.5 scenario show a similar spatial dis-
tribution although the amount of projected summer days is greater than for the RCP 4.5 
scenario.

These results show a clear increase in summer days, especially in the southern area, 
which could lead to serious consequences for multiple sectors of society. Thus, high sum-
mer temperatures can be associated with adverse health effects and a high risk of mortality 
due to heat (Williams et al. 2012; Tobias et al. 2014; Chen et al. 2019; Singh et al. 2019). 
Urban populations can constitute a vulnerable group to these temperature extremes, mak-
ing it necessary to improve the effectiveness of urban heat island reduction and extreme 
weather response plans (Estrada et al. 2017). On the other hand, the crop areas that extend 
through the south of Spain are characterized by large irrigated areas, so an increase in hot 
extremes could affect many key factors of agriculture, such as the crop yield and agricul-
tural distribution areas. The intensification of irrigation due to temperature extremes could 
also enhance moist heat stress with a significant risk to human health (Mishra et al. 2020).

The analysis of the SU index was also complemented using a second threshold value 
(35 °C) defining the SU35 index (Fig. 6). This threshold 10 °C above the SU index can 
be used to define stronger extremes, which could increase human mortality, as well as 
energy utilization and negative impacts on agriculture (Choi et al. 2009; Fernandez-Montes 
and Rodrigo 2012). The number of days with temperature above 35  °C for the period 
1971–2000 presents a similar spatial distribution for Spain02 data and RCM although sim-
ulations tend to slightly underestimate observations. The highest values are concentrated 
in the southern zone with SU35 values around 70–80 days. Data corresponding to Spain02 
also show a small region with high values (80 days) in the central part which are not repre-
sented by the simulations.

Stronger extremes in summer days (SU35) were also investigated for the near future. 
The SU35 index presents the same spatial pattern as for the reference period with the high-
est values in the southern region. Simulations for both scenarios indicate an important 
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Fig. 6   First row: annual mean of SU35 index (days) obtained from Spain02 observations and simulations 
for the period 1971–2000. Second row: annual mean of SU35 index (days) obtained from RCP 4.5 and RCP 
8.5 scenarios for the period 2021–2050. Third row: Changes in projected SU35 index (days) for the period 
2021–2050 concerning the period 1971–2000 for both scenarios. Grey dots mark the areas where changes 
are significant at the 5% significance level from the Wilcoxon rank-sum test. White colour in the colour 
scale represents the average increase in summer days (9 days)
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increase in the number of summer days over the Guadalquivir basin with values around 
110 days.

Changes in the SU35 index for the future concerning the present period based on 
both scenarios are also presented in Fig. 6. As in the previous index, changes are sig-
nificant over almost the entire domain. Both scenarios present the same spatial dis-
tribution with some changes in magnitude. The most significant difference can be 
observed in the southern area with expected increases up to 25 days for the RCP 4.5 
scenario and 30 days for the RCP 8.5 scenario. A significant increase (20 days) over 
the Ebro basin can be also observed for both scenarios. Over the rest of the region, 
it is also possible to observe an increase in the SU35 index below the average value 
(9 days).

Changes in tropical nights (TR) were also analysed (Fig.  7). This index can provide 
information about possible heat stress for organisms (Sillmann and Roeckner 2008). On 
tropical nights (minimum temperature > 20  °C), the lowest temperature does not occur 
until shortly before dawn, and under temperatures above 25 °C sleep disturbances and rest 
can aggravate the consequences of extreme daytime temperatures (Bouchama and Knochel 
2002; Royé et  al., 2021). RCM output shows a good agreement in relation to the obser-
vational dataset. Nevertheless, simulations present lower maximum values than Spain02 
data. The highest number of tropical nights is obtained at the southern area, over the Gua-
dalquivir basin and along the Mediterranean coast with maximum values around 90 days 
for Spain02 and 60 days for simulations. Fernandez-Montes and Rodrigo (2012) also ana-
lysed tropical nights over the IP from 1929 to 2005 detecting a similar spatial pattern. They 
identified a clear division from northwest to southeast with a greater frequency of tropical 
nights along the Mediterranean coast.

According to the model results for the near future, there are no marked changes in the 
number of tropical nights all over the northern region. Results of both scenarios show an 
increase in the TR index concerning the present period for the southern area, the Mediter-
ranean coast, the Ebro basin, and the Balearic Islands. The highest values (80–90 days) are 
detected over the Guadalquivir basin.

Changes in the TR index indicate that both scenarios show similar results for future 
projections. A significant increase up to 20–25 days in tropical nights is projected over the 
southern region of the IP and along the Mediterranean coast. Results based on the RCP8.5 
scenario show much increase in this index, especially along the Mediterranean coast and 
the Balearic Islands, where increases of around 30–35 days are expected.

This increase in the frequency of tropical nights could have severe impacts on living 
conditions over the southern region of Spain and along the Mediterranean coast, being nec-
essary measures of socio-economic adaptation of populations such as improved cooling 
systems and special health care for the elderly and children.

Figure 8 summarizes the results for the five indices. A spatial average has been consid-
ered for each index over the entire studied territory considering the RCM data, and results 
have been presented as a box-plot. All indices show an increase in the median of days 
with extreme temperatures concerning the present period (1971–200) for both scenarios. 
The difference between both future scenarios is not very large because for the period 
2021–2050, both scenarios are not very different in their characteristics. However, it is pos-
sible to observe that all indices experience greater increases under the RCP 8.5 scenario. 
The most significant increase in relation to the present climatology corresponds to warm 
nights (TN90 index) as previously described in Fig. 4. On the other hand, simulations cor-
responding to tropical nights (TR index) project the smallest changes. Note that low values 
of the median for this index over the three periods analysed are due to the spatial average 



396	 Natural Hazards (2022) 113:383–402

1 3

Fig. 7   First row: annual mean of TR index (days) obtained from Spain02 observations and simulations for 
the period 1971–2000. Second row: annual mean of TR index (days) obtained from RCP 4.5 and RCP 8.5 
scenarios for the period 2021–2050. Third row: Changes in projected TR index (days) for the period 2021–
2050 concerning the period 1971–2000 for both scenarios. Grey dots mark the areas where changes are 
significant at the 5% significance level from the Wilcoxon rank-sum test. White colour in the colour scale 
represents the average increase in tropical nights (9 days)
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carried out. The spatial variations of this index all over Spain that have been previously 
analysed (Fig.  7) indicate that no marked changes were observed all over the northern 
region. Therefore, the spatial average dilutes the observed increases in specific areas such 
as the Guadalquivir and Ebro basin and hardly any changes are observed in the number of 
tropical nights.

Fig. 8   Summary of indices as box-whisker plots for the studied area. The black dot inside each box indi-
cates the median, the boxes the interquartile range and the whisker the observed range
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4 � Conclusions

This work investigates projected changes in hot extremes in Spain using simulations from 
the EURO-CORDEX project. Projections of different temperature indices from 2021 to 
2050 were described under two concentration scenarios, RCP 4.5 and RCP 8.5. The ability 
of simulations to reproduce the observed temperature was investigated comparing model 
results and temperature data obtained from the Spain02 database for the present climatol-
ogy (1971–2000). Results indicate that the RCM sufficiently reproduces the observed tem-
perature climatology, although it slightly underestimates the temperature values.

According to model results of future projections, there will be a significant increase in 
the number of extreme hot temperature events all over the domain for both scenarios. The 
main results of this study are summarized as follows:

•	 Warm days (TX90) will experience an important increase throughout the territory with 
maximum values over the central area and the Pyrenees, where the increase could be 
double or even greater.

•	 The increase in the frequency of warm nights (TN90) will be even more noticeable than 
that of warm days in all parts of the domain. The largest increase will be concentrated 
over the southern area and the Mediterranean coast.

•	 The number of summer days (SU) will also increase throughout the domain with 
changes between 25 and 30 days showing the maximum change over the mountain sys-
tems.

•	 Strong hot extremes (SU35) events will increase as well over the Ebro basin and in the 
southern area of the IP with values near 20 days and 30 days, respectively.

•	 An increase in the number of tropical nights (TR) will occur for the southern area, the 
Mediterranean coast, the Ebro basin, and the Balearic Islands. The greatest increase is 
expected over the Mediterranean coast with values that could exceed 30 days.

The results obtained here show that for the near future important warmer conditions are 
expected to occur. The increase in warm days and warm nights will be very intense and 
stronger warm extremes will be more frequent, especially in the southern area. Thus, high 
temperatures will dominate significantly over the IP increasing the environmental risk of 
droughts and negative implications for human health.
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