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Abstract
In the current context of global warming, heat waves are extreme climate events that have captured the focused attention 
of the scientific community due to their increasing impact on public health, energy consumption, fire risk, and agriculture 
livestock. Although less studied, cold waves remain an extreme climate event to be reckoned with, with implications for 
transport systems, energy consumption, crops, and human health. This paper presents an analysis of the representative 
concentration pathway (RCP) 4.5 and RCP 8.5 scenarios under European Coordinated Regional Downscaling Experiment 
simulations using the excess heat factor (EHF) and excess cold factor indices for the Iberian Peninsula and the Balearic 
Islands (IPB). The study period is the second half of the 21st Century (2050–2095) with respect to the historical reference 
period (1971–2000), and the dimensions analysed are intensity and spatial extent. The projected EHF results show a very 
significant increase on these dimensions. The average change in maximum heat wave intensity for the IPB is projected to be 
144%, which is 40% more than in the 2021–2050 period. The largest changes are expected in the east and southeast and will 
reach 300%. The average spatial extent of heat waves is projected to increase by 1–2.7% per decade, significantly amplify-
ing fire risk, energy demand, and human exposure. For cold waves, both dimensions will decrease. The average change 
in maximum cold wave intensity will be − 16%, and the maximum extent will decrease much more than the average, with 
decreases between − 0.7%/decade and − 3.2%/decade, which will imply lower exposure. Despite this, the RCP 8.5 scenario 
will record a higher maximum intensity of cold waves in the IPB than the RCP 4.5 scenario, demonstrating that such events 
will continue to exist in the second half of the century, even with high radiative forcing.
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1  Introduction

In the face of escalating global temperatures attributed 
to ongoing climate change, extreme climate events have 
become a focal point for scientific inquiry due to their pro-
found implications for society and the natural environment 
(IPCC 2023). Among these extreme climate events, heat 
waves, unusual periods of excessive heat, have garnered a 
great deal of attention, and the scientific community has 
quantified concerning increases in intensity, duration, spa-
tial extent, and frequency in recent decades (Kuglitsch et al. 
2010; Acero et al. 2017; Perkins-Kirkpatrick and Lewis 
2020; IPCC 2023; Oliveira et al. 2022; Serrano-Notívoli 
et al. 2022; Díaz-Poso et al. 2023a; Paredes-Fortuny and 
Khodayar 2023; Khodayar and Paredes-Fortuny 2024). Such 
extreme events have implied severe consequences for popu-
lation health (Guo et al. 2017; Liss et al. 2017; Royé et al. 
2020; Tobías et al. 2023a; Lüthi et al. 2023; Ballester et al. 
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2023). Cold waves, although less studied in recent decades, 
are still important extreme meteorological events (Wibig 
et al. 2009; Lhotka and Kyselý 2015; Spinoni et al. 2015; 
Piticar et al. 2018; Tomczyk et al. 2018; Smid et al. 2019; 
Bitencourt et al. 2019; Espín-Sánchez and Conesa-García 
2021; Serrano-Notívoli et al. 2022). Despite global warming 
and declining cold-wave frequency in recent decades, cold-
related mortality will not decline due to population aging 
(Chen 2024). Ambient cold exposure has multiple health 
effects (Gao et al. 2024) that may even exceed heat wave 
mortality (Vardoulakis et al. 2014; Gasparrini et al. 2015; 
Carmona et al. 2016).

Globally, each of the last four decades has been succes-
sively warmer than any previous decade since pre-industrial 
times (IPCC 2023), and the last nine years have been the 
warmest since records have been kept (Copernicus 2023a; 
Berkeley Earth 2024).

Before mid-century, global temperatures will reach 1.5 °C 
above pre-industrial levels (IPCC 2023). In fact, 2023 was 
1.48 °C warmer than pre-industrial levels, making it the 
warmest year on record (Copernicus 2023a). Extreme heat 
waves have gone from occurring once every 50 years in the 
pre-industrial period to once per decade currently (IPCC 
2023), and under warming levels above 1.5 °C, return peri-
ods will continue to decrease (Lüthi et al. 2023). The current 
anthropogenic radiative forcing, 2.72 W/m2 (IPCC 2023), 
is expected to generate a temperature increase trajectory at 
the end of the century, 2081–2100, more than 1.8 °C above 
pre-industrial levels, far exceeding the forecast associated 
with the representative concentration pathway (RCP) 2.6 
scenario.

The European continent has experienced an average 
warming in the last five years that is almost double that of 
the planet as a whole (2.2 °C above pre-industrial levels) 
and that has been faster, both in winter and summer, than 
that of any other continent (Copernicus 2023b). Europe is 
therefore becoming a leading climate hotspot (Van Daalen 
et al. 2022). In parallel, cold waves in the northern mid-
latitudes have experienced a decrease in their spatial extent 
and a warming rate 3–5 times higher than the rate of increase 
of global mean temperature in 1990–2018 (Van Oldenborgh 
et al. 2019).

This does not mean that extremely cold temperature 
events will cease to occur. Although less frequent, espe-
cially in Scandinavia and northeastern Russia (Carvalho 
et al. 2021), cold waves will continue to occur in Europe 
throughout this century (Kodra et al. 2011). An example 
of this was the recent cold wave in Fennoscandia in 2024 
(Pinto et al. 2024).

The Mediterranean region stands out most for its warm-
ing (Giorgi 2006; Fischer and Schär 2009; Jacob et al. 2014, 
Vicedo-Cabera et al. 2018; Zittis et al. 2019; Vogel et al. 
2020; Cos et al. 2022; Feng et al. 2022; Oliveira et al. 2022, 

Urdiales-Flores et al. 2023), which is expected to exceed 
global rates by 20% (50% in summer) during this century 
(Lionello and Scarascia 2018), further accentuating its 
already known vulnerability (Diffenbaugh et al. 2007; Bac-
cini et al. 2008; D’Ippoliti et al. 2010; Kendrovski et al. 
2017; Spinoni et al. 2018; MedECC 2020).

Already, one in three heat-related deaths is estimated to 
be related to anthropogenic climate change (Vicedo-Cabrera 
et al. 2021). Alongside Italy and Greece, Spain and Portu-
gal are, according to recent estimates, the countries with 
the highest heat-related mortality rates and the most excess 
deaths (Mayrhuber et al. 2018; Ballester et al. 2023; Bar-
riopedro et al. 2023). In addition, with the Scandinavian 
countries, they also have the highest rate of excess winter 
mortality and the lowest level of domestic thermal efficiency 
in Europe (Healy 2003; Ordanovich et al. 2023). Future cold 
waves, although less severe, could have a greater impact 
on health because their lower frequency could lead to a 
decrease in risk perception and adaptive measures (Pinto 
et al. 2024). Consequently, increased temperatures will pose 
an even greater health threat in the spatial context of the 
Iberian Peninsula and Balearic Islands (IPB) (Fig. 1).

Future projections for the IPB show a clear consensus 
on the increase in intensity, frequency, duration, and spatial 
extent of heat waves (Fischer and Schär 2010; Pereira et al. 
2017; Viceto et al. 2019; Molina et al. 2020; Lorenzo et al. 
2021; Lorenzo and Alvarez 2022) whereas these dimensions 
will decrease for cold waves, especially frequency and spa-
tial extent (Ramos et al. 2011; Pereira et al. 2017; Viceto 
et al. 2019; Serrano-Notívoli et al. 2022; Díaz-Poso et al. 
2023b). Therefore, the current increase in population expo-
sure to extreme heat (Pascaline and Rowena 2018) highlights 
the need for timely implementation of robust adaptation 
measures to reduce heat-related mortality (Gosling et al. 
2017), such as climate shelters or early warning systems 
for heat-related health risks (Serrano-Notívoli et al. 2023; 
Tobías et al. 2023b) because existing ones have proven to 
be insufficient (Ballester et al. 2023; Domeisen et al. 2023).

Although recent studies have contributed to substantially 
improving our understanding, there is still no universally 
accepted quantitative definition of a heat/cold wave (Perkins 
and Alexander 2013; Perkins 2015; Añel et al. 2017; Barrio-
pedro et al. 2023). The vast majority of indices and organi-
zations use maximum/minimum temperature thresholds, as 
well as minimum extent and duration (García-Herrera et al. 
2010; Perkins and Alexander 2013; Perkins 2015; Russo 
et al. 2015; Spinoni et al. 2015; Acero et al. 2017; Pereira 
et al. 2017; Lavaysse et al. 2019; Smid et al. 2019; Viceto 
et al. 2019). Because there are no optimal thresholds for a 
universal definition to be generalized, this is probably an 
infeasible goal (Barriopedro et al. 2023).

Both heat and cold waves can be characterized by con-
sidering four dimensions: intensity, duration, frequency, and 
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spatial extent (Raei et al. 2018). The dimensions of inten-
sity and spatial extent have been studied little in the spatial 
domain of the IPB (Sánchez-Benítez et al. 2020; Espín-
Sánchez and Conesa-García 2021; Lorenzo et al. 2021; 
Serrano-Notívoli et al. 2022; Díaz-Poso et al. 2023a, b).

Developed by Nairn and Fawcett (2013), the excess heat 
factor (EHF) is a biometeorological index that integrates the 
dimension of intensity and the acclimatization process of 
the human body (Xu et al. 2016) and has been shown to be 
effective in predicting health risks associated with extreme 
heat events (Scalley et al. 2015; Nairn et al. 2018; Williams 
et al. 2018; Sheridan et al. 2021; Wondmagegn et al. 2021). 
It has also been tested in the specific spatial context of the 
IPB (Morais et al. 2020; Royé et al. 2020; Oliveira et al. 
2022), where it has proved to be faster than other indices 
in detecting heat wave conditions (Díaz-Poso et al. 2023a). 
This greater sensitivity to local temperature variations than 
other indices that use maximum/minimum temperature 
thresholds (Nairn et al. 2018) makes it possible to alert the 
population earlier to an extreme event, which is a key factor 
in minimizing health impacts. This index also has its con-
ceptually analogous version, the excess cold factor (ECF) 
(Nairn and Fawcett 2013). Because their values are relative 
to the local climate, these biometeorological indices can be 
used in any location for which data are available. Climate 
projections that have used the EHF/ECF indices in the IPB 
domain for the near future (2021–2050) confirm an aver-
age increase (decrease) of 65% (− 23.3%) in the maximum 
intensity of heat (cold) waves and 6–8% (− 2.4%; − 5.5%) 

per decade in their maximum spatial extent (Lorenzo et al. 
2021; Díaz-Poso et al. 2023b).

The objective of this work is to continue to advance our 
knowledge of the evolving intensity and spatial extent of 
heat and cold waves in the IPB in the second half of this 
century (2050–2095), using the EHF/ECF indices based on 
five simulations of the EURO-CORDEX project for the RCP 
4.5 and RCP 8.5 scenarios.

2 � Data and methods

2.1 � Model simulations

Daily maximum and minimum temperature data for 
2050–2095 were obtained from five simulations and two 
future scenarios of the EURO-CORDEX project (http://​
www.​euro-​cordex.​net/). EURO-CORDEX is the European 
branch of the international CORDEX initiative, which is a 
programme sponsored by the World Climate Research Pro-
gramme (WCRP) to produce regional climate change pro-
jections for all terrestrial regions of the world. CORDEX 
results serve as the basis for climate change impact and 
adaptation studies within the Intergovernmental Panel on 
Climate Change (IPCC) (Guilyardi et al. 2011; Taylor et al. 
2012; Jacob et al. 2014) (Supplementary Material Table S1). 
The selection of the RCA4 model in the spatial context of 
the IPB (Fig. 1) responds to its efficiency in reproducing 
the climatic conditions of the reference period (1971–2000) 

Fig. 1   Study area showing the 
limits of the Iberian Peninsula 
and Balearic Islands and terrain 
elevation

http://www.euro-cordex.net/
http://www.euro-cordex.net/
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(Strandberg et al. 2014; Kjellström et al. 2016). This cli-
matological normal is the one used by EURO-CORDEX. 
The spatial resolution provided by EURO-CORDEX for the 
European region is 0.11º (~ 12.5 km).

For projecting future temperatures, two RCPs were 
employed: RCP 4.5 («middle of the way»), representing 
stabilization of radiative forcing at 4.5 W/m2 by the end of 
this century; and RCP 8.5 («business-as-usual»), the most 
severe scenario, with a radiative forcing of 8.5 W/m2 (Moss 
et al. 2010; Riahi et al. 2011). RCP 2.6 was not considered as 
no sufficiently strong climate stabilization actions have been 
undertaken, and the radiative forcing associated with this 
scenario has already been surpassed (IPCC 2023; Núñez-
Hidalgo et al. 2023). Neither was RCP 6.0, unavailable in 
EURO-CORDEX simulations. Among the scenarios with 
high greenhouse gas emission rates, RCP 8.5 is mostly used 
as the basis for prediction. This is in line with our previous 
work for the first half of the century (2021–2050) (Lorenzo 
et al. 2021; Díaz-Poso et al. 2023b).

2.2 � Excess heat factor/excess cold factor

Developed by Nairn and Fawcett (2013), the EHF and ECF 
indices quantify the intensity of heat/cold waves. Because 
the resulting measure is focused on the intensity, it is pos-
sible to identify which events could have severe implications 
for the population (Nairn and Fawcett 2015; Scalley et al. 
2015; Wang et al. 2016). Each index is a factorisation of 
two daily excess heat/cold indices, and therefore its result is 
expressed in °C2. The first factors are based on a three-day 
average daily temperature (three-day average daily period, 
or TDP). The TDP, compared to the 95th percentile (05th) 
of the average daily temperature of the climatological refer-
ence period (1971–2000), constitutes the significance index 
EHIsig (ECIsig):

where T is the daily mean temperature, i represents each day 
of the TDP, and T95(05) is the 95th (05th) percentile of daily 
mean temperature for the study period (Nairn and Fawcett 
2013; Wang et al. 2016). When the result of EHIsig is > 0, 
the three-day period is considered abnormally warm in com-
parison with the climatology of the study area, indicating a 
heat wave, whereas negative values (< 0) of ECIsig indicate 
an abnormally cold period corresponding to a cold wave.

The second component, the acclimatization index EHIaccl/
ECIaccl, is identical for both indices. It quantifies heat/cold 
stress by comparing the temperatures reached during the 
TDP considered with those reached in the recent past (mean 

EHIsigi =

(

Ti + Ti+1 + Ti+2
)

3
− T95,

ECIsigi =

(

Ti + Ti+1 + Ti+2
)

3
− T05,

temperature of the previous 30 days) (Nairn and Fawcett 
2013):

This acclimatization (EHIaccl; ECIaccl) is an amplifying 
factor of the significance index (EHIsig; ECIsig), which in no 
case reduces the significance of the excess heat/cold of the 
climatic threshold because EHIaccli(ECIaccli ) must be greater 
than 1 (less than − 1). The multiplication of these two factors 
results in the EHF/ECF indices, of which only EHF (ECF) 
values greater (less) than 0 can be considered to represent 
heat wave (cold wave) days:

The more positive (negative) the values recorded by EHF 
(ECF), the more intense will be the phenomena that they 
measure.

2.3 � Statistical analysis

Projections for the second half of the 21st Century 
(2050–2095) were evaluated using the multi-model ensem-
ble average resulting from the five simulations. Data from 
the reference period (1971–2000) were used to obtain the 
climate change signal simulated by RCA4. This signal was 
obtained using the "delta method" (Zahn and Von Storch 
2010) applied at climatological scale. This method’s hypoth-
esis is that a "jump" in the mean manifests the signal of 
climate change, preserving the distribution observed in the 
present time and showing the differences between the refer-
ence and projected periods. Therefore, for all projected val-
ues, subtracting the mean of the 1971–2000 reference inte-
gration from the mean of the 2050–2095 integration gives 
us the "delta", with which the percentage change between 
the values during the reference period and those obtained 
in the RCP 4.5 and RCP 8.5 scenarios was calculated. The 
non-parametric two-sided Wilcoxon rank sum test was used 
to assess whether these changes were significant (α = 0.05). 
This test is used to determine whether the distributions of 
two independent samples are different (Wilcoxon 1945).

Future changes in the EHF/ECF indices were analysed 
along two main dimensions: intensity (mean and extreme 
EHF/ECF values) and spatial extent (area corresponding 
to the number of pixels with positive/negative EHF/ECF 
values). Only positive (for EHF) and negative values (for 
ECF) were considered in this analysis. Trend analysis was 
performed using the non-parametric Mann–Kendall test 

EHIaccli =

(

Ti + Ti+1 + Ti+2
)

3
−

(

Ti−1 +⋯ + Ti−30
)

30
,

ECIaccli =

(

Ti + Ti+1 + Ti+2
)

3
−

(

Ti−1 +⋯ + Ti−30
)

30
.

EHFi = EHIsigi ⋅max
(

1,EHIaccli

)

,

ECFi = ECIsigi ⋅min
(

−1,ECIaccli

)

.
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with a confidence level of 95% (Mann 1945; Kendall 1975). 
This test is a widely used method for analysing climate data 
because it does not require specific data distributions. In 
agreement with our previous work (Lorenzo et al. 2021; 
Díaz-Poso et al. 2023b), to illustrate the considerable spa-
tial differences, the main results are shown for the IPB as a 
whole.

3 � Results

3.1 � Excess heat factor/excess cold factor trends 
in 1971–2000

Both EHF and ECF trends showed notable regional differ-
ences for the 1971–2000 reference period. The annual aver-
age positive EHF (EHFmean) and annual maximum intensity 
(EHFmax) showed similar behaviour, with continental and 
especially altitudinal effects. The average positive EHFmean 
value was 6.5 °C2 for the IPB, and the EHFmax was 18.53 °C2 
(Supplementary Material Figure S1). In addition to the main 
mountain systems, the western region recorded much higher 
intensities. The trend was more pronounced for maximum 
intensity (EHFmax), ranging between 2 and 6 °C2 per decade 
(Supplementary Material Figure S2), than for mean intensity 
(EHFmean), which ranged between 0 and 2 °C2 per decade. 
The maximum extent of heat waves increased much faster 
(4.3%/decade) than the mean annual extent (1.7%/decade) 
(Supplementary Material Figure S3).

In the same manner, ECF values did not show any lati-
tudinal effect. The highest intensities, both mean (ECFmean) 
and maximum (ECFmin), were recorded in the main moun-
tainous areas, showing a clear dependence on altitude 
and a similar pattern. ECFmean was − 4.7 °C2, and ECFmin 
was − 52.46 °C2 in the IPB (Supplementary Material Fig-
ure S4). The eastern half, and especially the northeastern 

part of the peninsula, recorded much higher intensities than 
the western half, in contrast to the pattern observed for EHF. 
The ECFmin trend ranged from − 4 to + 9 °C2 per decade 
(Supplementary Material Figure S5). The maximum extent 
of cold waves decreased by − 0.8%/decade, whereas the 
mean annual extent decreased by − 0.3%/decade (Supple-
mentary Material Figure S6).

In summary, in the 1971–2000 reference period, the 
decrease in maximum intensity of cold waves was more pro-
nounced than the increase in maximum intensity recorded 
for heat waves, although the significant trend corresponds to 
a much larger extent in the IPB in the case of heat waves. It 
is also important to highlight the higher rate of increase in 
the spatial extent (especially the maximum) of heat waves 
compared to the rate of decrease recorded for cold waves. 
The results of EHF and ECF for 1971–2000 are summarized 
in Supplementary Material Table S2.

3.2 � Excess heat factor trends in 2050–2095

In the second half of the century, EHF trends continued 
to show important regional differences, as observed in the 
1971–2000 reference period. The differences between the 
RCP 4.5 and RCP 8.5 scenarios intensified markedly with 
respect to the first half of the century (Lorenzo et al. 2021; 
Díaz-Poso et al. 2023b). This was because CO2 emissions in 
the RCP 4.5 scenario started to decrease from 2050 onwards 
(IPCC 2023), whereas the RCP 8.5 scenario reached its 
maximum radiative forcing at the end of the century (Riahi 
et al. 2011).

Figure 2 shows the positive annual average EHF intensity 
(EHFmean) for both scenarios. Greater intensity was recorded 
in the western and northwestern regions of the peninsula, 
as well as a marked altitudinal effect. No latitudinal effect 
was observed, but there was an increase in intensity in the 
northwest compared to the southeast (RCP 4.5). The average 

Fig. 2   a Annual average positive EHFmean for 2050–2095, RCP 4.5 (average 7.4 °C2); b annual average positive EHFmean for 2050–2095, RCP 
8.5 (average 10 °C2) (spatial average 8.7 °C2)
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intensity between the two scenarios was 8.7 °C2, represent-
ing an increase of more than 50% in the RCP 8.5 scenario 
with respect to the reference period. The mean intensity was 
considerably lower in the eastern part of the peninsula, and 
the lowest values (2–4 °C2) were recorded in coastal areas.

Figure 3 illustrates the spatial distribution of the annual 
maximum intensity (EHFmax). As for EHFmean, the high-
est intensities are found in the western and northwestern 
peninsular areas and main elevations of the IPB, especially 
northern ones. A substantial intensification was observed 
in RCP 8.5 with respect to the first half of the century 
(Lorenzo et al. 2021). Whereas in the RCP 4.5 scenario, 
EHFmax values ≥ 40 °C2 were recorded only in the western 
and northwestern peninsular areas and main mountain-
ous areas, in the RCP 8.5 scenario, much of the peninsula 
had values > 60 °C2, even exceeding 90 °C2 in the western 
peninsular area, Leon Mountains, Cantabrian Mountains, 
and Pyrenees. The spatial mean between both RCPs was 
43.18 °C2. In both RCPs, the lowest intensities, ≤ 25 °C2, 
were recorded in the Balearic archipelago, central part of the 

Cantabrian coast, and along the Mediterranean coast, with 
a greater extent towards the interior of the peninsula in the 
case of the RCP 4.5 scenario.

The EHFmean and EHFmax patterns for this period show 
spatial behaviour like those observed in 1971–2000 and 
in 2021–2050 (Lorenzo et al. 2021). However, in the case 
of EHFmax under RCP 8.5, the strong increase in intensity 
implies some blurring of regional differences, as the com-
mon mean between both RCPs is comfortably exceeded in 
most of the IPB (Fig. 3b).

Figure 4 shows the percentage change in EHFmax for 
2050–2095 compared with 1971–2000. Heat waves will 
become much more intense in both scenarios, especially in 
the eastern portion of the IPB. With respect to the histori-
cal reference period, in the RCP 8.5 scenario, the maxi-
mum intensity of heat waves will triple (200%) in most of 
the IPB and will quadruple (300%) in several areas of the 
eastern half of the peninsula. The highest percentages of 
change were reached in the Pyrenees and in the Iberian 
System, exceeding 300%. In both scenarios, the smallest 

Fig. 3   a EHFmax for 2050–2095, RCP 4.5 (°C2) (average 32.22 °C2); b EHFmax for 2050–2095, RCP 8.5 (°C2) (average 53.14 °C2) (spatial aver-
age 43.18 °C2)

Fig. 4   Percentage change in the maximum value of the EHF index for 2050–2095 compared with 1971–2000 for both scenarios: a RCP 4.5 
(mean warming of 86.96%); and b RCP 8.5 (mean warming of 201.10%). Black dots: significant change at α = 0.05 (average value is 144%)
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increases in intensity occurred along the Cantabrian and 
Atlantic coasts, ~ 20%–40% (~ 50%) under RCP 4.5 (RCP 
8.5). The average warming between the two scenarios was 
144%.

The EHFmax trends for 2050–2095 ranged between − 2 
to 3 °C2/decade and 2 to 12 °C2/decade for the RCP 4.5 
and RCP 8.5 scenarios, respectively (Fig. 5). In RCP 4.5 
(Fig. 5a), the negative trend is not significant (~ − 2 °C2/
decade). The rest of the IPB registers positive values, 
which are significant in the southern half of the peninsula, 
Balearic Islands, and Pyrenees, where the maximum heat-
wave intensity will increase at a rate of 2 to 3 °C2/decade. 
In the RCP 8.5 scenario, the trend reveals a large increase 
in maximum intensity for 2050–2095 (Fig. 5b), which is 
significant across the IPB. The spatial pattern is similar to 
the percentage change in EHFmax (Fig. 4b), with the most 
pronounced trends in the eastern and northeastern parts of 
the peninsula (> 8 °C2/decade). Particularly noteworthy 
are the Pyrenees and Iberian System, where the greatest 

increases in intensity will occur in the second half of the 
century (≥ 10 °C2/decade).

The spatial extent of heat waves in the IPB for 2050–2095 
is shown in Fig. 6. Heat waves will cover an increasing pro-
portion of the IPB, showing huge differences from the refer-
ence period (1971–2000). Whereas in the historical period, 
the greatest extent has never reached 80%, in 2050–2095, 
this value will be exceeded in 35 years under RCP 4.5 (76% 
of years) and in every year under RCP 8.5. Indeed, under this 
scenario, the upper limit will be approximately 100% of IPB 
extent from 2077 onwards. 50% of heat waves, represented 
as the interquartile range (difference between the 75th and 
25th percentiles), has also increased greatly compared to the 
historical period, which shows that heat waves will increas-
ingly affect a larger portion of the IPB. The median is also 
much higher, exceeding 10% extent in 95% of years for RCP 
4.5 and in 100% of years for RCP 8.5. A median exceeding 
this value was extremely rare in 1971–2000, occurring in 
only 6% of years.

Fig. 5   Trend in the maximum value of the EHF index for 2050–2095 under a RCP 4.5 and b RCP 8.5. Values are expressed as °C2/decade. 
Black dots: significant change at α = 0.05

Fig. 6   Distribution of spatial extents of heat waves per year in the Iberian Peninsula and Balearic Islands (2050–2095): a RCP 4.5 and b RCP 
8.5. The point indicates the median, the boxes the interquartile range, and the whiskers the observed range
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Although at the beginning of the second half of the cen-
tury, the projected extents are already very large, there is a 
positive trend in the mean and maximum annual extents in 
both scenarios. Between 2050 and 2095, the mean annual 
extent will increase by 1%/decade for the RCP 4.5 scenario 
and by 2.7%/decade in the case of RCP 8.5. The increase in 
maximum annual extent is slightly less, with trends of 0.6%/
decade and 2.1%/decade, respectively.

EHF projections for 2050–2095 are summarized and 
compared to the 2021–2050 period (Lorenzo et al. 2021, 
2023b) in Fig. 7. Intensity (EHFmean and EHFmax) and extent 
(mean and maximum) dimensions are included for the RCP 
4.5 and RCP 8.5 scenarios. The intensity and spatial extent 
dimensions of heat waves in the IPB will increase with 
respect to 2021–2050 in all RCP scenarios. For both peri-
ods, and especially for 2050–2095, the RCP 8.5 scenario 
differs considerably in terms of magnitude from the RCP 
4.5 scenario.

The median values of EHFmean show approximately equal 
values in the RCP 4.5 scenario for both periods (7.24 °C2 
in 2050–2095; 6.65 °C2 in 2021–2050), but differ more 
widely from each other in the RCP 8.5 scenario (9.76 °C2 in 
2050–2095; 7.87 °C2 in 2021–2050). For EHFmax, the dif-
ferences between the two periods are markedly accentuated, 
especially in RCP 8.5, where the median value will double 
(53.27 °C2 in 2050–2095; 23.78 °C2 in 2021–2050).

The mean extent shows almost equal values between 
periods for the RCP 4.5 scenario, but a larger difference for 
RCP 8.5 (35.72% in 2050–2095; 31.61% in 2021–2050). 
The differences in extent reach their greatest degree at the 

maximum, with differences at the median of 9% for RCP 
4.5 and 16% for RCP 8.5 (96.8% in 2050–2095; 81% in 
2021–2050). The main results of EHF for 2050–2095 are 
summarized in Supplementary Material Table S3.

3.3 � Excess cold factor trends in 2050–2095

Regional variability is also present for ECF. The annual 
average negative ECF intensity (ECFmean) for 2050–2095 is 
shown in Fig. 8 for both scenarios. The low ECFmean values, 
corresponding to high average intensity, are similarly dis-
tributed in both scenarios. No relevant latitudinal influence 
is observed, as in 1971–2000. The eastern and northeastern 
peninsular areas stand out (≤ − 6 °C2), as well as the main 
IPB elevations (≤ − 10 °C2). The decrease in mean annual 
intensity is considerable with respect to the reference period, 
with a spatial mean between the two scenarios of − 3.1 °C2, 
which represents a decrease of 34%.

Figure 9 shows the distribution of annual maximum 
intensity (ECFmin) for both scenarios. In the second half 
of the century, cold waves are expected to be much less 
intense in the IPB for both scenarios (mean between the 
two RCPs: − 23.48 °C2) than in the reference period (mean 
between the two RCPs: − 52.46 °C2). Conversely, the maxi-
mum intensity for the IPB will be higher in the RCP 8.5 
scenario (− 24.54 °C2) than in RCP 4.5 (− 22.44 °C2). In 
contrast to the RCP 4.5 scenario, a slight increase in inten-
sity will be experienced under the RCP 8.5 scenario with 
respect to the first half of the century (Díaz-Poso et al. 
2023b). In both scenarios, the same spatial pattern as in 

Fig. 7   Summary of EHF projec-
tions as box-and-whisker plots 
for IPB in 2021–2050 (greys) 
and 2050–2095 (orange and 
red). The point indicates the 
median, the boxes the interquar-
tile range, and the whiskers the 
observed range
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ECFmean is observed, with higher intensities in the north-
ern and northeastern peninsular regions (< − 50 °C2), and 
especially in mountainous systems regardless of their lati-
tude. The Pyrenees stand out (< − 180 °C2), and to a lesser 
extent the Cantabrian Mountains, Iberian System, and Betic 
System (≤ − 100 °C2). Likewise, in the foothills of the main 
elevations, the intensities are higher than in the rest of the 
peninsula. The lowest maximum intensities are recorded in 
the western and especially the southwestern portions of the 
peninsula, as well as in coastal areas (< − 20 °C2).

The spatial patterns of ECFmean and ECFmin for this period 
show a strong altitudinal dependence. The continental effect 
is less relevant, with a greater influence in the northern sub-
plateau than in the southern one due to its higher average 
altitude. There is no latitudinal effect. Note that the spatial 
behaviour is similar to the ones observed in 1971–2000 and 
in 2021–2050 (Díaz-Poso et al. 2023b).

The percentage change in ECFmin is shown in Fig. 10. 
Cold waves will be less intense in the second half of the 

century than in the reference period. The percentage change 
is significant across the entire IPB. In both scenarios, warm-
ing is slightly more pronounced in the northern half of the 
peninsula (< − 50%), regardless of altitude. The average 
warming in the RCP 8.5 scenario will be lower. In this sce-
nario, with higher-magnitude intensities (Fig. 9b), there is 
greater warming in the northern third of the peninsula, as 
well as an increase in the intensity of cold waves on both 
plateaus (≤ 50%). Locally, at the eastern end of the Betic 
System (Fig. 1), increases ranging between 150 and 200% 
with respect to the historical reference period will occur. 
The mean ECFmin warming between the two scenarios will 
be 15.85%.

The ECFmin trends for 2050–2095 are shown in Supple-
mentary Material Figure S7 for both scenarios. For RCP 4.5, 
trends range between 3 °C2/decade and − 2 °C2/decade. The 
most notable negative trends (corresponding to an increase 
in intensity) are mainly recorded in the southern foothills 
of mountain systems such as the Central System or Betic 

Fig. 8   a Annual average negative ECFmean for 2050–2095, RCP 4.5 (average − 3.2 °C2); b annual average negative ECFmean for 2050–2095, RCP 
8.5 (average − 2.9 °C2) (spatial average − 3.1 °C2)

Fig. 9   a ECFmin for 2050–2095, RCP 4.5 (°C2) (average − 22.44 °C2); b ECFmin for 2050–2095, RCP 8.5 (°C2) (average − 24.54 °C2) (spatial 
average − 23.48 °C2)
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System (~ − 2 °C2/decade), although they are not significant. 
The main positive trends (2–3 °C2/decade), occupy a greater 
extent, being registered in the Leon Mountains, Cantabrian 
Mountains, Iberian System, and occasionally the Central 
System and Pyrenees, but they are not significant. Signifi-
cant decreases in intensity are moderate (0–1 °C2/decade) 
and are confined to small areas in the northwestern part of 
the peninsula. Under RCP 8.5, trends are recorded in very 
small mountain areas, and none are significant. Positive 
trends are recorded in the Iberian System, Cantabrian Moun-
tains, and Leon Mountains. In general terms, negative trends 
are only observed in very small areas of the Pyrenees. There-
fore, in the second half of the 21st Century, there will be no 
significant relevant trend because the 2050s will start from 
maximum intensity values of lesser magnitude, which will 
remain approximately similar until the end of the century.

The distribution of the annual extent of cold waves in 
the IPB for 2050–2095 is represented in Fig. 11. Whereas 

in 1971–2000, the upper boundary extent exceeded 30% of 
the IPB in 21 years (70% of years), in the second half of 
the century, it will be exceeded only twice in the RCP 4.5 
scenario (4.35% of years) and not at all in RCP 8.5. In this 
scenario, the greatest extent will not reach 20% of the IPB 
extent in any year; in the historical period, this has been an 
extraordinary event, occurring in only one year. 50% of cold 
waves, represented as the interquartile range (the difference 
between the 75th and 25th percentiles), show how half the 
cold waves will have a much smaller spatial extent than they 
did in 1971–2000, especially in RCP 8.5. Although very 
infrequent, extensive cold waves may also occur, as shown 
by the outliers, covering more than 40% and 30% of the IPB 
extent in the RCP 4.5 and RCP 8.5 scenarios, respectively.

Although at the beginning of the second half of the cen-
tury the predicted extents are already low, future trends show 
a decrease in the mean extent of cold waves of − 0.1%/dec-
ade for the RCP 4.5 scenario and − 0.5% for RCP 8.5, with 

Fig. 10   Percentage change in the minimum ECF index for 2050–2095 compared with 1971–2000 for both scenarios: a RCP 4.5 (mean warming 
of 21.6%); and b RCP 8.5 (mean warming of 10.1%). Black dots: significant change at α = 0.05

Fig. 11   Distribution of spatial extents of cold waves per year in the Iberian Peninsula and Balearic Islands (2050–2095): a RCP 4.5; and b RCP 
8.5. The point indicates the median, the boxes the interquartile range, and the whiskers the observed range



Heat and cold wave intensity and spatial extent on the Iberian Peninsula: future climate… Page 11 of 18  222

the negative trend being more accentuated in the maximum 
extents, which decrease by − 0.7% and − 3.2% per decade, 
respectively. The negative trend obtained for the RCP 8.5 
scenario shows a decrease of much greater magnitude than 
that recorded for the RCP 4.5 scenario, which is associated 
with a much more restricted anthropogenic radiative forcing 
(8.5 W/m2 and 4.5 W/m2, respectively).

Finally, Fig. 12 shows the ECF projections for 2050–2095 
summarized and compared to the first half of the century 
(2021–2050) (Díaz-Poso et al. 2023b). Intensity (ECFmean 
and ECFmin) and extent (mean and maximum) are included 
for the RCP 4.5 and RCP 8.5 scenarios. The differences 
between periods are considerably reduced compared to 
those observed for heat waves (Fig. 7). Only one exception 
is observed: a greater difference between periods in the aver-
age extent of cold waves (RCP 4.5). The largest inter-period 
differences are clearly observable in the RCP 8.5 scenario. 
The median values of intensity and extent will not increase 
in magnitude with respect to 2021–2050 in any scenario.

The median value of ECFmean will be practically the 
same for both periods in the RCP 4.5 scenario (− 2.59 °C2 
in 2050–2095; − 2.61 °C2 in 2021–2050), with the median 
value increasing slightly in RCP 8.5 for the second half 
of the century (− 2.35 °C2 in 2050–2095; − 3.49 °C2 in 
2021–2050). ECFmin shows that the differences between 
periods will remain moderate for the RCP 4.5 scenario 
and will be accentuated in RCP 8.5, increasing the median 
and minimum values in the second half of the century 
(− 4.21  °C2; − 16.04  °C2) with respect to 2021–2050 

(− 9.51 °C2; − 20.58 °C2). The variability will be much 
greater for ECFmin than for ECFmean.

The mean extent shows a more marked difference between 
periods than that observed for intensity. The median value in 
the RCP 8.5 scenario for 2050–2095 will be reduced by ~ 3% 
compared to 2021–2050 (1.91% and 4.85%, respectively). In 
the case of the maximum extent of cold waves, the median 
value will be reduced for 2050–2095 by 11.85% in RCP 
8.5 (17.38% for 2050–2095 and 29.23% for 2021–2050). 
The variability, as shown by the upper and lower limits, 
will be much higher for the maximum extent than for the 
mean extent, especially for RCP 4.5, with expected ranges 
of 48.19% and 7.42%, respectively. The main results of ECF 
for 2050–2095 are summarized in Supplementary Material 
Table S3.

4 � Discussion

This study extends to the second half of the century the 
analysis of the intensity of future heat and cold waves in 
the IPB using the EHF and ECF indices proposed by Lor-
enzo et al. (2021) and Díaz-Poso et al. (2023b) for the 
first half of the century. The two main dimensions, inten-
sity and spatial extent, are addressed using 1971–2000 
as the historical reference period and 2050–2095 as the 
future period. The RCP 4.5 and RCP 8.5 scenarios have 
been used to quantify the differential behaviour between 
the respective radiative forcings at the end of the cen-
tury. Knowing this differential behaviour will lead us to 

Fig. 12   Summary of ECF 
projections as box-and-whisker 
plots for IPB in 2021–2050 
(greys) and 2050–2095 (blues). 
The point indicates the median, 
the boxes the interquartile 
range, and the whiskers the 
observed range
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a deeper understanding of the intensity of future extreme 
temperature events.

The results show how the spatial patterns of mean and 
maximum EHF intensity in 1971–2000 will be repeated 
for 2050–2095. The highest intensities are recorded in the 
western part of the peninsula and at the higher mountain-
ous elevations. This intensity distribution is due to the 
presence at altitude of the North African ridge, which 
implies an injection of very warm air into the upper layers 
of the atmosphere, which triggers most of the heat waves 
affecting the IPB (Merino et al. 2018; Sousa et al. 2019; 
Lorenzo et al. 2021; Díaz-Poso et al. 2023a). Likewise, 
the lower intensity in the eastern peninsular region, and 
more specifically along the Mediterranean coast and in 
the Balearic Islands, is a response to the loss of energy 
of the North African continental tropical air mass in its 
advection process over the Mediterranean Sea (Díaz-Poso 
et al. 2023a).

The difference between scenarios will be more marked in 
2050–2095 than in 2021–2050 (Lorenzo et al. 2021) because 
in the RCP 4.5 scenario, emissions will start to decrease in 
2050, whereas in the RCP 8.5 scenario, the highest radia-
tive forcing will be reached at the end of the century (Riahi 
et al. 2011; IPCC 2023). This is reflected in the EHFmax 
values for both scenarios. Under RCP 8.5, most of the IPB 
records values > 60 °C2, whereas in RCP 4.5, such values 
are confined only to the northern mountainous areas and 
the northwestern fringe, where the influence of the North 
African ridge is greatest.

The results show the same trends for heat waves in 
2050–2095 as in the first half of the century (Lorenzo et al. 
2021). For instance, the RCP 8.5 scenario shows the highest 
increments in EHFmax, with a percentage change of 100% 
along the Mediterranean coast, in the Iberian System, and 
in the Pyrenees with respect to 2021–2050 (Lorenzo et al. 
2021). These results point to the same direction as the latest 
works that have used the EHF index in the IPB (Royé et al. 
2020; Espín-Sánchez and Conesa-García, 2021; Oliveira 
et al. 2022; Díaz-Poso et al. 2023a; Khodayar and Paredes-
Fortuny, 2023; Paredes-Fortuny and Khodayar 2023).

The EHF projections also show how the spatial extent 
of heat waves will continue to increase (Keellings and 
Moradkhani 2020; Sánchez-Benítez et al. 2020; Khodayar 
and Paredes-Fortuny, 2023; Paredes-Fortuny and Khodayar 
2023). However, trends are considerably lower than that 
recorded in the reference period or that expected for the 
first half of the century in the RCP 4.5 scenario (Lorenzo 
et al. 2021). These values can be explained by the fact that 
the assumed reduction in emissions achieved in the first 
half of the century stabilises the CO2 concentration in the 
atmosphere and prevents heat waves from becoming more 
extreme. In the RCP 8.5 scenario, the reason for a lower 
trend value is that the scenario is so extreme that from 2077 

onwards, the maximum value for the extent of heat waves is 
approximately 100%.

Our results show how all the dimensions analysed for 
heat waves will increase in the second half of the century 
compared to 1971–2000 and 2021–2050, with a more pro-
nounced difference between scenarios. These results agree 
with studies that have analysed heat waves for the end of the 
century in the IPB and the Mediterranean Region (Pereira 
et al. 2017; Viceto et al. 2019; Molina et al. 2020; Zittis 
et al. 2022).

For cold waves, the results show that the spatial pattern of 
mean and minimum ECF in 1971–2000 will also be repeated 
for 2050–2095. Intensities will be higher in the eastern and 
northeastern portions of the peninsula, as well as in the main 
mountain systems. The lowest intensities will be recorded in 
the western and southwestern regions of the peninsula and 
in coastal areas. This distribution pattern is a response to the 
presence of a trough at 500 hPa over the northeastern portion 
of the IPB, which conducts an extremely cold continental air 
mass into the eastern and northeastern regions of the Iberian 
Peninsula. This pattern gives rise to most of the cold waves 
affecting the IPB (Mohammed et al. 2018; Serrano-Notívoli 
et al. 2022; Díaz-Poso et al. 2023b).

The maximum and average intensities for both scenarios 
will be much lower than those reported in the historical 
period. In general terms, for both ECFmean and ECFmin, there 
is an directly proportional dependence between intensity and 
height, with no latitudinal influence. In both ECFmin sce-
narios, the highest intensities are reached in the Pyrenees, 
Cantabrian Mountains, Iberian System, and Betic System. 
We find that the maximum intensity (ECFmin) for the IPB 
will be higher in the RCP 8.5 scenario than in the RCP 4.5 
scenario, even slightly exceeding the average of its counter-
part scenario for 2021–2050.

Therefore, in terms of maximum intensity, there will not 
be as much difference between scenarios as in the case of 
heat waves, and even under large radiative forcing (RCP 
8.5), there will be wide variability in the occurrence of these 
extreme phenomena (Kodra et al. 2011). This finding is in 
complete contrast to that of Smid et al. (2019), who pre-
dicted that cold waves would disappear completely by the 
end of the century. The use of the Cold Wave Magnitude 
Index daily (CWMId), which is less sensitive than the ECF 
to local temperature variations and therefore less effective at 
detecting cold waves that are not solely characterized by an 
extreme minimum temperature, could explain the discrep-
ancy between results. No significant trends are observed in 
the maximum intensity, given that from the 2050s, ECFmin 
values will remain approximately similar until the end of 
the century.

ECF projections show negative trends in extent for the 
second half of the century. These trends are not very notice-
able because the average extent of cold waves in 2050 will 
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correspond to a very low percentage of the IPB. In both 
scenarios, the decrease in maximum extent is considerably 
less than that registered in the first half of the century (Díaz-
Poso et al. 2023b).

These results are consistent with work that has addressed 
the dimensions of intensity and extent in recent decades at 
the European/IPB level, both with the ECF index (Piticar 
et al. 2018; Espín-Sánchez and Conesa-García 2021) and 
with other indices (Spinoni et al. 2015; Van Oldenborgh 
et al. 2019; Serrano-Notívoli et al. 2022). The projected 
decreases are also in agreement with the few projections 
that include cold waves for the second half of the century 
(Pereira et al. 2017; King and Karoly 2017; Viceto et al. 
2019).

Given the vulnerability of the Mediterranean region 
(MedECC 2020; Urdiales-Flores et al. 2023) and specifi-
cally of the IPB, these future increases will imply a greater 
impact on the health of an increasingly aging population 
(Chen 2024), a greater risk of fires, and greater energy 
expenditure. This highlights that adaptation and mitigation 
strategies will inevitably have to be improved and adapted to 
each region because, as has been shown, heat-wave intensity 
will vary greatly throughout the IPB, affecting each region 
in very different ways. In this sense, the greater sensitiv-
ity of the index to local temperature variations (Díaz-Poso 
et al. 2023a) and the possibility of using it predictively may 
be especially useful in decision-making processes such as 
declaring or maintaining a health alert.

The current reduction in cold-related mortality due to 
rising temperatures (Wang et al. 2016; Gasparrini et al. 
2017) will give way to an increase in the future due to an 
aging population, which in turn will be acclimatized to 
higher temperatures (Vardoulakis et al. 2014; Ordanovich 
et al. 2023; Chen 2024) and will be highly vulnerable to 
cold waves (Gasparrini et al. 2015; Carmona et al. 2016; 
Vicedo-Cabrera et al. 2018). Likewise, the impacts on mor-
tality will also be conditioned by the sequence of occur-
rence of heat and cold waves. A particularly intense heat or 
cold wave could cause an initial excess mortality among the 
most vulnerable groups, which could attenuate the impact on 
mortality of subsequent events by reducing the proportion of 
individuals in a high-risk situation within the population. In 
a context of less frequent cold waves, all of this could imply 
a decrease in risk perception and adaptation measures (Pinto 
et al. 2024), which could pose a major threat to the health of 
the population because, as we have found, cold waves will 
continue to occur in the second half of the century, even 
in the RCP 8.5 scenario of much greater warming. It will 
therefore be necessary to establish and develop regional 
response plans for cold waves. For the same reasons as its 
analogue for heat waves, the ECF index has proven to be a 
useful tool in making decisions regarding health warnings 
for cold waves.

5 � Conclusions

We have performed an analysis of the intensity and extent 
of heat and cold waves in the IPB for the second half of 
the century (2050–2095) under the RCP 4.5 and RCP 8.5 
scenarios using the EHF and ECF indices. This analysis is 
a continuation of the work carried out for the first half of 
the century by Lorenzo et al. (2021) and Díaz-Poso et al. 
(2023b). The main conclusions are the following:

•	 The analysed dimensions of intensity and spatial extent 
will increase(decrease) in magnitude for EHF(ECF) 
in the second half of the century, with the difference 
between RCP scenarios being markedly accentuated.

•	 The highest EHF intensities will be recorded in the 
western portion of the peninsula and in mountainous 
areas. The eastern half of the peninsula, and specifi-
cally the Mediterranean coast, will record lower inten-
sities.

•	 The average increase in EHFmax in the IPB will be 
144%. The highest percentage changes in EHFmax will 
be recorded in the eastern and northeastern peninsular 
region (300%, RCP 8.5), where the trend for 2050–
2095 will also be higher (8–10º C2, RCP 8.5). These 
percentage changes will be double those foreseen for 
2021–2050.

•	 Due to the magnitude of the maximum extent of mid-
century heat waves, the mean extent will increase at a 
faster rate (1%/decade and 2.7%/decade for RCP4.5 and 
RCP8.5, respectively) than the maximum (0.6%/dec-
ade and 2.1%/decade for RCP4.5 and RCP8.5, respec-
tively).

•	 The highest ECF intensities will be recorded in the 
northern and northeastern parts of the peninsula and in 
mountainous regions. In the western and southwestern 
parts of the peninsula and in coastal areas, cold waves 
will have lower intensity.

•	 The average decrease in maximum cold wave intensity in 
the IPB will be 16%. This decrease will be lower in the 
RCP 8.5 scenario and its variability greater, with more 
marked decreases as well as local increases in intensity.

•	 The maximum extent of cold waves will continue to 
decrease by much more than the average extent, with 
decreases ranging from − 0.7%/decade to − 3.2%/decade.

•	 For both EHFmax and ECFmin, the intensity for the 
IPB in the RCP 8.5 scenario will be higher than that 
recorded for 2021–2050.

•	 The differences between scenarios for 2050–2095 will 
be much more notable for EHF than for ECF. In addi-
tion, except for the mean extent for RCP 4.5, the dif-
ferences from 2021–2050 will also be larger for EHF, 
where all dimensions increase in magnitude.
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The results show the functionality of the EHF/ECF indi-
ces in analysing dimensions of heat and cold waves such 
as intensity and spatial extent. Analysing the behaviour of 
these dimensions under two RCP scenarios enables us to 
quantify the differential evolution of these dimensions by 
the end of the century. The progress shown in understanding 
the intensity of future heat and cold waves will be useful for 
future mitigation and adaptation strategies. The possibility 
of providing anticipatory information on the intensity of 
heat and cold waves to public administrations, and specifi-
cally to health systems, will minimise the negative effects 
of these events on the health of the population, as well as 
their impacts on agriculture, energy, and transport systems. 
This research is expected to continue in the future. When the 
new CMIP6-CORDEX datasets with updated state-of-the-art 
regional climate data become available, projections will be 
more accurate due to more advanced aerosol forcing mod-
elling, cloud feedbacks, and a more recent reference period 
(up to 2014), enabling a better assessment of the phenomena 
analysed here will be possible.
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