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ARTICLE INFO ABSTRACT

Keywords: Global temperatures have risen rapidly over the past six decades, with the Mediterranean region

Heatwaves recognized as a climate hotspot due to its accelerated warming and declining precipitation. In this

Ehma.tedprqectlons context, heatwaves have become more frequent, longer, and more intense, causing growing risks
eat index

to human health, ecosystems, and urban resilience.

This study aims to quantify the historical (1979-2014) and projected (up to 2100) evolution of
heatwaves in Valencia, Spain. Daily maximum temperatures (°C) and relative humidity (%) from
five CMIP6 global climate models under three emission scenarios were used, complemented with
observational records. The heat index is used to better assess the impact of heat on human health.
Temporal trend analyses and spatial interpolation are applied to assess changes in frequency,
duration and intensity. Results show that during 1979-2014, the heatwave frequency increased
by approximately two events per decade, while their mean duration rose from under 10 to nearly
25 days. Under future scenarios, intensification continues: by mid-century frequency may in-
crease by up, 3.6 additional events per decade, and toward the end of the century there seems to
be shift toward a quasi-permanent heat season, as episodes merge into fewer but longer events.
Rising humidity further amplifies thermal stress, enhancing the human health impact.

Despite uncertainties inherent in climate projections, these findings highlight the need to
revisit heatwave definitions refine thermal risk thresholds, and adopt robust adaptation strategies
for Mediterranean cities.

Temperature
Humidity

1. Introduction

Heatwaves, fueled by rising greenhouse gas concentrations, are becoming more frequent, intense, and prolonged, posing escalating
risks to human health, economies, and ecosystems worldwide (Hirsch et al., 2021; Sun et al., 2023). These extreme temperature events
have surged in prominence over recent decades, with historic examples like the 2003 European heatwave, the 2010 Russian crisis, the
2018-2019 European drought sequence, the 2021 Canadian anomaly, and the 2023 Global heat event; leaving devastating trails of
mortality, wildfires, and economic disruption (Hari et al., 2020; Hirsch et al., 2021; Min and Merwin Monteiro, 2025; Sun et al., 2023).
Research shows with high confidence that human-driven climate change has amplified these events, making many unlikely without
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our influence (Klingelhofer et al., 2023; Perkins-Kirkpatrick and Lewis, 2020; Van Oldenborgh et al., 2022). Even if global warming
were stabilized at 1.5 °C, target increasingly unlikely under current trajectories, studies warn that heatwave trends will persist,
challenging societies to adapt (Yin et al., 2022).

Globally, heatwave patterns reveal stark regional variations. From 1950 to 2017, most areas saw intensity increases of 2-6 °C per
decade and durations extended by one day per decade (Perkins-Kirkpatrick and Lewis, 2020). In the Middle East, Africa, and South
America, intensity spikes reached 10 °C per decade, while India anticipates 0.5 more events and 4-7 extra days per decade through
2064 (Rohini et al., 2019). Australia, between 1911 and 2019, recorded 0.4-0.6 additional events and 2.5 °C hotter heatwaves per
decade (Jyoteeshkumar Reddy et al., 2021). In Central Europe, projections suggest temperature rises up to 5 °C by century’s end, with
heatwaves lasting 10-60 days longer depending on emissions (Lhotka et al., 2018; Ouzeau et al., 2016). These trends, driven by
advanced modeling, highlight a warming world where extremes are the new norm.

In this global context, the Mediterranean emerges as a climate hotspot, where warming outpaces other regions, and unique
geographic challenges amplify heatwave impacts (Cos et al., 2022). Positioned between North Africa’s arid heat and Europe’s
temperate humidity, the region experiences summer temperature increases 1.6 times the global average (Cos et al., 2022). Recent
projections based on the latest generation of climate models indicate alarming rises up to 8.49 °C in summer temperatures, alongside
declining precipitation, intensifying heatwave intensity across the Mediterranean region (Cos et al., 2022; Intergovernmental Panel on
Climate Change (IPCC), 2023).

Within this hotspot, the Iberian Peninsula shows a marked uptick in heatwave frequency and extent (Diaz-Poso et al., 2023). This
region, located at the western edge of the Mediterranean basin, combines Mediterranean and Atlantic influences, with further
modulate extreme temperature events. At the local scale, Valencia, a coastal Mediterranean city, exemplifies these trends. Its 2023
summer, one of the hottest on record, exceeded the 1991-2020 average by 2 °C, peaking at 46.8 °C (Agencia Estatal de Meteorologia,
2023). Such extremes underscore the direct local toll of a warming planet.

In the Mediterranean region, the Coupled Model Intercomparison Project Phase 6 (CMIP6) serve as a crucial foundation for
contemporary climate research, improving upon earlier model generations by using updated socio-economic pathways and enhanced
process representation. These improvements provide a more reliable basis for regional analyses, even as ongoing downscaling ini-
tiatives such as ISMIP continue to refine spatial detail (Eyring et al., 2016a). CMIP6 models have introduced several improvements in
the representation of radiation, clouds, and aerosols compared to CMIP5. These include updated cloud microphysics schemes, more
accurate aerosol, radiation interactions, and higher spatial resolution, which together allow for a more realistic simulation of cloud
cover, precipitation processes, and radiative forcing. As a result, CMIP6 provides more detailed and reliable projections of temperature
and precipitation extremes, particularly during heatwaves (Eyring et al., 2016b). Nevertheless, differences in the magnitude of the
projections persist, particularly during the summer, with a temperature increase range of 1.83-8.49 °C in CMIP6 versus 1.22-6.63 °C
in CMIP5. To capture regional variability more effectively, this study recommends subdividing the Mediterranean into smaller sub-
regions, considering local climatic particularities (Cos et al., 2022). Despite these advances, critical gaps remain in densely populated
and vulnerable areas, as regional climate models often fail to account for crucial variables influencing human exposure and vulner-
ability, which limits the accuracy of risk assessment (Cos et al., 2022; Ouzeau et al., 2016).

Heatwaves are commonly assessed using multiple indicators, including intensity, frequency, and duration, typically defined by
temperature thresholds exceeding the 90th percentile for a minimum of two consecutive days (Robinson, 2000). However, these
metrics mainly focus on air temperature and tend to overlook other critical factors contributing to human stress. Among these, relative
humidity plays a central role, as it reduces the body’s ability to dissipate heat, complicating thermoregulation. Therefore, it is essential
to incorporate complementary indices, such as the heat index, that better reflect human thermal perception and health risks (Cos et al.,
2022; Monteiro et al., 2013; Ouzeau et al., 2016).

The heat index is one such indicator, designed to estimate perceived temperature by integrating air temperature and relative
humidity. In the Mediterranean city of Porto, studies have validated its usefulness in anticipating the negative health impacts of
heatwaves, making it a reliable predictor of heat-related mortality (Monteiro et al., 2013). However, despite its potential, the heat
index remains underutilized in regional climate projections. Without integrating such complementary metrics, risk assessments of
heatwaves and their interactions with droughts and wildfires may fall short, particularly for the most vulnerable populations (Zuo
et al., 2015).

Vulnerability is commonly defined as the degree to which a population is susceptible to and unable to cope with adverse effects,
determined by the interaction of exposure, sensitivity, and adaptive capacity. In other words, it reflects the stresses to which in-
dividuals are exposed, their inherent sensitivity, and their capacity to adapt (Adger, 2006). From this perspective, vulnerability to
extreme heat is inherently heterogeneous, as it stems from both social and physiological dimensions. Socioeconomic conditions and
characteristics of the living environment can amplify or mitigate heat impacts (Diaz et al., 2019). During heatwaves, humidity plays a
critical physiological role in thermoregulation by limiting heat dissipation through sweat evaporation, thereby intensifying heat stress
and related health risks (Awasthi et al., 2022; Porja and Dhimitri, 2019; Royé et al., 2020). Furthermore, age-related differences
condition susceptibility: older adults and children often present reduced thermoregulatory capacity, greater dependence, or height-
ened exposure (Falchetta et al., 2024; Wei and Sobrino, 2024; Zacharias et al., 2015).

The purpose of this study is to analyze the historical and future evolution of heatwaves in the Mediterranean, with a focus on the
city of Valencia, Spain, from 1979 to 2100, using five CMIP6 climate models. Heatwave’s frequency, intensity, and duration are
evaluated under different emission scenarios (SSP126, SSP370, and SSP585). Heatwaves are identified using established thresholds,
such as maximum temperatures exceeding the 90th percentile for three or more consecutive days, while incorporating variables like
duration, intensity, and the heat index, which accounts for both temperature and relative humidity, to capture human-perceived heat
stress. The new metrics allow for precise evaluation of health risks linked to changing climate patterns. Changes in the number of
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heatwave events, their duration in the short, medium and long term and the expansion of high-temperature periods in the future will
also be analyzed. By spanning past trends and future possibilities through 2100, this analysis seeks to quantify risks.

This study stands out by integrating relative humidity, into long-term heatwave assessments from 1979 to 2100 and presents
new evidence of how extreme heat may evolve into permanent summer conditions, challenging existing definitions of heatwaves and
risk frameworks.

The paper is structured as follows: Materials and Methods details our data sources, CMIP6 models, and analytical approach,
including heatwave definitions and heat index calculations. Results present historical trends and future projections for Valencia,
supported by visual diagrams and heat maps. Discussion compares findings to global patterns, explores implications, and addresses
model limitations. Finally, Conclusions synthesize key insights and propose strategies to mitigate heatwave impacts, emphasizing local
relevance.

2. Materials and methods
2.1. Study area

The study focuses on the city of Valencia, Spain, within the Valencian Region (Fig. 1, A). The study area is bounded by the V-21, CV-
35, and V-30 highways and the Mediterranean coastline, extending from the Turia River outlet to La Patacona beach (Fig. 1, B). It

covers 52.1 km? across seven municipalities, including Valencia, Alboraya, Burjassot, Xirivella, Quart de Poblet, Mislata, and Paterna.
Despite representing only 2 % of the Metropolitan Area of Valencia, it houses 65 % of its population, exceeding one million inhabitants.
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Fig. 1. Location of the study area: (a) Spain with the Valencia Region highlighted, (b) Detailed map of the urban and peri urban study area.
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Economically, the area is dominated by the service sector, which employs 84 % of the workforce, with notable activities in trade,
business services, and tourism. The industrial sector, comprising 11 % of employment, includes small and medium-sized enterprises in
paper, furniture, and metal production. Agriculture remains relevant due to the presence of the historic Valencia Orchard (Ajuntament
de Valencia, 2025).

The region experiences a Mediterranean climate, with hot, humid summers and mild winters. The average annual temperature is
18 °C, with August being the warmest month (30 °C) and January the coldest (6 °C). High humidity is persistent, peaking between June
and October. Winds shift seasonally, blowing from the west in winter and the east in summer. Rainfall is concentrated between
September and May, with October as the wettest month, while summers are mostly dry and clear (Cedar Lake Ventures, 2025).

Within this context, two population groups are particularly vulnerable to heatwaves. Children up to 12 years old are at higher risk
due to their physiology and limited ability to regulate body temperature, with boys generally outnumbering girls, especially in mu-
nicipalities such as Alboraya, Burjassot, and Quart de Poblet. This group represents around 13 % of the total population. Older adults,
aged 60 and above, are also highly vulnerable due to preexisting health conditions and reduced capacity to adapt to heat. In contrast to
children, women outnumber men in this age group, a pattern that becomes more pronounced after age 75; for example, in Burjassot,
women nearly double the number of men. Overall, older men account for 9.63 % of the population (98,026), and older women for
13.53 % (137,781), totaling 23.15 % (235,807) (Agencia Estatal de Meteorologia, 2023; Instituto Nacional de Estadistica, 2024).

3. Methods

This study analyzes heatwave characteristics in the Valencian Region using a climate database that compiles daily records of
maximum temperature and relative humidity from 1979 to 2100. Climate projections are derived from multiple global climate models,
which provide data under different Shared Socioeconomic Pathways (SSPs). The historical period (1979-2014) serves as a baseline for
comparison with future projections. The study area is defined using a high-resolution spatial grid, allowing detailed climate analysis
(Lange, 2019b; O’Neill et al., 2016; Peano et al., 2022).

Heatwaves are identified based on established meteorological criteria, defining them as periods of at least three consecutive days
where maximum temperatures exceed a critical threshold. This threshold corresponds to the 90th percentile of historical daily
maximum temperatures and is determined for each month. Heatwave events are characterized by key metrics, including duration,
frequency, and intensity. Additionally, the study assesses human exposure to extreme heat by calculating the Heat Index (HI), an
empirical measure that integrates temperature and relative humidity. For each detected heatwave event, the following parameters are
recorded: start and end dates, duration, maximum temperature, sum of thermal anomalies, and sum of heat index anomalies.

To evaluate long-term trends in heatwave characteristics, linear regression models are applied across different time periods,
estimating annual rates of change. This analysis is complemented by bubble charts and heat maps, that display changes in frequency,
duration, intensity and temporal patterns. This methodological approach provides a comprehensive assessment of heatwaves and their
projected impact under different climate scenarios.

To provide a clearer understanding of the analytical process, the methodology is summarized in the following Fig. 2 and is divided
into two main components: A) Heatwave characterization and B) Trend analysis. Part A focuses on the detection and quantification of
heatwave events using key parameters. Part B addresses the evaluation of trends by applying statistical analyses and visual tools to
explore the evolution of extreme heat events over time. The following sections presents a detailed explanation of each part of the
methodology.
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Fig. 2. Methodology flowchart summarizing the steps for heatwave characterization and trend analysis based on temperature and relative hu-
midity data.
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3.1.1. Heatwave characterization

The analysis is based on a database that compiles daily information on maximum temperature and relative humidity from 1979 to
2100. This data includes one observed database, the W5E5 database bias-corrected to the ERA5-Land scale for the historical period
1979-2014 (Lange, 2019b; O’Neill et al., 2016; Peano et al., 2022), and projections from five climate models from CMIP6. The study
area located in the Valencian Region, where the data were organized according to the W5E5-ERA5-Land grid, with an approximate
spatial resolution of 9 km, covering four grid points: (39.5; —0.4); (39.5; —0.3); (39.4; —0.4) and (39.4; —0.3).

The climate models used in this study are GFDL-ESM4, IPSL-CM6A-LR, MPI-ESM1.2-HR, MRI-ESM2-0, and UKESM1-0-LL. These
correspond to the subset selected by the Inter-Sectoral Impact Model Intercomparison Project (ISIMIP), which ensures representation
of the full CMIP6 ensemble by including models that differ in structure, process representation, and climate sensitivity (Lange, 2021).
Each model contributes distinct strengths: GFDL-ESM4 features high climate sensitivity and a detailed ocean—-atmosphere coupling
(Dunne et al., 2020); IPSL-CM6A-LR emphasizes land-surface feedbacks and biogeochemical cycles (Boucher et al., 2020); MPI-
ESM1.2-HR provides high-resolution representation of extreme events (Gutjahr et al., 2019); MRI-ESM2-0 incorporates improved
radiation and cloud interaction (Yukimoto et al., 2019); and UKESM1-0-LL integrates interactive chemistry-climate processes (Sellar
et al., 2020).

These models represent distinct representations of the Earth system under the same forcing pathways. The subset was selected to
ensure structural independence, model diversity, and robust performance in reproducing historical climate variability, while main-
taining data availability across all Shared Socioeconomic Pathways (SSPs) (Eyring et al., 2016a).

Using multiple models instead of a single one or their ensemble mean allows us to better capture structural uncertainty; the
variability arising from differences in model formulations, parameterizations, and physical feedbacks. Averaging all models could
mask this variability and give a misleading sense of certainty about future projections. By analyzing results across these five models, we
capture a realistic range of possible climate futures and can evaluate the robustness of our conclusions across different modeling
approaches. This strategy aligns with ISIMIP’s multi-model philosophy, which prioritizes the exploration of uncertainty over model
optimization or tuning (Dey et al., 2022; Mousavikhaledi et al., 2025).

The selected models were bias-adjusted and statistically downscaled using the ISIMIP3BASD algorithm (Lange, 2021). This method,
also applied within ISIMIP, employs a consistent statistical framework that ensure the corrected outputs are applicable at any location
worldwide. In line with the ISIMIP protocol, the W5E5 observational dataset (Lange, 2019a) was used as reference for the bias
adjustment, which itself is based on ERA5-Land, thereby guaranteeing consistency with local climate conditions. The training period
for the downscaling and bias adjustment was 1979-2014. Prior downscaling, the original CMIP6 outputs were harmonized in time and
interpolated in space to enable their application with in the ISIMIP3BASD framework (Lange, 2019a).

The resulting database is provided at a spatial resolution of approximately 9 km, corresponding to the W5E5-ERA5-Land grid.
While this resolution is coarser than the urban area of Valencia (~52 km?), it represents the finest publicly available bias-corrected
CMIP6 dataset that consistently covers both the historical (1979-2014) and projected (2015-2100) periods. Similar studies
applying regional or downscaled CMIP6 data to urban and peri-urban areas have used comparable spatial resolutions, supporting its
suitability for regional-scale heatwave analysis (Chapman et al., 2023; Gilabert et al., 2021; Schwingshackl et al., 2024; Yu et al.,
2025).

To address the scale mismatch between the model grid and the city boundaries, spatial interpolation was applied. Although this
resolution cannot fully capture local microclimatic variability, it reliably represents regional heatwave trends, which aligns with the
scope and objectives of this study.

Future climate conditions were analyzed under three SSPs: SSP126, SSP370 and SSP58. SS126 represents a low-forcing pathway,
corresponding to strong mitigation efforts and limited warming by 2100, making it relevant for analyses of achievable climate policy
goals. SSP370 represents a medium-to-high forcing pathway, serving as a baseline scenario to quantify the potential impacts of un-
mitigated emissions and providing insights into social and land use vulnerabilities under intermediate conditions. SSP585 represents a
high-forcing pathway, corresponding to the upper bound of projected emissions and warming, and is particularly useful for studying
the consequences of extreme scenarios. Together, these three scenarios allow for a comprehensive assessment of heatwave risk under
contrasting socioeconomic development trajectories and land use changes (O’Neill et al., 2016; Peano et al., 2022).

In the Valencian Region, heatwave is defined by the Conselleria de Sanitat of the Generalitat Valenciana as a period of at least three
consecutive days in which the maximum temperature exceeds the specific threshold temperature of each municipality. This threshold
corresponds to the 90th percentile of the maximum daily temperature for the historical period (Laboratorio de Salud Ptiblica y Sanidad
Ambiental, 2024).

Heatwaves are characterized by four main aspects:

Duration: Number of consecutive days with temperatures above the threshold.
Frequency: Number of events in a period.

Intensity: Temperature deviation from the threshold, also considering relative humidity.
Spatial extent: Area affected by the phenomenon.

The analysis integrates duration, frequency, and intensity to provide a detailed diagnosis of heatwaves and their future evolution in
the study region.
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The threshold temperature used in the analysis corresponds to the 90th percentile of the historical series (1979-2014), determined
by month and calculated individually for each model. This threshold is defined in the Program of prevention and attention to health
problems derived from high temperatures in the Valencian Region (Laboratorio de Salud Ptblica y Sanidad Ambiental, 2024).

Several thermal indices were considered in the design of this study, including both empirical indicators (Heat Index (Monteiro
et al., 2013; Zuo et al., 2015), Humidex (Katavoutas and Founda, 2019)) and more complex thermal stress indices (Wet Bulb Globe
Temperature (WBGT) (Engel et al., 2025), Universal Thermal Climate Index (UTCI) (Katavoutas and Founda, 2019), Physiological
Equivalent Temperature (PET)(Diaz-Poso et al., 2023)) (Yin et al., 2022). While indices such as UTCI o Humidex provide a more
detailed representation of human thermal stress by incorporating additional variables (radiant temperature, wind speed, or metabolic
activity), their computation requires high-resolution input data (Katavoutas and Founda, 2019).

The Heat Index (HI) only requires air temperature and relative humidity, two variables that are robustly provided in climate
datasets and particularly relevant for the Mediterranean context. Valencia is characterized by both high summer temperatures and
elevated humidity levels, making HI especially suitable to capture perceived heat stress. Moreover, HI has been widely applied in
epidemiological and climate health studies due to its simplicity, interpretability, and the direct classification of health risk categories
(Monteiro et al., 2013; Zuo et al., 2015).

For these reasons, and after reviewing several alternatives, the Heat Index was selected as the most appropriate indicator for this
study, as its feasibility with available data.

The HI allows a direct estimation of the negative health impacts of heatwaves, as it combines air temperature and relative humidity
to determine how hot it feels. The following empirical equation, adapted from Awasthi et al. (2022), was used to calculate the heat
index. It is important to note that this formula has certain mathematical restrictions: the air temperature must be above 26 °C and the
relative humidity must exceed 39 % (Awasthi et al., 2022; Monteiro et al., 2013).

HI = —42,379+2,049e T+10,143 e RH — 0,225 ¢ T ¢ RH—6,838x107° @ T> — 5,448x1072 « RH? 4 1,229x10 % o T?
e RH+8,528x10 % @ Te RH? —1,99x10° o T? ¢ RH?

where T represents temperature (°F) and RH represents relative humidity (%) (Awasthi et al., 2022).

The study area is influenced by four data points, spatial interpolation is needed to obtain a unified time series of maximum
temperature and relative humidity. To achieve this, the inverse distance weighted (IDW) interpolation technique was applied. The
calculation was performed at the centroid of the study area, weighing the influence of each point according to its proximity to the
centroid. The formula used is based on (Daya Sagar et al., 2023).

1
(Distance®)

i

A; = Indicator; e B;

pw = =4

>B
Indicator = Tpa('C) 0 RH(%)

Where the indicator can be either the maximum temperature (Tmax) or the relative humidity (RH).

With the unified temperature obtained by interpolation, each record was compared with the threshold temperature, which is
specifically calculated for each month of analysis. This threshold varies from month to month and is determined based on observed
data and model temperatures from the period 1979-2014. A day was classified as a hot day when the maximum temperature exceeded
the corresponding monthly threshold. When three or more hot days occurred consecutively, the period was classified as a heatwave
event.

For each identified heatwave event, a set of parameters was calculated:

. Start: Date of the first hot day in the sequence.

. End: Date of the last consecutive hot day.

. Duration of event: Total number of consecutive days on which maximum temperatures exceed the critical threshold.

. Maximum temperature of the event: Highest temperature recorded during the event.

. Sum of the thermal anomalies: Sum of the differences between the daily temperatures and the threshold temperature during the
entire event, providing a measure of the overall intensity.

. Sum of heat index anomalies: The heat index (HI) of each hot day was compared with a critical reference value of 32 °C, which
marks the threshold at which health problems such as heatstroke, muscle cramps or heat exhaustion can occur. As such, this in-
dicator is the sum of the differences between the heat index and 32 °C over the entire event, providing a measure of cumulative
intensity.

g h wN =~

=)

This methodology allows us to assess not only the occurrence and characteristics of heatwaves, but also their potential impact on
human health by integrating the analysis of the heat index on extreme days.
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3.1.2. Trend analysis

To evaluate how heatwaves have changed and could change in terms of frequency, intensity and duration over time, several
variables were defined. The frequency of events was quantified as the total number of heatwaves per year, allowing us to identify
gradual or more accelerated increase in future scenarios. Total intensity was calculated as the sum of the heat anomalies (difference
between maximum and threshold temperature) of all heatwave events in a year, providing an indication that heatwaves are not only
more frequent, but that their cumulative impact is greater, reflecting an increase in heat stress. Maximum intensity corresponds to the
highest thermal anomaly recorded during any event in the year, highlighting the occurrence of extreme temperature peaks. Similarly,
total duration or accumulated number of days was measured as the sum of the duration of all heatwave events in a year, revealing
whether heatwaves events are not only more frequent but are also lasting more days in total per year, while maximum duration
captures the longest single heatwave, suggesting the increasing prevalence of prolonged events.

For each variable, line graphs were constructed with years (1979-2100) on the X-axis and the annual values of the analyzed
variables on Y-axis. Years were divided into four key periods: historical (1979-2014); short term (2015-2044); medium term
(2045-2074) and long term (2075-2100). Trend lines for each period were estimated using linear regression, obtaining the gradient,
which indicates the annual rate of change of each variable.

In addition, we employed multidimensional visualizations to explore the relationships between heatwave characteristics. Bubble
diagram was constructed to relate the duration of heatwaves to their intensity and accumulated impact, and to be able to observe
hazard and exposure. In these diagrams, the X-axis represents consecutive days in heatwaves; the Y-axis show the maximum heat index
reached during the event; the bubble size indicates the cumulative sum of heat index anomalies, and color denotes the year of
occurrence. This representation allows simultaneous visualization of intensity, duration, and temporal distribution of heatwaves,
illustrating their progression over time (Fig. 3 & Fig. 4).

Finally, heat map of the maximum temperature during heatwaves by month was elaborated to visualize the monthly evolution of
extreme temperatures during heatwaves. For each month, the minimum, mean and maximum of the maximum temperatures recorded
during heatwaves were calculated, and the resulting values were represented using a color scale, with months on the X-axis and years
or periods on the Y-axis. This approach highlights both temporal and seasonal patterns of temperature extremes, facilitating the
identification of months with higher risk of intense heatwaves (Fig. 5).

4. Results
4.1. Observations for the reference period

This study evaluated how heatwaves have changed in terms of frequency, intensity, and duration from 1979 to 2014. To quantify
these changes, several variables were analyzed: the total number of heatwave events per year, the total increase in intensity (sum of the

thermal anomalies of all events in a year), the maximum intensity recorded in a single event, the total duration of heatwave days per
year, and the maximum duration of an individual event. A time series analysis was conducted by plotting the annual values of each
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Fig. 4. Hazard and exposure to heatwave events (2015-2100).

variable on the Y-axis against the years on the X-axis. A linear regression was applied to obtain the slope of the trend line, which
represents the annual rate of change for each variable. Table 1 summarizes these slopes, indicating how each characteristic of heat-
waves has evolved over time.

The historical analysis shows a progressive increase in heatwave frequency, duration, and intensity (Table 1). The number of
heatwave events increased rate of 1.87 events per decade in the reference dataset (W5E5-ERA5-Land). With values ranging between
0.62 and 2.10 events per decade across the climate models. The maximum intensity of individual events increased by 2.44 °C per
decade on average, reaching values of up to 3.77 °C per decade in the UKESM1-011 model. Event duration also increased, with
historical trends of 0.91 days per decade for total duration and 0.58 days per decade for maximum duration.

The differences observed between the models arise from their distinct physical representations and algorithmic emphases. For
example, models such as UKESM1-0-LL, which include more detailed radiation, aerosol, cloud interactions and higher climate
sensitivity, tend to simulate stronger warming and more intense heatwaves. In contrast, models like MPI-ESM1.2-HR prioritize high
spatial resolution and dynamic processes, leading to different patterns in the frequency and duration of events. These structural and
parametric differences explain the variability observed in heatwave trends across models.
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Fig. 5. Heat map of the maximum of maximum temperature during heatwaves by month.

Historical evolution of heatwaves in the study area of the Valencia Region (1979-2014).

Period

Annual increase in number of events (event/decade)

Annual increase in intensity (°C/
decade)

Annual Increase in duration (days/
decade)

Total Maximum Total Maximum
W5ES5-ERA5-Land 1.87 3.68 0.91 7.05 0.58
GFDL_ESM4 0.83 1.75 —0.12 4.19 0.57
IPSL_CM6A_LR 1.15 1.60 0.52 4.03 0.10
MPI ESM1 _2 HR 0.62 1.74 0.44 2.39 0.07
MRI_ESM2_0 1.26 3.35 0.69 5.56 0.68
UKESM1_0_11 2.10 3.77 0.54 10.06 1.52
Minimum 0.62 1.60 —0.12 2.39 0.07
Average 1.19 2.44 0.41 5.24 0.59
Maximum 2.10 3.77 0.69 10.06 1.52

To analyze the exposure and severity of these events, a bubble chart was created in Fig. 3. This multidimensional representation
illustrates the combined evolution of event duration, intensity and anomalies. There has been a significant increase in the total
duration of these events since 2010. Before 2010, heatwaves typically lasted between 5 and 10 days, whereas after 2010 several events
extended beyond 20 days, including 25 days events in 2011, 2012 and 2013. Peak values of the heat index exceeded 50 °C during this
period, and the cumulative anomalies greater than 40 °C days were observed after 2004.

4.2. Future projections

The results indicate that the rates of change observed during the period (1979-2014) not only persist but intensify with distinct
behaviors depending on the emission pathway, as detailed in Table A. 1.

Table A. 1 shows the predicted evolution of heatwaves in terms of frequency, duration and intensity for the different models and
future scenarios (SSP126, SSP370 and SSP585). Fig. 4 complements these results by showing how these trends affect exposure to
extreme heat hazard.

Over the period 2015-2044, all scenarios increase of 1-2 events per decade (Table A. 1), consistent with the clustered patterns of
points observed in Fig. 4. Between 2045 and 2074, SSP126 shows stabilization, while SSP370 and SSP585 continue to increase, with
rates up to 3 events per decade in some models. In 2075-2100, the average trend decreases, with some models projecting up to —4
events per decade (Table A. 1).

The duration of heatwaves shows a differentiated evolution between the scenarios and periods. In 2015-2044, heatwave duration
increases by an average of 2 days per decade (Table A. 1). Between 2045 and 2074, SSP126 projects slight decreases (—1 day per
decade), while SSP370 and SSP585 show stronger increases, with maximum values of +17 and + 32 days per decade, respectively. For
2075-2100, SSP126 stabilizes, whereas SSP370 and SSP585 continue increasing, with SSP585 reaching up to +61 days per decade.
These projections are reflected in Fig. 4, particularly in models such as IPSL-CM6A-LR and UKESM1-0-11, which display strong growth
in duration.

In terms of intensity, over the period 2015-2044 the increase in maximum heat index intensity ranges from +5 to +7 °C per decade,
with some models reaching +12 °C per decade (Table A. 1). Between 2045 and 2074, intensity continues increasing, with maximum
slopes of +12.3 °C per decade in SSP585 continue increasing, reaching values up to +16 °C per decade. These trends are clearly
represented in Fig. 4, where the slope of the intensity curves steepens after 2055, especially in SSP585.

The combined results of Table A. 1 and Fig. 4 highlight the progressive intensification of heatwaves throughout the 21st century,
with clear trends toward more events, longer duration and more extreme temperatures in the SSP370 and SSP585 scenarios. Although
some models in the SSP126 scenario show signs of stabilization or reduction of these effects toward the end of the century, overall, the
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frequency and intensity of heatwaves will remain above historical values.

To analyze the monthly evolution of extreme temperatures during heatwaves, the seasonal and temporal patterns of these events
were identified, highlighting the months with the highest risk of intense heat events in the future, in the heat map (Fig. 5). Historically,
heatwaves have been concentrated in the summer, but in the future, they will be more frequent and with higher intensities in other
seasons, starting earlier in the year. August will continue to be the warmest month with the highest number of heatwave events in all
scenarios. In addition, the distribution of these events is not symmetrical around the warmest month, as the period will extend to spring
more than autumn. By the end of the century, periods with extreme temperatures will extend from April to November, with values
above 35 °C in these months. Comparing the SSP370 and SSP585 scenarios, it is observed that the increase in extreme temperatures
occurs more rapidly in SSP585, reaching critical values 20 years earlier (2072 in SSP585 versus 2092 in SSP370).

Temporal distribution in scenario SSP370

&

8

3]

Number of events per year

| B

5] 8
=} =]
|
1

=
[=]
o

Total duration of events per year (days)
g
|
- l -

=] ]
8 S =] )
4

3

Thermal anomalies of all events in a year (°C)

I
i

0
A B Cc D E F B Cc D E F B Cc D E F
Historical 1979-2014 2015-2044 2045-2074 2075-2100
Period
Models
BN A H_WS5ES5_ERASLand B: GFDL_ESM4 C:IPSL_CM6A_LR EEE D:MPI_ESM1_2 HR EEE E:MRI_ESM2_0 NN F: UKESM1_0_11

Fig. 6. Temporal distribution in scenario SSP370.

10



A. Fernandez-Garza et al. Urban Climate 64 (2025) 102681
4.3. Uncertainty analysis of heatwave characteristics

Finally, an analysis of the uncertainty in the projections of heatwave characteristics was carried out, considering three key di-
mensions: the climate models used, the emissions scenarios and the time periods analyzed (1979-2014, 2015-2044, 2045-2074 and
2075-2100). The objective of this analysis was to understand the limitations, variability and structural differences that influence the
projections, as well as to identify the factors that generate the greatest uncertainty in the results. The three characteristics assessed
were the number of events per year, the duration of heatwaves (days) and the maximum thermal anomaly (°C) recorded during
heatwave events. Fig. 6 summarizes the results for the SSP370 scenario; the most likely according to current projections; showing the
three variables analyzed. The results for the other two scenarios (SSP126 and SSP585) are available in the Appendix A. Supplementary
material to the uncertainty analysis of heatwave characteristics.

In terms of the number of events per year a significant difference is shown between models, scenarios and periods. For example, the
UKESM1-0-11 model presents the highest averages in most cases, although in the SSP370 (Fig. 6) and SSP585 (Figure B. 2) scenarios in
the period 2075-2100 this decreases significantly. The GFDL-ESM4 model stands out with a high performance in SSP370 and SSP585
during 2075-2100. Inter-model uncertainty clearly increases in high emissions scenarios, especially in the period 2075-2100, where
the divergence between medians and the width of the interquartile ranges are more pronounced. At the temporal level, SSP370 (Fig. 6)
shows a progressive increase in the number of events, which doubles in 2015-2044, triples in 2045-2074 and reaches a quadrupling in
2075-2100, while SSP585 (Figure B. 2) shows an apparent reduction in 2075-2100, possibly related to the merging of long events.
This suggests that the way events are defined and accounted for also influences the interpretation of the projections.

For the duration of heatwaves, uncertainty also increases with the severity of the scenario and the time horizon. Models such as
UKESM1-0-11 and IPSL-CM6A-LR tend to project the longest durations, while others such as MPI-ESM1-2-HR and GFDL-ESM4 have
better agreement with each other, especially in SSP126 (2045-2074) (Figure B. 1) and SSP370 (Fig. 6) and SSP585 (Figure B. 2) in the
early periods. From 2045 to 2074 onwards, the internal dispersion increases, especially in SSP585, where some models reach mean
durations of more than 100 days. UKESM1-0-11 stands out for having larger whiskers and numerous outliers, being the main
contributor to the total uncertainty in this variable. These results reflect a high sensitivity of the projections to the choice of model, the
emissions scenario and the period analyzed, with UKESM1-0-11 being the clearest example of a model with extreme behavior.

Finally, patterns of uncertainty are also evident in the maximum thermal anomaly. In the first period (2015-2044), the medians are
similar between scenarios, but in later periods the differences are amplified. Models such as MPI-ESM1-2-HR and MRI-ESM2-0 tend to
project lower anomalies, while UKESM1-0-11 maintains consistently higher ones. The dispersion between models increases especially
in 2075-2100, which is reflected in the lengthening of boxes and whiskers. When compared to the historical period, whose median are
around 3 °C, all future scenarios show higher values, starting at around 5 °C and increasing progressively. The SSP126 scenario
(Figure B. 1) shows a stabilization of the median at the end of the century, while SSP370 (Fig. 6) and SSP585 (Figure B. 2) show a
steady increase in both the median and variability, accompanied by a larger number of outliers, particularly in SSP585.

5. Discussion

The objective of this study was to analyze the evolution of maximum temperature and heatwaves in the city of Valencia, focusing on
the number of events, their duration, and intensity in the short, medium, and long term. The results show that the intensity and
duration of heatwaves have increased since 1979 and that, according to climate models, this rise will continue in the future.

A first relevant finding is that the historical period (1979-2014) already shows a marked warming signal, the intensity of extreme
events increased by 3.6 °C, more than double the internationally recognized 1.5 °C critical threshold. This indicates that the Medi-
terranean region is experiencing a faster warming compared to the Northern Hemisphere average, which is consistent with previous
literature identifying the Mediterranean as a climate change hotspot (Masson-Delmotte et al., 2021; Yin et al., 2022). Our historical
results (0.91 °C decade and 0.58 days/decade in intensity and duration respectively) are comparable to the global trends reported by
Perkins-Kirkpatrick and Lewis (2020), but highlight a stronger amplification in Valencia (Perkins-Kirkpatrick and Lewis, 2020). For
example, Australia recorded 0.4-0.6 additional events and heatwaves 2.5 °C hotter per decade between 1911 and 2019
(Jyoteeshkumar Reddy et al., 2021), while in our case the number of events rise to 1.87 and the hottest event increases by 3.86 °C
placing the study area at the upper bound of global extremes.

Looking ahead to the future period 2015-2100, our projections indicate increases frequency far larger than the global average.
While global estimates suggest growth of 0.3 to 0.6 events per decade (Rohini et al., 2019), in Valencia we find up to 3.6 events per
decade in SSP 370, an order of magnitude higher. This notable difference could be related to the fact that the Mediterranean will
undergo disproportionate impacts, consistent with other regional studies (Perkins-Kirkpatrick and Lewis, 2020; Zacharias et al., 2015).

The projected increase in temperature and heatwave intensity in Valencia is closely linked to the warming of the Mediterranean
Sean and associated regional climatic feedbacks. As the sea and surrounding atmosphere become hotter and more humid, conditions
will favor more frequent and intense heatwaves. Meanwhile, reduced precipitation and evapotranspiration will lead to vegetation loss
and increased exposure of bare soil, enhancing surface heating and local heat stress (Zittis et al., 2022). These land where declining soil
moisture and vegetation amplify surface warming, are well documented in Mediterranean regions, showing that regional processes can
strongly intensify the effects of global warming on temperature extremes.

As built areas expand, the urban heat island effect will become stronger, trapping heat during the day and releasing it more slowly
at night. This means that future heatwaves will likely be accompanied by higher nighttime temperatures, reducing opportunities for
thermal recovery and increasing health risks for urban populations (Founda and Santamouris, 2017). Therefore, both climatic and
urban factors will play a key role in shaping the future thermal conditions of Valencia.
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Intensity also shows unprecedented growth. Perkins-Kirkpatrick and Lewis (2020) estimated increases of 2 to 6 °C per decade in
North America, Asia (excluding the Middle East), and Europe. In the city of Valencia, our results are similar for the period 2015-2044,
1.5-12.3 °C depending on scenario, but in later periods the variability is much greater, with maximum projections up to 16 °C per
decade in SSP585 for 2075-2100. This represents an intensification several times higher that 0.1-1 °C per decade observed in Germany
(Zacharias et al., 2015), evidencing a clear acceleration in Southern Europe.

Duration is another key aspect. For the period 2015-2044, heatwaves are projected to lengthen by 1.7 to 2.3 days per decade
across scenarios. These values are consistent with the estimates of Perkins-Kirkpatrick and Lewis (2020), who report increases of 2 to
6.4 days per decade in most regions. However, in the second half of the century the increase become extreme, reaching up to 60.6 days/
decade in SSP585. This is drastically higher than the projections for Central and Northern Europe, 0.1-0.4 days/decade (Zacharias
et al., 2015). This implies, by the end of the century, heatwaves in Valencia could last for several months, reaching up to 182 days
under SSP370 and 319 days under SSP585. These values suggest a radical transformation of the seasonal cycle, we could be facing a
permanent “heat season”.

While the number of heatwave events increases in the short to medium term, in the period 2075-2100 it tends to decrease. This
reduction, however, is not positive: it occurs because events become so prolonged that they overlap, blurring the distinction between
separate heatwaves. This phenomenon, rarely emphasized in the literature, suggest that the traditional definition of heatwave
(typically three consecutive days above a threshold) may lose relevance in a context where extreme heat can persist for months. We
could transition from facing discrete events to living in a quasi-permanent heatwave condition.

This change also affects the timing of events. Historically, heatwaves have been associated with summer, but studies show that they
are occurring earlier and extending later in the year (Hulley et al., 2020; Jyoteeshkumar Reddy et al., 2021; Perkins-Kirkpatrick and
Lewis, 2020). For instance, in the mid-20th century summer spanned May to August, but now extends from March to September
(Hulley et al., 2020). Our analysis supports this expansion: in the study area, extreme temperatures above 35 °C are projected from
April to November, extending the “heat season” by more than six months.

Beyond the physical aspects, these findings have serious implications for human health and adaptation. The prolonged duration of
heatwaves reduces recovery periods for people, increasing the risk of chronic heat stress, sleep deprivation, and cumulative heath
damage. As Hulley et al. (2020) note, adaptation will not only require infrastructure and public health strategies but also a rethinking
of how society organizes work, rest, and outdoor activities. Moreover, our analysis, based on the heat index, allows us to quantify not
only the thermal conditions but also the potential risk for the population, highlighting that future scenario will lead to increasingly
difficult conditions for human well-being (Van Oldenborgh et al., 2022).

Although differences exist among the five CMIP6 models used, these discrepancies reflect the structural and parametric diversity
inherent to global climate modeling. Each model incorporates distinct physical representations, that influence projections of heatwave
characteristics. The use of multiple models therefore allows us to capture the range of possible futures and quantify the uncertainty of
projections. This approach of consider inter-model spread as an essential component of climate risk assessment, ensuring that the
conclusions reflect the envelope of credible possibilities for the Mediterranean region.

This study shows that the Mediterranean, and particularly Valencia, is not only following but exceeding global projections of
heatwave increase. The observed and projected changes in intensity and duration far surpass those documented in other regions,
confirming the area’s exceptional vulnerability. The current definitions, metrics, and adaptation strategies may no longer be sufficient.

6. Conclusions

This study has provided insights into the current and future characteristics of heatwaves in the city of Valencia. The results indicate
that climate change is not a future phenomenon, but an ongoing reality: since 1979, there has been an increase in the frequency,
duration and intensity of heatwaves, and projections indicate that this trend will continue, with longer events and more persistence
temperature extremes. These findings highlight the urgent need for adaptation strategies to reduce population vulnerability and
mitigate the impacts of climate change in urban environments.

Furthermore, future scenarios suggest a radical transformation of seasonal cycles. Heatwaves may extend from April to November
potentially evolving a quasi-permanent “heat season” by the end of the century. Such prolonged events challenge the conventional
definition of a heatwave; typically, three consecutive days above a critical threshold, since event lasting several months blur the
distinction between discrete episodes. Moreover, the lack of a universally accepted heatwave definition complicates future scenario
analyses, as different studies often use varying thresholds, durations, and metrics, which can make difficult to compare results and
validate models. As extreme heat became increasingly persistent, current heatwave criteria may become inadequate, necessitating a
redefined framework to reflect a future where extreme heat is the norm.

Despite these findings, the results of this study must be interpreted in light of certain limitations inherent to the use of climate
models and methodological approaches. Climate models have varying sensitivities to radiative forcing, resulting in uncertainty in
future projections; additionally, emissions scenarios (SSP, RCP) are based on assumptions about socioeconomic and technological
development, which adds another layer of uncertainty. Moreover, climate models often do not fully capture the localized effects of land
use change, urbanization, or deforestation, which may lead to underestimation or overestimation of heatwave impacts in specific
regions. In this study, data were interpolated from surrounding grid points to the centroid of the study area, a procedure that may not
fully reflect localized thermal variations. Finally, the present analysis does not yet account for the urban heat island effect, which is
known to exacerbate heatwave intensity in urbanized zones.
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