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Abstract 
In recent decades, extreme events such as heatwaves and droughts have increased in number, duration 

and severity, and these trends are expected to continue to increase under climate change scenarios. These 

events can occur simultaneously or consecutively, and have severe impacts on ecosystems and human 

health, with significant reported losses. 

The objectives of this work are twofold: 1) to make a historical characterization of single and compound 

dry and hot extreme events (CDHEs) between 1979 and 2022 in Mediterranean Europe, and 2) to 

analyze the driving mechanisms conducive of CDHEs. The year 2022 is defined in the literature as one 

of the most severe CDHEs in recent years, and thus is presented here as a case study. For the purpose of 

this study, ERA5 data of temperature, total precipitation, volumetric soil water layers 1, 2 and 3, 

temperature at 850 hPa, geopotential height at 850 hPa, and vertical integrate of eastward and northward 

water vapor flux, with a spatial resolution of 0.25º x 0.25º, is used. 

Heatwaves were identified when maximum temperature is above its 90th percentile during at least 5 

days. The Standardized Precipitation Index (SPI) on a 12-months accumulation scale (hereafter, SPI-

12) was used to identify drought conditions at a monthly scale. Drought events were identified when 

SPI-12 was below -1 during at least 2 months. CDHEs were identified with a cooccurrence matrix, with 

1 in each grid point under heatwave and drought. 

The results show positive trends for the duration and intensity of heatwaves and droughts and, 

conversely, negative trends for soil moisture. Most of the study area show statistically significant 

negative trends when aggregating spatially for soil moisture. On the other hand, the annual temperature 

means present an increase and precipitation means show a small decrease on decadal trends. The 

bivariate analysis shows a shift on temperature and soil moisture towards dry and hot conditions. 

Heatwaves occupy smaller areas than droughts, which in turn influences the areas of the CDHEs, due 

to different reaction times of the atmosphere and soil. The combination of the high temperature, low soil 

moisture and precipitation, and anticyclonic conditions, associated with subsidence and clear-sky 

conditions, is the main driver to the development and maintenance of extreme events, as in 2022 CDHE 

event. 

 

Figure A: Graphical abstract about this work. 

Keywords: Heatwaves, Droughts, Temperature, Soil moisture and Precipitation. 
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Resumo 
Nas últimas décadas, tanto a ocorrência de ondas de calor como de secas tem aumentado em número, 

duração e intensidade. Esse incremento tem conduzido ao aumento da coocorrência de ondas de calor e 

secas. Estes eventos, denominados em português, eventos compostos quentes e secos (ou, em inglês, 

compound dry and hot events, CDHEs) têm impactos profundos em vários setores da nossa sociedade 

como, por exemplo, na saúde humana, na produção agrícola ou na destruição da biodiversidade e 

habitats naturais. Desta forma, o entendimento de como as ondas de calor, as secas e os CDHEs se 

desenvolvem e quais são os mecanismos que estão na sua génese, torna-se muito relevante. 

Particularmente, na região Mediterrânica, que é caracterizada por ser um potencial foco de 

desenvolvimento deste tipo de eventos. 

Os objetivos deste trabalho são: 1) fornecer uma caracterização histórica das ondas de calor, das secas 

e dos CDHEs, entre 1979 e 2022, fazendo uma caracterização baseada nas análises de tendências da 

temperatura, precipitação acumulada e da humidade no solo e também um estudo probabilístico dessas 

variáveis; 2) identificar os mecanismos de desenvolvimento desses mesmos tipos de eventos para o 

mesmo período de estudo, analisando a circulação atmosférica para cada tipo de evento, identificando 

os centros de alta pressão e relacionando-os com o aumento de temperatura e o transporte de humidade, 

a fim de analisar os mecanismos que potenciam o desenvolvimento de eventos extremos e identificar as 

regiões mais propensas a estes fenómenos; 3) por fim, analisar em detalhe o ano de 2022, que foi 

caracteristicamente quente e seco e está definido na literatura como um forte CDHE. Este trabalho foca-

se na Europa Mediterrânica, entre os 13º e 32º W de longitude e os 32º e 60º N de latitude, e em duas 

sub-regiões, a Ibéria e a França. 

Os dados utilizados neste trabalho, temperatura do ar a 2 metros, precipitação total, volume de água no 

solo nas camadas 1, 2 e 3 (correspondendo a 1 metro de profundidade), temperatura aos 850 hPa, a altura 

geopotencial aos 500 hPa e integração vertical do fluxo de vapor de água para leste e para norte, foram 

extraídos da 5ª geração de dados de reanálise do European Centre for Medium-Range Weather Forecasts 

(Hersbach et al., 2020). 

Um determinado período foi considerado como uma onda de calor quando a temperatura máxima se 

encontrou acima do percentil 90 durante pelo menos 5 dias. Teve-se também em consideração que os 

eventos separados temporalmente por 2 ou menos dias são o mesmo evento. As secas foram identificadas 

através do índice de seca, Standardized Precipitation Index (SPI), calculado com base em dados mensais 

de precipitação acumulada. Considerou-se um evento de seca sempre que o SPI esteve abaixo de -1 

durante, pelo menos, 2 meses. Como nas ondas de calor, também se consideraram eventos separados 

temporalmente por apenas 1 mês como o mesmo evento. As ondas de calor foram de seguida 

caracterizadas quanto à sua frequência, duração, intensidade e intensidade cumulativa, enquanto as secas 

foram caracterizadas quanto à sua duração e tendo em conta os meses sob seca, considerando o período 

climatológico 1981-2010. Quanto aos CDHEs, foram obtidos através da interseção das matrizes de 

identificação das ondas de calor e secas, i.e. em cada ponto de grelha assinalou-se com o valor 1 a 

coocorrência dos dois tipos de eventos num determinado período. Desta forma, apresentaram-se os 

resultados sob a forma de área para os três tipos de eventos extremos. Tendo em conta o segundo objetivo 

deste trabalho, realizou-se uma análise das tendências decadais, bem como uma análise bivariada com 

ajuste de Kernel da temperatura, da precipitação acumulada e da humidade no solo acompanhada por 

Probability Density Functions (PDFs) de forma a entender a evolução de cada variável nos dois 

subperíodos e como isso pode influenciar o aumento da ocorrência de eventos extremos. As 

configurações atmosféricas também foram estudadas de forma a perceber quais as características da 

atmosfera que estiveram na génese destes três tipos de eventos. Para isso calcularam-se os compósitos 
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médios da temperatura aos 850 hPa e da altura geopotencial aos 500 hPa, considerando os meses de 

cada distribuição cujo valor está acima do percentil 90 da respetiva distribuição. Esta análise foi dividida 

em meses de inverno (de dezembro a fevereiro) e de verão (de junho a agosto). O último mecanismo 

estudado neste trabalho foi o fluxo de vapor de água que entra pela fronteira oeste da área de estudo, 

denominado por Western Moisture Flux (WMF). Neste caso utilizou-se a fronteira oeste devido à maior 

influência do movimento atmosférico oeste-este sentida no Atlântico Norte, que afeta as regiões 

estudadas. Este fluxo foi correlacionado com quatro teleconexões de forma a identificar a teleconexão 

que mais influencia a variação deste fluxo. São elas a fase positiva da North Atlantic Oscillation 

(NAO+), a Atlantic Multidecadal Oscillation (AMO), a Eastern Atlantic (EA) e o Niño 3.4 (N3.4). Os 

resultados obtidos mostraram que a NAO+ e a EA são as teleconexões que influenciam mais fortemente 

a WMF na Europa e também nas duas subregiões. Calcularam-se as anomalias sazonais do Integrated 

Water Vapor Transport (IVT) e da divergência de vapor de água. 

Os resultados obtidos apresentaram grande variabilidade interanual e tendências decadais positivas. 

Também se analisaram estas características tendo em conta dois subperíodos, 1979-2000 e 2001-2022. 

Os resultados mostraram que em 2001-2022 houve um aumento dos valores das características estudadas 

nas ondas de calor relativamente a 1979-2000, enquanto nas secas essas variações não são tão 

percetíveis. Os CDHEs mostraram uma distribuição de valores máximos durante mais meses para as 

secas do que para as ondas de calor. Assim, a distribuição dos CDHEs é fortemente influenciada pela 

das ondas de calor, devido aos tempos de resposta da atmosfera serem muito mais rápidos do que do 

solo, ou mesmo devido aos limites utilizados para identificar cada evento. 

Os resultados das tendências decadais evidenciam o aumento de temperatura, e o decréscimo de 

precipitação acumulada e de humidade no solo. Após a análise bivariada, também se observou uma 

migração dos valores para condições mais secas e mais quentes, demonstrando uma propensão ao 

desenvolvimento de ondas de calor, secas e CDHEs. Os resultados mostraram uma persistência de 

centros de altas pressões sobre a Europa durante os meses mais intensos. Estas condições anticiclónicas 

provocam o aumento da temperatura à superfície e condições de céu limpo através de processos de 

subsidência nas regiões afetadas. 

Durante o ano de 2022, identificaram-se condições muito quentes, com anomalias superiores a 2 ºC 

sobre toda a Europa, promovidas por condições anticiclónicas onde ocorreu subsidência de ar mais 

quente na baixa troposfera. Isto levou a condições de céu limpo e, portanto, a défices de precipitação. 

Estas condições foram complementadas através de anomalias de precipitação acumulada e de humidade 

no solo muito negativas no sul da Europa, que atingiram os -1 mm e -0.1 m3/m3, respetivamente. As 

anomalias sazonais de IVT e da divergência de vapor de água mostraram que o aumento da divergência 

está diretamente relacionado com a subsidência atmosférica, levando à dissipação do vapor de água 

sobre a Europa central durante a primavera e sobre a Ibéria no verão. Esta humidade abaixo do esperado 

e o aumento da divergência do vapor de água, ao mesmo tempo que se encontraram padrões de 

circulação anticiclónica sobre a Europa central, constituiu o mecanismo de desenvolvimento principal 

para as condições excecionalmente quentes e secas observadas no ano de 2022.  

Palavras-chave: Ondas de calor, Secas, Temperatura, Humidade no solo e Precipitação.  
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Chapter 1 – Introduction 

1.1 Extreme events 

According to the 6th Assessment Report of IPCC (IPCC, 2023), emissions of greenhouse gases from 

human activities are responsible for approximately 1.1 ºC of warming since 1850-1900. Furthermore, 

climatological global temperature is expected to reach or exceed 1.5 ºC of warming in the next 20 years. 

Small changes in mean global temperature, particularly due to human influence, which have become 

more pronounced in the last decade, can have disproportionate consequences on the intensity and fre-

quency of climate extremes (Perkins et al., 2015; IPCC, 2023). This can greatly impact society, the 

environment (Mueller et al., 2012; Kong et al., 2020), and ecosystems (Rilling et al., 2019). High tem-

peratures can develop a state of dryness in vegetation, which can lead to drought events (Russo et al., 

2018; Mueller and Seneviratne, 2012) and fires (Duff et al., 2018), depending on vegetation conditions 

(Olschewski et al., 2023). 

Extremes of heat have a broader and far-reaching set of impacts than non-extreme temperatures, partic-

ularly when they occur for a prolonged period or suddenly (Wobus et al., 2018). When a prolonged 

period of excessive heat occurs, we are in the presence of an atmospheric heatwave (Perkins and Alex-

ander, 2013). These events are characterized by having daily maximum temperatures greater than its 

climatological 90th percentile during a group of consecutive days (Nguyen et al., 2010). However, there 

is no universal definition for identifying these events (Zhang et al., 2011). It is estimated that the heat-

waves of 2003 in Europe and 2010 in Russia were responsible for 70000 and 54000 deaths (Luterbacher 

et al., 2004; Coumou and Rahmostorf, 2012). It should be noted that it is difficult to correctly attribute 

the deaths associated with this type of event, and that these may be underestimated. Apart from the stated 

impacts, heatwaves can also increase the urban heat island effect (Leal-Filho et al., 2018), contribute to 

the rise of energy consumption (Santamouris et al., 2015) and have tremendous impacts in health 

(Geirinhas et al., 2019). 

In addition to heatwaves, drought is another climate phenomenon, characterized by prolonged periods 

during which the amount of precipitation over a specific area is markedly less than normal in that same 

area and over a certain period (Allaby and Garratt, 2007). Drought events result in a negative impact on 

agricultural production, as happened during the 2010 event in Russia, causing a loss of around 30 percent 

in the harvest of cereals (Barriopedro et al., 2011), rice crops (Lanning et al., 2011) and milk production 

(Dunn et al., 2014). In addition to the consequences on agricultural production, droughts affect water 

resources (Peña-Guerrero et al., 2020) and natural ecosystems (Müller and Bahn, 2022), which has im-

pacts on the environment and economic sectors, with billions of euros in direct and indirect damage 

(Vicente-Serrano et al., 2011; Turco et al., 2019). 

Heatwaves and droughts are closely interconnected (Russo et al., 2018; Mueller and Seneviratne, 2012). 

Heatwaves dry out soils, leading to even higher temperatures (Geirinhas et al., 2022; Miralles et al., 

2019; Hao et al., 2022). These elevated temperatures increase the evaporation of surface waters, like 

rivers and lakes, diminishing vital freshwater sources. Additionally, during a heatwave, the demand for 

water rises for drinking, cooling and crop irrigation, further aggravating water shortages caused by 

droughts (Figure 1). 
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Figure 1: Schematic representation of the development of heatwaves, droughts, and CDHEs. SH represents sensible heat, LH 

represents latent heat and ET represents evapotranspiration (Hao et al., 2022). 

The interplay between dry and hot events is commonly known as compound dry and hot events (CDHEs) 

(Leonard et al., 2014), defined as co-occurring or in sequence, in the same geographical location or 

multiple locations (Zscheischler et al., 2018; Raymond et al., 2020). In recent years, several studies have 

stressed the role played by the interplay between multiple climatic extremes, which may exacerbate the 

impacts of individual hazards (Zscheischler and Seneviratne, 2017; Ribeiro et al., 2020). Globally, an 

increase in CDHEs over a historical period as well as in future projections has been found (Manning et 

al., 2019; Feng et al., 2020) across multiple locations, pointed with high confidence by IPCC (2023), 

including USA (Alizadeh et al., 2020; Mazdiyasni and AghaHouchak, 2015), Europe (Russo et al., 2018; 

Hauser et al., 2015; Zscheischler et al., 2018), Australia (Seneviratne et al., 2012) and China (Lu et al., 

2018). The progressive intensification of these compound extremes represents one of the largest chal-

lenges in climate change research (Dosio et al., 2018) and have strong impacts on ecosystems, vegetation 

reduction (Wu et al., 2022) and agricultural production (Hao et al., 2021), workplace productivity or 

wildfire frequency, more severe than single events of heatwaves or droughts (Sutanto et al., 2020). For 

example, in 2017 in Portugal, the previous conditions of low soil moisture in spring strongly amplified 

the magnitude of the devastating fires that occurred in the summer (Ramos et al., 2023). Similarly, the 

catastrophic fire seasons of 2019 in Greece (NASA Earth Observatory, 2024a) and 2019/2020 in Aus-

tralia was also associated with a drought exacerbation due to hotter than usual conditions (NASA Earth 

Observatory, 2024b). These impacts will increase under enhanced global warming, where increasing 

heatwave trends will likely produce more severe and possibly irreversible impacts in some sectors 

(Beggs et al., 2019; King et al., 2018), possibly with higher costs. 

In 2018, according to the insurance company Munich RE (2024), financial losses related to CDHE were 

estimated at around 3.3 billion euros, making it the costliest in Europe. Population exposure is also a 

consequence and is a commonly used metric to evaluate the impact of extreme events on human society, 

which is expected to be exacerbated with simultaneous increases in population and CDHEs in the future 

(Liu et al., 2021). Therefore, is vital to analyze the occurrence of CDHEs, particularly in sensitive areas 

as the Mediterranean. 

When addressing heatwaves and droughts, key questions often intersect with the challenge of identifying 

their drivers, namely: 
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• What are the interactions and combined impacts of CDHEs, and how do they exacerbate indi-

vidual hazards (Leonard et al., 2014; Zscheischler et al., 2018)? 

• How do we identify and differentiate the drivers behind these compound events, particularly 

given the complexity of multiple interacting climatic and non-climatic factors (Zscheischler et 

al., 2018)? 

• How do CDHEs impact regions differently, and what are the specific examples of their effects 

(Mazdiyasni and AghaKouchak, 2015; Hauser et al., 2015; Seneviratne et al., 2012; Lu et al., 

2018)? 

These questions highlight the difficulty in isolating and understanding the individual and combined 

drivers of heatwaves and droughts, which is essential for predicting future events and formulating 

effective mitigation and adaptation strategies. Given the complexity of these types of events and the 

multiple drivers that can be at their origins (Zscheischler et al., 2018), it is important to mention which 

mechanisms are known and used in the existing literature to study these types of extreme events, such 

as heat waves and droughts. 

The driving mechanisms of heatwaves can be classified into two main categories: atmospheric 

(including moist and radiative processes) and surface, influencing each other (Jiménez-Esteve and 

Domeisen, 2022). Atmospheric circulation drivers of heatwaves include quasi-stationary upper-level 

ridges linked to surface high-pressure anticyclones and local amplification of Rossby waves (Wirth et 

al., 2018). High-pressure anticyclones can develop into atmospheric blocking due to wave breaking and 

can persist for several days (Jiménez-Esteve and Domeisen, 2022). Heatwaves have also been linked to 

surface drivers related to energy and momentum exchange at the interface between the atmosphere and 

the Earth’s surface (ocean or land) (Jiménez-Esteve and Domeisen, 2022). Large-scale subsidence and 

increased solar radiation (Net Radiation in Figure 1) associated with clear-sky conditions within the 

anticyclone lead to strong near-surface warming, which in turn increases the likelihood of a heatwave 

(Xu et al., 2020) and weak pressure gradients cause a weak large-scale circulation (Spensberger et al., 

2020). 

The surface drivers are related to dry soil conditions and soil moisture can influence the persistence of 

heatwaves and droughts (Lorenz et al., 2010; Ribeiro et al., 2020). Higher levels of lower-tropospheric 

water vapor promoted by increasing temperatures, are linked to changes in the balance between 

evaporation and precipitation (E-P) that ultimately determines soil moisture, groundwater recharge and 

total water available for runoff (Zhou et al., 2021). In parallel, under a large atmospheric evaporative 

demand (ET in Figure 1), a strong soil moisture imbalance may also play a major role in the surface 

energy partitioning by constraining surface latent heat fluxes (LH in Figure 1), leading to an above 

normal accumulation of sensible heat (SH in Figure 1) in the atmosphere and to the escalation of 

temperatures (Geirinhas et al., 2022; Santanello et al., 2018; Miralles et al., 2019). This increase in SH 

flux is also caused by precipitation deficits, that leads to droughts. Precipitation recycling is the 

contribution of ET to precipitation regionally (Eltahir and Bras, 1996) and imply positive feedback 

where high ET increases atmospheric water vapor, generally leading to more precipitation, increasing 

soil moisture, and ET (Li et al., 2021). Long-term drying trends can influence the atmospheric water 

budget, particularly over drylands, by limiting ET and reducing moisture recycling for precipitation 

(Zhou et al., 2021). Moisture transport refers to moisture that originates as ET and is advected 

downwind, where it may eventually fall as precipitation (Roy et al., 2019). The role of moisture transport 

in drought development is poorly understood (Miralles et al., 2019). Recently, reduced moisture 

transport has been proposed as a mechanism (Herrera-Estrada et al., 2017; Roy et al., 2019). The 

hypothesis is that reduced moisture exports downwind, possibly amplifying drought conditions 

downwind (Herrera-Estrada et al., 2019). The positive feedback on the land-atmosphere coupling 
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exacerbates the increase in vapor pressure deficit, and then transfer more moisture from the water bodies 

to the atmosphere by ET, thereby resulting in compound hot and dry extremes (Alizadeh et al., 2020). 

The interplay between soil moisture, atmospheric water budget and temperature is part of a large and 

complex framework of feedbacks that are modulated by climate change (i.e., increasing temperatures, 

changes in vegetation and in atmospherics dynamics), and that may also affect the climate trends 

themselves (Zhou et al., 2021; Miralles et al., 2019; Douville et al., 2013). 

All these processes are modulated by a complex interplay between large-scale oceanic-atmospheric 

modes of variability, such as North Atlantic Oscillation (NAO), El Niño-Southern Oscillation (ENSO), 

Atlantic Multidecadal Oscillation (AMO), or Eastern Atlantic (EA). Typically, these teleconnections 

have been shown to be among the major driving factors that induce changes in the frequency and 

intensity of precipitation and temperature events in different regions (Wang et al., 2018; Zhou et al., 

2020). The NAO is closely related to the formation of high-pressure systems and favor the concurrence 

of low precipitation and high temperatures at longer time scales (Hao et al., 2018) and has a significant 

impact on the atmospheric circulation and the European climate (Rodriguez-Puebla et al., 1998). The 

control exerted by NAO on the precipitation field over Europe is likely to be related to changes in the 

activity of North Atlantic storm tracks (Trigo et al., 2006) and have consequences on vegetation 

(Gouveia et al., 2008). The ENSO also has a strong influence on prevalence of anticyclonic and hot and 

dry conditions in China (Wu et al., 2021). Strong positive ENSO events produce high-pressure near 

western Europe, while moderate events produce low-pressure over this region in a pattern that projects 

negatively onto the NAO (Toniazzo et al., 2006). Typical modes of climate variability, include AMO, 

depending on regions and seasons. These climate variability modes influence semi-permanent and 

transient systems that play a key role for precipitation and evaporation in Europe. The EA is a 

complement of the NAO and also has an impact on atmospheric circulation over Europe, influencing its 

climate (Rodriguez-Puebla et al., 1998). Particularly, the EA is shown to modulate precipitation to the 

south-west off the UK and across the Iberia (Rodriguez-Puebla et al., 1998). In addition to circulation 

patterns, solar radiation, aerosols, clouds, water vapor transport and evaporation feedback also 

contribute to the occurrence and persistence of hot extremes (Tang et al., 2020). 

 

1.2 Objectives and motivations 

In recent decades, both heatwaves and droughts are increasing in number, duration, and intensity, 

leading to an increase in CDHEs (Tripathy and Mishra, 2023). For this reason and given their impact on 

various sectors of society and the environment, it is important to study these type of extreme events in 

more detail. This is particularly the case of the Mediterranean region. 

The aims of this work are: 

1. To provide a historical characterization of heatwaves and droughts, individually and simultane-

ously, in the recent past (1979-2022), in Europe focused in Mediterranean region. This charac-

terization is based on an analysis of trends in temperature, precipitation and soil moisture and a 

probabilistic study of these variables. 

2. Identify the mechanisms that drive the development of the three types of extreme events in the 

same period. This can be achieved by studying the atmospheric circulation for each event, iden-

tifying the centers of high-pressure and linking them to the rise in temperature and the moisture 

transport to analyze the drivers that potentiate the development of extreme events and to identify 

those regions most prone to these phenomena. 
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3. To analyze a case study: the year 2022. This year was extremely hot and dry, one of the most 

severe in recent history (Tripathy and Mishra, 2023) and characterized by the occurrence of a 

CDHE that affected most continents, especially Europe, in regions such as Iberia or France 

(Faranda et al., 2023), and various sectors of society (Tripathy and Mishra, 2023). 

This study builds on the methodologies developed by Geirinhas et al. (2023), focused on South America, 

and Ionita et al. (2021), focused on Europe. This work aims at being an asset to the state of the art on 

CDHEs, focusing on the period spanning from January 1979 to December 2022. 

This work is being carried out as part of project, DHEFEUS, which aims to study heatwaves, droughts 

and fires and their impact on air quality in Europe, and includes partners from the Dom Luiz Institute 

(Instituto Dom Luiz, IDL), the Portuguese Institute for the Sea and Atmosphere (Instituto Português do 

Mar e da Atmosfera, IPMA), the Environmental Physics Laboratory - Vigo University, and Oslo 

Metropolitan University – Norway. 

Within the course of this work, the following questions are tackled: 

• How did heatwaves, droughts and their drivers evolve during the recent past in Europe? 

• Which type of extreme events – heatwaves or droughts – has a greater influence on the occur-

rence of CDHEs in Europe? 

• How extreme was the year 2022 in Europe? And how is characterized regarding the drivers? 

• How do atmospheric dynamics influence the development and extremeness of extreme events 

in Europe? 

This document is organized into five main chapters, starting with the Introduction, which outlines the 

topics discussed in the following sections. The second section reports to Data and Methodology which 

introduces the data and the methodologies used. The third section is Results focuses on the analyses of 

the results obtained using the data and methodologies presented in the previous chapter and completes 

the tasks proposed in the introduction. The fourth chapter is Discussion and puts into perspective the 

results obtained based on the most recent literature. The final chapter is Conclusions and looks at what 

can be added in future work in the form of a continuation, summarizing the main points of the work.  
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Chapter 2 – Data and Methodology 
This chapter describes the methodology and data used (1) to identify and characterize the heatwave and 

drought events; (2) to calculate the incidence of CDHEs in the study regions; (3) and to analyze the main 

driving mechanisms of the three types of extreme events. 

2.1 Data 

To study heatwaves and droughts in Europe, 2-meter temperature (in K), total precipitation (in m), soil 

moisture (volumetric soil water layers 1, 2 and 3, in m3 m-3) and water vapor transport (vertical integrate 

of eastward and northward water vapor flux, in kg m-1 s-1), geopotential at 500 hPa (in m2/s2), and 

temperature at 850 hPa (in K) data were used. 

These datasets were retrieved from the Copernicus/ERA5 database. ERA5 is the 5th generation of the 

ECMWF (European Centre for Medium-Range Weather Forecasts) climate reanalysis (Hersbach et al., 

2020). The reanalysis combines model data with observations from around the world into a globally 

complete and consistent dataset (Copernicus, 2023). The data was extracted in netCDF format and is 

arranged in a regular latitude and longitude grid of 0.25º x 0.25º and hourly time resolution spanning 

the period between 1979 January and 2022 December (44 years). 

This study also used data from four teleconnections: the NAO (NOAAa, 2024), AMO (NCARa, 2024), 

EA (NOAAb, 2024), and Niño 3.4 (N3.4) (NCARb, 2024). These datasets are provided by NOAA and 

have a monthly time resolution. They were extracted between 1979 January and 2022 December. 

Spyder software (version 5.4.3), with Python programming language, and RStudio (version 1.1.456) 

were used to process the data. The total study area extends from 32 to 60º N latitude and -13 to 32º E 

longitude, as shown in Figure 2. Although the study window shows North Africa, the calculations in 

this work are done with a mask for the ocean and also for this region. Furthermore, regional subdomains 

over Iberia and France are also selected to further analyze. Therefore, these results have been used in 

this work as a way to complete the presented study. 

 

Figure 2: Study area representation, showing Central and Southern Europe. 
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2.2 Methodology 

2.2.1 Heatwaves and droughts 

Various studies have been conducted on extreme events in the atmosphere, and several definitions have 

been used to identify heatwaves. For instance, Perkins and Alexander (2013) defined a heatwave as 

prolonged periods of excessive heat. Heatwave events were identified using a relative threshold 

methodology that considers consecutive days with temperatures above a certain percentile. The lack of 

a universal definition of heatwaves complicates the identification and comparison of these events across 

different studies and regions. In this work, a heatwave is considered if the maximum temperature is 

higher than the 90th percentile of the maximum temperature (calculated on a 30-year basis between 1981 

and 2010) for at least 5 consecutive days (Zhang et al., 2005). Heatwaves with an interval of less or 

equal to two days are also considered as the same event. The daily climatology was calculated from the 

average of the temperatures observed on the same day between 1981 and 2010, on a 30-year basis, as 

the 90th percentile. 

Heatwaves were then identified and characterized between 1979 and 2022. Afterwards, the frequency, 

duration, and mean and cumulative intensity were computed for each grid point. The frequency of 

heatwaves is defined as the number of individual events that occur each year. The duration of heatwaves 

is defined as the period during which the observed temperatures exceed the daily variability threshold 

considered. To calculate the intensity, the 90th percentile of maximum temperature was used as the 

threshold, and the difference between the observed temperatures and the 90th percentile values was 

calculated. The mean and cumulative intensities of heatwaves are defined, respectively, as the average 

temperature anomaly in relation to the threshold during an event and the sum of the daily intensity 

anomalies over the duration of the event (Plecha and Soares, 2020; Hobday et al., 2016). A schematic 

representation of this method can be seen in Figure 3. 

 
Figure 3: Schematic representation of the procedure applied to identify a heatwave (following Hobday et al., 2016). The blue 

line represents the climatology, the green represents the 90th percentile and the black represents the observed temperatures. 

Font: https://www.marineheatwaves.org/all-about-mhws.html. 

Droughts are apparent after a long period without precipitation, but it is difficult to determine their onset, 

extent, and end (Vicente-Serrano et al., 2010). Thus, it is difficult to objectively quantify a drought 

event. To circumvent this caveat, drought indices such as the Standardized Precipitation Index (SPI) 

were developed (McKee et al., 1993). 

The SPI is based on a probabilistic approach to precipitation (McKee et al., 1993) based only on 

precipitation data (Vicente-Serrano et al., 2010). SPI is a widely used index to characterize 

meteorological drought on a range of timescales. 

https://www.marineheatwaves.org/all-about-mhws.html
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SPI holds the advantage over other widely used drought indices such as the PDSI (Palmer Drought 

Severity Index), of having a temporal multi-scalar character (Vicente-Serrano et al., 2010; Russo et al., 

2017). The application of multi-scalar indices to high spatial-resolution datasets allows associating a 

given temporal scale of drought to the occurrence of a given phenomenon or event (e.g. desertification 

or forest fires) (Russo et al., 2017). 

In precipitation-based drought indices, as SPI, it is assumed that the variability of precipitation is much 

higher than that of other variables, such as temperature and potential evapotranspiration (PET), and the 

other variables are stationary (they have no temporal trend). In this scenario, the importance of these 

other variables is negligible, and droughts are controlled by the temporal variability in precipitation 

(Vicente-Serrano et al., 2010). 

To calculate SPI, it was necessary to obtain monthly accumulated precipitation data (in mm). To do this, 

the data was processed to transform hourly data into monthly accumulated data. This process was 

repeated for all 44 years of the study on a grid basis. The positive values indicate wet conditions, and 

negative values indicate dry conditions. 

SPI was calculated using a Gamma distribution to modulate precipitation, using the total period as 

reference period (Russo et al., 2018). This process is repeated for 1-, 3-, 6-, 12- and 24-month time 

scales. The SPI was chosen over the other widely used index – the Standardized Precipitation-

Evapotranspiration Index (SPEI) – because the latter uses both accumulated precipitation and minimum 

and maximum temperature, as the former uses only accumulated precipitation. Therefore, considering 

that this work studies heatwaves and droughts, using the SPEI would give double importance to the 

temperature variable, which is present in the calculation of heatwaves but also in the calculation of 

droughts. It is these longer droughts that will have a more significant impact on the soil, leading to 

reductions in agricultural production and consequences for the economy and the landscape (Svoboda 

and Fuchs, 2016). However, in this work only SPI12 was used to study long-term droughts, considering 

1-year composites, and was calculated in RStudio with a package developed by Santiago Beguería 

(CSIC, 2023). 

Drought events were also characterized in terms of duration and magnitude (similar to cumulative 

intensity in case of heatwaves), where the duration is the number of months where SPI is below -1 and 

the magnitude is estimated as the sum of the difference between SPI and -1. By computing these 

characteristics (frequency, duration, and intensities) for heatwaves and (duration and magnitude) for 

droughts, it was possible to characterize the study area concerning these events and understand how 

these extreme events evolved over the study period. 

For each month, the area affected by each type of drought was computed using the classification 

proposed by McKee et al. (1993), which considers mild drought as 0 ≤ SPI < -1, moderate drought as -

1 ≤ SPI < -1.5, severe drought as -1.5 ≤ SPI < -2 and extreme drought as SPI ≤ -2. 

 

2.2.2 Identification of CDHEs 

To identify and characterize the CDHEs, an Area Index was used representing the percentage of area 

under heatwaves, droughts and both, as shown in the Equation 1. To do this, a matrix was calculated, 

indicating at each grid point whether it was an extreme event (value 1) or not (value 0). 
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 𝐴𝑟𝑒𝑎 𝐼𝑛𝑑𝑒𝑥 =
𝐺𝑟𝑖𝑑 𝑝𝑜𝑖𝑛𝑡𝑠 𝑢𝑛𝑑𝑒𝑟 ℎ𝑎𝑧𝑎𝑟𝑑

𝐴𝑙𝑙 𝑔𝑟𝑖𝑑 𝑝𝑜𝑖𝑛𝑡𝑠 × 𝐷𝑎𝑦𝑠 𝑜𝑓 𝑚𝑜𝑛𝑡ℎ
 (1) 

The Area Index allows the percentage of area under each event to be accounted on a monthly basis over 

the 44 years of the study, aggregating spatial and temporal information. As with heatwave identification, 

CDHEs can be identified in a variety of ways and there is no universal formula. In this work, a 

methodology identical to that of Ridder et al. (2020) was used. Instead of using the probabilities of each 

hazard exceeding a threshold, the occurrence of events was used to determine the occurrence of CDHEs. 

This provides a characterization of when and where each CDHE occurs. 

 

2.2.3 Analysis of driving mechanisms 

To understand how events such as heatwaves and droughts occurred and what mechanisms were 

involved in their development, this subsection looks at temperature, precipitation, and soil moisture. For 

the soil moisture data, a preliminary analysis was carried out by calculating a time series of spatial means 

and also a spatial distribution of the respective trends, with statistical significance calculated at a 5% 

level according to the Mann-Kendall test between 1979 and 2022. The time series of spatial means of 

temperature and accumulated precipitation also were calculated for the same period. 

To complement these preliminary results for soil moisture, bivariate distributions with kernel adjustment 

were also calculated for two time periods (1979-2000 and 2001-2022) in order to study the changes that 

occurred between the two time periods for temperature, daily accumulated precipitation and soil 

moisture, and to understand the compound effect of the two variables when analyzed together, with 

bivariate analysis. Furthermore, annual averages were calculated for the temperature, accumulated 

precipitation and soil moisture and the distributions were calculated in pairs: temperature – accumulated 

precipitation and temperature – soil moisture. The kernel fit was chosen because it does not assume a 

particular type of data distribution and is therefore more flexible (Chwialkowski et al., 2016). Unlike 

the normal (or Gaussian) fit, the kernel fit allows the data to be adjusted if it has a different type of 

distribution and is therefore not Gaussian. Although the kernel fit may not be as precise, its sensitivity 

makes it possible to examine in more detail what is happening probabilistically under more extreme 

conditions (Chwialkowski et al., 2016). These distributions were accompanied by PDFs (Probability 

Density Function), also with kernel fit, to maintain the same fit used in the distributions and divided for 

the same sub-periods of study. Hence, the PDFs allow to understand how each variable evolves 

independently over time (Chwialkowski et al., 2016). 

The mean anomaly composites of temperature at 850 hPa level and geopotential height at 500 hPa level 

were calculated to study anticyclonic and cyclonic conditions over Europe. These calculations make it 

possible to identify anticyclonic (high pressure) and cyclonic (low pressure) zones, which are 

accompanied by positive and negative temperature anomalies, respectively. The 500 hPa level 

represents the top of the troposphere, which falls or rises depending on whether the anomaly value is 

negative or positive. The 850 hPa level represents the lower troposphere, where the temperature increase 

will be felt in the anticyclonic situation. To obtain the maps for the temperature and geopotential height 

composites, the 90th percentile of the Area Index for each type of event was calculated and, for each 

month value above this percentile, the anomaly of the two variables was calculated. The temperature 

and geopotential height composites were calculated for all months where the value of the index was 

above the 90th percentile to identify the most extreme events. To understand the existence of different 

atmospheric configurations during the winter and summer months, these average composites were 
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divided into seasons encompassing the months from December to February (DJF) and June to August 

(JJA), respectively. 

After obtaining the maps for each event and considering the three situations (all year, winter and summer 

months), it was possible to use them to classify the types of atmospheric circulation. The purpose of the 

summer/winter division, in addition to considering all months, is to identify possible variations in 

atmospheric patterns that might occur between the two seasons. In recent years, it has become important 

to develop classifications for different types of atmospheric configuration. This approach is often used 

to characterize the atmosphere during extreme events and to identify anticyclonic patterns as a 

mechanism for the development of these events. 

Following the rationale presented in Figure 1, it is not only the moisture present in the soil that can 

determine the development of heatwaves and droughts, but also the moisture present in the atmosphere 

that can influence their development. 

 

Figure 4: Schematic representation of zonal and meridional components of IVT. 

The vertically Integrated Water Vapor Transport (IVT) quantifies the total horizontal moisture transport 

by integrating over the vertical column of the atmosphere, between the top of atmosphere (TOA) and 

the surface (surf), the zonal (Qλ) and meridional (Qϕ) transport of specific humidity (q) (Equations 2, 3, 

and 4), defined as follows (Peixoto and Oort, 1943) (Figure 4): 

 𝐼𝑉𝑇 = [(
1

𝑔
∫ 𝑞𝑢𝑑𝑝

𝑇𝑂𝐴

𝑆𝑈𝑅𝐹

)

2

+ (
1

𝑔
∫ 𝑞𝑣𝑑𝑝

𝑇𝑂𝐴

𝑆𝑈𝑅𝐹

)
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]
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𝑐𝑜𝑚 𝑄𝜆 =
1

𝑔
∫ 𝑞𝑢𝑑𝑝

𝑇𝑂𝐴

𝑆𝑈𝑅𝐹

 (3) 𝑄𝜙 =
1

𝑔
∫ 𝑞𝑣𝑑𝑝

𝑇𝑂𝐴

𝑆𝑈𝑅𝐹

 (4) 

Where g is the acceleration due to gravity and qudp and qvdp are the zonal and meridional components 

of moisture fluxes, respectively. The IVT anomalies were calculated with respect to the climatology 

(1981-2010) on a seasonal basis for winter (DJF), spring (MAM), summer (JJA) and autumn (SON). 

Anomalies in temperature, accumulated precipitation, soil moisture, geopotential height at 500 hPa level 

and temperature at 850 hPa level were also calculated for the same climatological period. 

According to previous studies (Peixoto and Oort, 1943; Peixoto, 1973), the IVT that crosses a border 

can be obtained by the vertical integration of the convergence moisture. In this case, western boundary 

(FW) was considered (Equation 5). 

 𝐹𝑊 = ∫ 𝑄𝜆𝑖
𝑑𝜙

𝜙𝑓

𝜙𝑖

 (5) 

Where λi represents the first value of longitude (-13º E) and ϕi and ϕf represent the initial and final value 

of latitude (32º and 60º N), respectively. To complement the results obtained for the variations of the 

water vapor balance in the study areas, the vertical integration of the water vapor data was processed in 

order to study in which areas water vapor is less present compared to the climatology. The types of 

movement that water vapor undergoes in the atmosphere is also important to understand. The divergence 

of the vertical integration of water vapor was calculated for the same year in relation to the same 

climatology (Equation 6). These analyses were seasonally divided. 

 ∇ ∙ 𝑄⃗ =
𝜕𝑄𝜆

𝜕𝑥
+

𝜕𝑄𝜙

𝜕𝑦
 (6) 

To understand how the teleconnections, influence the moisture supply to Europe, and consequently to 

Iberia and France, the monthly data for each teleconnection were transformed into annual data and the 

moisture flux anomalies across the western boundary were calculated (using Equation 5), known as the 

Western Moisture Flux (WMF) (Figure 5). 

 

Figure 5: Schematic representation of the boundaries. FW represents western boundary, FN represents northern boundary, FE 

represents eastern boundary, and FS represents southern boundary. 
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In this work, only the western boundary was considered because it is the boundary where there are the 

greatest variations in water vapor flow. The atmospheric movements that occur in the North Atlantic 

towards Europe are mostly in an east-west direction, and therefore only this boundary was considered 

as the main boundary. Pearson's correlations were then calculated between the WMF and each 

teleconnection on a monthly, seasonal, annual and Lanczos low-pass filtered annual basis using the 

pearsonr function from the scipy.stats library. Pearson's correlation takes into account the original 

values of the variables and does not rely, for example, on ranking, and the square of Pearson's coefficient 

provides a proportion of the variance of one variable explained by the other, making interpretation in 

cause-and-effect analyses easier (Shiekh and El-Hashash, 2022). The Lanczos filter is widely used in 

this type of work due to its ability to smooth signals by removing high frequency components and 

reducing the amplitude of distributions. It has important advantages related to the good preservation of 

the characteristics of the original signal, as well as its effectiveness with high-frequency noise (Duchon, 

1979). 

Teleconnections, which can have an atmospheric or oceanic influence, affect the variability of the 

climate system over a wide range of spatial and temporal scales (Kucharski et al., 2010). For example, 

teleconnections can affect the spatial distribution of precipitation and temperature. There are several 

teleconnections that affect different regions in different ways. In this work, we have used the positive 

phase of the NAO (NAO+), AMO, EA and N3.4, which are the teleconnections that mostly influence 

Europe and especially the Mediterranean region. The specification of the NAO phase is due to the fact 

that the positive phase causes a colder and drier climate in the Mediterranean region, which is conducive 

to the development of dry events (NOAA, 2024). Most of these teleconnections have a wide application, 

either as a mechanism for the development of extreme events, or as an influence on vegetation dynamics 

or even precipitation variation. Therefore, the purpose of studying them in this work is to relate them to 

the water vapor entering Europe through the western border and to understand which teleconnection is 

the most correlated and which phase of the supply is the greatest. 

The year 2022 has been identified in the literature as a very hot and dry year characterized by the 

occurrence of a CDHE. In comparison with previous mega events (as in 2003, 2015, and 2018), the 

2022 CDHE was substantially more severe. According to Tripathy and Mishra (2023), 3/4 of European 

land areas were affected by drought, with around 55% experiencing severe droughts in the summer, and 

experienced temperature high-temperature anomalies, nearly 50 and 20% experiencing temperature 

anomalies over 2 and 3 ºC, respectively. Therefore, the specific development mechanisms for this year 

were analyzed. Starting from winter 2021/22, there was a persistent deficit of precipitation, resulting in 

pronounced negative anomalies in soil moisture and streamflow over a large area of the continent 

(Copernicus, 2024). This drying trend has been linked mainly to increases in temperature and record-

breaking heatwaves associated with climate change (Seneviratne et al., 2021). This section therefore 

aims to analyze the dynamics between atmospheric circulation and soil and atmospheric moisture, taking 

into account temperature and precipitation. 
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Chapter 3 – Results 

3.1 Historical characterization of extreme events 

This section presents the results of the historical characterization of heatwaves and droughts in the study 

area and its respective sub-areas, Iberia and France. Time series of annual spatial means of temperature, 

daily accumulated precipitation, and soil moisture were calculated, which allowed a historical and 

preliminary analysis of the atmospheric and soil conditions (Figure 6). 

 

Figure 6: Time series of annual spatial means of temperature (a), daily accumulated precipitation (b) and soil moisture (c) 

accompanied by decadal trend values, in the study area, with the value of the respective trends labelled “m”. Trends of soil 

moisture (dots depict statically significant trends at a 5% level) (d). 

There is a positive trend for temperature, with around 0.44 ºC per decade (Figure 6a), and a negative 

trend for the daily accumulated precipitation series, with approximately -0.006 mm per decade (Figure 

6b), and for soil moisture, with circa -0.008 m3/m3 per decade (Figure 6c). The results show an increase 

of temperature of about 2 ºC and a decrease of accumulated precipitation and soil moisture of 0.2 mm 

and 0.04 m3/m3, respectively, over the studied period. The maximum temperature value occurs in 2020 

with ~12.4 ºC, the minimum accumulated precipitation in 2011 with ~1.03 mm and the minimum soil 

moisture in 2022 with ~0.255 m3/m3. 

Most of Europe shows negative soil moisture trends, with smaller areas of positive trends in the north 

(Figure 6d). The most negative trends are found in eastern Iberia, southern France, the Balkans, western 

Turkey, and some parts of eastern Europe, with values reaching ~-0.020 m3/m3. This shows that a large 

part of Europe is moving towards drier conditions, in some areas at a very high rate. 
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As expected, the plots for Iberia and France (Figure S1 in the Supplementary Material) show almost 

identical situations. Temperatures show positive trends, with slopes of ~0.33 ºC and ~0.42 ºC 

respectively, and accumulated precipitation and soil moisture show negative trends, with slopes of ~-

0.007 mm and ~-0.035 mm and ~-0.011 m3/m3 and ~-0.009 m3/m3 respectively. Soil moisture minima 

and temperature maxima have been reached in recent years. It should be noted that the trend in 

accumulated precipitation is much larger in France than in Iberia and Europe. 

Seasonally, positive decadal trends are observed for temperature. Accumulated precipitation shows 

negative decadal trends, except for DJF, and soil moisture shows negative decadal trends for all seasons. 

The season with the strongest trends is JJA, considering all three variables (Figure S2, S3, and S4 in 

Supplementary Material). The same is true for Iberia and France. In the case of temperature, both 

subregions show positive downward trends, with the JJA season being the most intense. Soil moisture 

shows negative decreasing trends, with SON for Iberia and JJA for France being the most intense 

seasons. For Iberia, accumulated precipitation, except for MAM, shows negative decadal trends, with 

JJA being the most intense season. In France, all seasons show negative trends, with SON being the 

most intense season (Figures S5 to S10 in Supplementary Material). 

 

Figure 7: SPI time series for Europe. Positive SPI values are shown in blue, representing months with wet conditions. 

Negative SPI values are shown in red, representing months with dry conditions. 

There is a large inter-annual variability, with dry and wet periods well marked, as depicted by the 

interlace of negative and positive SPI values (Figure 7). The early years of the study, the last years of 

the last millennium and some years towards the end of the study period are characterized by positive 

SPI values, reaching maximum values of ~0.8 in 2010. While the 1990s and some years from the new 

millennium onwards show negative SPI, reaching minimum values of ~-0.7. The most recent years show 

a greater variability between positive and negative values. Looking at the negative values, the main 

drought periods in Europe were 1989 - 94, 2003 - 06, 2011/12, 2015 - 17, 2019 and 2022, with 1992 

being the most intense. 

In the time series for Iberia, we can see that the maximum and minimum values are much sharper, 

reaching values around 1.4 and -2 respectively (Figure S11 in the Supplementary Material). There is a 

large inter-annual variability, and the main drought periods are 1991 - 96, 1999 - 2000, 2004 - 07, 
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2011/12, 2015 - 17, 2019 and 2022, with 2005 being the most intense. Of the two sub-domains studied 

– Iberia and France –, the latter has the most similar time series to Europe (Figure S12 in the 

Supplementary Material). The most intense year was 1989, with the main drought periods coinciding 

with those in Europe. The minimum and maximum values are around -1.8 and 1.8, respectively. 

To complement and better understand the results, Figure 8 also shows the same characteristics spatially, 

divided into two sub-periods (1979-2000 and 2001-2022). 

 

 

Figure 8: Frequency (a and e), duration (b and f), intensity (c and g) and cumulative intensity (d and h) of heatwaves with 

decadal trends and divided in two subperiods, 1979-2000 and 2001-2022, considering the whole domain. 
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Figure 8 (left panel) shows that all characteristics present large inter-annual variability and positive 

decadal trends. The number of heatwaves per year increased over time, reaching a maximum in 2022 

with ~6 events/year. The decadal trend line shows a positive slope of ~0.86 events/year, with an increase 

of ~4 events between 1979 and 2022 (Figure 8a). The duration also shows an increase in the number of 

days reaching a maximum in 2018, with ~9.5 days. The decadal trend line shows a positive slope of 

~0.28 days/year. Between 1979 and 2022 there was an increase of 0.8 days (Figure 8b). The intensities 

show an increase in their values, reaching maxima in 2015 and 2022, respectively, with ~2.4 ºC/day, 

~50 ºC days. The decadal trend line shows a positive slope of ~0.11 ºC/day and ~8.44 ºC days, and there 

was an increase of ~0.1 ºC/day and ~35 ºC days (Figures 8c and 8d). 

In general, the results for the 2001-2022 subperiod show higher values for all the characteristics 

compared to the 1979-2000 subperiod (Figure 8e, 8f, 8g, and 8h). Particularly noteworthy are those for 

frequency and cumulative intensity, which show strong increases in the Mediterranean region and 

Eastern Europe, reaching more than 5 events and 80 ºC day on average respectively. 

The same procedure was carried out for drought events. In this case, the characteristics studied were the 

months of drought in each year and their magnitude. The results are shown in Figure 9. 

 

Figure 9: Months under drought (a and c), and magnitude (b and d) of droughts with decadal trends and divided in two 

subperiods, 1979-2000 and 2001-2022, considering the whole domain. 

Figure 9 presents large inter-annual variability and positive decadal trends. The months under drought 

show an increase in the number of days reaching a maximum in 1996, with ~6.8 months/year. The 

decadal trend line shows a positive slope of ~0.14 months/year. Between 1979 and 2022 there was an 

increase of ~2 months (Figure 9a). The magnitude of droughts also shows an increase in their values, 

reaching maxima in 1996, with ~4.5. The decadal trend line shows a positive slope of ~0.14 and there 

was an increase of ~2.8 (Figure 9b). 

In contrast to heatwaves, it is not so easy to observe an increase in the values of the characteristics 

studied in the case of droughts (Figure 9c and 9d). The trends of the two characteristics are low, which 
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means that the values in the two sub-periods are similar and there is also little spatial variation. The 

maximum values reached for months under drought and magnitude are 8 months and 4, respectively. 

In the results for the Iberia, the characteristics of heatwaves and droughts are increasing and show trend 

lines with positive slopes, except for the duration of droughts, which has a very slight negative slope. 

Like the results for Europe as a whole, the results for the Iberia show a high inter-annual variability, 

more pronounced in the early years and peaking in the later years (Figure S13 in the Supplementary 

Material). The results for France for both events are similar to those for Europe and the Iberia, with a 

significantly negative slope and high inter-annual variability (Figure S14 in the supplementary material). 

After characterizing the four types of droughts, Figure 10 shows a monthly time series with a Lanczos 

low pass filter on the percentage of Europe's area under four types of droughts: mild, moderate, severe, 

and extreme drought. 

 

Figure 10: Europe’s area affected by each type of drought. Continuous (green) line indicates mild drought, long dashed 

(orange) line indicates moderate drought, dot dashed (red) line indicates severe drought and dotted (black) line indicates 

extreme events. 

The highest value occurs at the beginning of 1993 with about 50% for mild drought, in the middle of 

1992 and 1993 with about 20% and 10% respectively for moderate and severe drought and in the middle 

of 1996 with about 10% for extreme drought, where it approaches the values for moderate and severe 

drought in the same year. These results are in line with the SPI peaks seen in Figure 7. 

In the case of the subregions, identical distributions are observed for the four types of droughts. In Iberia, 

1995 and 2005 were years of extreme drought, with almost 50% of Iberia experiencing very extreme 

hot conditions. The year 2012 was characterized by moderate and severe drought (Figure S15 in 

Supplementary Material). In France, at the end of 1989, the area affected by extreme drought was greater 

than that affected by moderate and severe drought, and at the beginning of 1992, the area affected by 

moderate and severe drought was greater than that affected by mild drought (Figure S16 in 

Supplementary Material). 
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To understand how each variable varies in conjunction with the other variables and individually, the 

bivariate distributions and univariate PDFs with kernel adjustment were calculated (Figure 11). 

 

Figure 11: Plots of the bivariate distributions with kernel fit plots accompanied by univariate PDFs with kernel fit of each 

variable: temperature and accumulated precipitation (a) and temperature and soil moisture (b), considering whole domain. 

Figure 11 shows that in the second sub-period (2001-2022) the ellipses of the bivariate distributions 

shift towards more extreme temperature and soil moisture conditions, showing the effect of the coupling 

of higher temperature with roughly invariant accumulated precipitation (Figure 11a) and the coupling 

of temperature with soil moisture (Figure 11b). The temperature and soil moisture PDFs show a shift to 

the right, with an increase in frequencies for high values of the variables, as show the right tail of the 

2001-2022 distribution. The PDF for accumulated precipitation shows a similar distribution in the two 

periods, but we can see that the frequency of high accumulated precipitation is lower, and the frequency 

of low accumulated precipitation is higher when comparing the 2001-2022 sub-period with 1979-2000. 

The bivariate distributions for both Iberia and France show very similar characteristics to those for 

Europe, as do the univariate PDFs (Figures S17 and S18 in the Supplementary Material). It is possible 

to observe shifts towards higher values of temperature and towards lower values of soil moisture, while 

accumulated precipitation remains largely unchanged. For the latter variable, the frequency of 

precipitation deficit extremes increases in the most recent subperiod decrease in the more distant 

subperiod. 

Monthly occurrence of individual heatwaves or droughts, or by CDHEs and the respective percentage 

of area affected by them for the whole domain was calculated (Figure 12). 
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Figure 12: Incidence (%) of heatwaves, droughts and CDHEs occurrences in Europe (vertical colorbar), with trends for each 

month between 1979 and 2022 ('X’ marking statically significant trends at a 5% level; horizontal colorbar). 

The area occupied by heatwave events is much larger in recent years, as shown by the statistically 

significant positive monthly trends in the last row. The trend line of droughts shows positive monthly 

trends, but they are not statistically significant. In general, droughts tend to cover a larger area than 

heatwaves. On the other hand, there are some similarities between the distributions of CDHEs and 

heatwave events. They also show a positive trend in maximum values, with positive and statistically 

significant monthly trends. It can also be seen that the occurrence of CDHEs is strongly dependent on 

the occurrence of heatwaves. The most intense periods were 2012, 2015-17, 2019 and 2022, affecting 

about 30% of Europe for CDHEs. 

The results for Iberia show similar trends, again with most months showing statistically significant 

trends for heatwaves and CDHEs. The most intense periods for CDHEs were 1994/95, 2005, 2012, 2019 

and 2022, affecting at least 25% of the region. For heatwaves, there are also more months with high 
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percentages in the last years of the study (Figure S19 in Supplementary Material). The results for France 

again show positive and statistically significant trends, as in Europe and Iberia. In the case of droughts, 

specific periods of drought can be observed: 1989-92, 1996-99, 2002-07, 2011/12, 2017, 2019 and 2022. 

The most intense years of CDHEs were 1989/90, 2005, 2017, 2019 and 2022, affecting at least 20% of 

French territory (Figure S20 in Supplementary Material). 

To identify the atmospheric configuration during each type of event, the average composites of the 

temperature anomalies at 850 hPa and the geopotential height at 500 hPa were calculated (Figure 13). 

 

Figure 13: Mean composite of temperature anomalies at 850 hPa level (color shading) and geopotential height at 500 hPa 

level (m) (contours). The red zones and continuous lines indicate positive anomalies and blue zones and discontinuous lines 

indicate negative anomalies. “Composite” indicates an annual composite, “Winter season” indicates a composite of the DJF 

months, and “Summer season” indicates a composite of the JJA months. 

Figure 13 shows the atmospheric configurations for the most extreme heatwaves, droughts and CDHEs, 

for winter and summer. The atmospheric configurations of heatwaves and CDHEs are very similar, due 

to the similarity observed in the monthly distributions of the Area Index shown in Figure 12. Both types 

of events are characterized by a high-pressure centre located in the centre of Europe, accompanied by 

positive temperature anomalies, while the low-pressure centre is associated with negative temperature 

anomalies and is located north of the Azores. This configuration does not change whether all the months 

are considered or only the summer and winter months. As for the drought maps, they show identical 

configurations in all three situations, with the high-pressure centre mostly located over Western Europe, 

with a vertical flattening in the summer months. Low-pressure centres over the south-eastern region of 

the study area in all months and in winter, and to the north in summer. 
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As in the study region, the heatwave and CDHE maps for both Iberia and France show a similar 

distribution with the prevalence of the high-pressure centre over Europe, accompanied by positive 

temperature anomalies (Figs. S21 and S22 in the Supplementary Material). The drought maps for Iberia 

show a large variation. Considering all months, the high-pressure centre is located northwest of Iberia 

and over Russia, while in winter it is between the Azores and Iceland and again over Europe. The 

summer months show the opposite of the winter maps, with the anticyclone over Iceland and Eastern 

Europe. It should be noted that in this case the positive temperature anomalies do not coincide with the 

positive geopotential anomalies. As for France, the drought maps show a greater similarity between the 

three situations, with the high-pressure centre located to the north-west of Iberia and the low-pressure 

centre to the south-east of the study area and, in the case of summer, also over Iceland. 

In this study, teleconnections have been used to relate to water vapor flux from west and to investigate 

how each teleconnection contributes to that flux in each sub-domain and which of them is the most 

important influence (Figure 14). Figure 14 shows time series of absolute values of the NAO, AMO, 

N3.4, EA, and anomalies of WMF, filtered with 10-year low pass Lanczos filter. 

 

Figure 1: Time series from 1979 to 2022 of the NAO (blue and continuous line), the AMO (green and dot line), the EA (red 

and long dash line), and the N3.4 (purple and dot dash line) and of the anomalies of western moisture flux in Europe (yellow 

and shaded line) filtered by a 10-year low pass Lanczos filter. 

While the NAO+ peaked in the early 1990s and in 2016/17, showing markedly five phases in study 

period. The EA peaked in 2016 and the AMO peaked in 2005, maintaining values close to this maximum 

in the following years. The N3.4 has been on an upward trend since 1993, after reaching a low of around 

-0.4. It peaked at around 0.7 in 2010. The WMF anomalies show similar interannual variability to the 

teleconnections studied, with similar distributions in certain periods. It reaches its minimum peak in 

2006, with a distribution opposite to that of the NAO+. It reaches its maximum peaks in 2000 and 2016, 

coinciding with the EA and NAO+ distribution in the last years. Both Iberia and France show a similar 

distribution of WMF anomalies to Europe (Figures S22 and S23 in the Supplementary Material). 
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To quantify this similarity, Table 1 shows the monthly and annual Pearson correlations with and without 

Lanczos filter, showing that individual teleconnections have an influence on the moisture flux that 

occurs in each subdomain of the study. 

Table 1: Annual and monthly Pearson’s correlation coefficients obtained between filtered time series of three indexes and 

WMF in Europe for the 1979 – 2022 period. In bold are shown the statistically significant correlation coefficients at a 5% 

significant level according to the Student’s two-tailed t test. 

 NAO+ AMO N3.4 EA  NAO+ AMO N3.4 EA 

January 0.52 0.09 0.11 0.62 July 0.02 0.27 -0.06 0.40 

February 0.77 0.13 0.03 0.79 August 0.43 0 0.04 0.61 

March 0.70 -0.16 0.07 0.20 September 0.42 0.05 -0.22 0.68 

April -0.27 -0.10 0.13 0.62 October 0.22 0.12 -0.05 0.69 

May 0.14 0.06 -0.15 0.76 November 0.34 -0.15 0.51 0.88 

June 0.82 0.10 0.19 0.53 December 0.34 -0.16 0.27 0.59 

Annual (filt.) 0.42 0.06 0.20 0.59 Annual 0.49 0.42 0.17 0.77 

DJF 0.54 0.02 0.13 0.65 JJA 0.39 0.13 0.04 0.50 

MAM 0.37 -0.08 0.02 0.47 SON 0.29 -0.01 0.16 0.72 

Most of the correlations between WMF and positive phase of NAO are positive. The minimum occurs 

in April and reaches -0.27. The period with the highest correlation between these two variables is winter 

with 0.54. On the other hand, autumn has the lowest correlation with 0.29. However, the month with the 

highest correlation is summer, June, with 0.82. The same applies to EA, which shows very high 

correlations throughout the year. Together with the NAO+, it is the most influential teleconnection with 

the flow of moisture reaching Europe via the western border, considering the autumn months. The 

maximum value is 0.88 in November, with all correlations being positive. Considering the annual values, 

it is the most influential teleconnection. The AMO and N3.4 teleconnections both show very low 

correlations, alternating between positive and negative values. The AMO reaches its maximum in July 

with 0.27 and its minimum in March and December with -0.16, while the N3.4 reaches its maximum in 

November with 0.51 and its minimum in September with -0.22. When analyzing the filtered annual 

values, AMO increase its correlations, with 0.42. 

The results obtained for Iberia are similar, but the correlations for NAO+ are weaker and there are more 

months with negative correlations, with EA being the most influential teleconnection (Table S1 in the 

Supplementary Material). For France, the results are very similar to those for Europe (Table S2 in the 

Supplementary Material). 

 

3.2 Study case: 2022 CDHE 

This subsection analysis the driving mechanisms of the CDHE that occurred in 2022 in Europe, namely 

regarding the anomalies in temperature, accumulated precipitation and soil moisture against the 

climatological conditions (1981-2010) (Figure 15). 
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Figure 15: Spatial anomalies of temperature (a), accumulated precipitation (b), and soil moisture (c) for 2022, regarding 

1981-2010 climatological period. 

The positive temperature anomalies cover the whole of Europe and reach 1 ºC above average (Figure 

15a). The distributions of accumulated precipitation and soil moisture anomalies are similar. For 

accumulated precipitation, the minima are in the northwest of the Iberia, the south-east of France and 

the west coast of Italy (Figure 15b). For soil moisture, the minima are in the center of Iberia and the 

Mediterranean region, especially in the Balkan region (Figure 15c). The strongest minima are found in 

western Iberia and the southeastern border of France, with about -1 mm for accumulated precipitation, 

and in central Iberia and the Balkan region, with about -0.1 m3/m3 for soil moisture. 

 

Figure 16: Composite of temperature anomalies at 850 hPa level (color shading) and geopotential height at 500 hPa level (m) 

(contours), considering all months, winter and summer of 2022, regarding 1981-2010 climatological period. 

During 2022, the average atmospheric configuration is characterized by a high-pressure center over 

France accompanied by positive anomalies of temperature, considering all months (“Composite” in 

Figure 16). In winter, there is a high-pressure centre in the same location, but also the appearance of a 

low-pressure centre with negative temperature anomalies to the north of the study area. In the summer 

months, there is a weakening of the anticyclone in the region of France, with a shift to the region of 

Russia and north of the Azores. 

Complementing the results obtained and presented above, it is also important to analyze the availability 

of moisture in the atmosphere to understand its influence on this type of event (Figure 17). 
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Figure 17: Seasonal IVT anomaly (regarding the 1981 - 2010 climatology) during 2022 (absolute field – color shading; 

direction – vectors). 

Between December 2021 and November 2022, we see that during the winter there is a prevalence of 

negative IVT anomalies over Iberia, reaching values around -50 kg/m/s, and that in the following months 

there is a migration of these negative anomalies towards the center of Europe (Figure 17). The transition 

from winter to spring is characterised by a migration of negative IVT anomalies from Iberia to central 

Europe, which remain localised in this region until the end of the year. At the same time as the negative 

IVT anomalies migrate towards the centre of Europe, positive IVT anomalies become established on the 

western side. It should be noted that in spring the negative anomalies are distributed uniformly over the 

whole of Europe with the exception of Iberia, while in summer the minima are latitudinal distributed, 

specifically affecting central Europe, and in autumn they are located in eastern Europe, while the 

positive IVT anomalies begin to occupy the western region of Europe. 

As a complement to the results in Figure 16, in addition to identifying the regions where the presence 

of moisture is lower than the climatological average, it is also important to identify the movements that 

this moisture undergoes, in other words, to identify the regions that act as sources and sinks of moisture 

(Figure 18). 
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Figure 18: Seasonal anomalies of moisture divergence (regarding the 1981 - 2010 climatology) during 2022. 

During the winter months, over Iberia and surrounding regions, the positive anomalies are very intense, 

~9x10-5 mm/s, leading to water vapor divergence. This divergence motion is associated with the negative 

anomalies seen in Figure 17, i.e., enhanced divergence motions associated with anomalous sinking in 

the atmosphere led to water vapor dissipation over Iberia. In spring, it can be seen that the centre of 

Europe has positive moisture divergence anomalies, with southern France and Italy standing out. In the 

following months, these anomalies become negative. In summer, the Galicia region shows high 

divergence anomalies, as do the Turkey-Greece region and the Alps. The autumn, which was 

characterised by very positive IVT anomalies, now shows negative divergence anomalies, which means 

that there is an above normal convergence of water vapour during this period. The same happens in 

more southern European regions. 

In the remaining months, it is not so easy to see a direct relationship between the negative IVT anomalies 

and the moisture divergence. However, in spring and autumn, Iberia mostly experiences moisture 

convergence. In summer, on the other hand, the divergence is high in Galicia and the surrounding 

regions, suggesting that this moisture is displaced southwards and converges in Andalusia. 
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Chapter 4 – Discussion 
The trends show positive values for temperature and negative values for accumulated precipitation and 

soil moisture. The study area, the Mediterranean region, is located in mid-latitudes, where solar radiation 

is relatively high (Pyrina et al., 2015), and therefore this characteristic favors an increase in evaporation, 

thus contributing to a decrease in soil moisture. However, this decrease in soil moisture can lead to an 

increase in temperature due to the increase in sensible heat emitted to the atmosphere. Precipitation 

deficits are associated with low soil moisture, causing a reduction in evaporation, but also a reduction 

in the transport of moisture in the atmosphere (van den Hurk et al., 2010). These characteristics have 

increased over the years due to internal variability and anthropogenic activities. 

The trends of temperature, accumulated precipitation and soil moisture, analyzed individually or 

together, show a tendency towards dry and hot conditions, favorable to the development of these types 

of events and are accompanied by an increase in the frequency, duration and magnitude of heatwaves, 

droughts and CDHEs. These results are in line with previous studies by Guerreiro et al. (2018), which 

also show an increase in the number of days as well as the amplitude, especially in southern Europe. 

The study by Perkins-Kirkpatrick and Lewis (2020) also shows consistent trends for heatwaves between 

1950 and 2017 for different regions, especially the Mediterranean. The trends presented confirm the 

results obtained in this work, with values that are as close as could be expected due to the use of different 

study periods. Although in this study duration and cumulative intensity are replaced by maximum 

duration and cumulative heat, the decadal trends are also consistent. According to the results obtained, 

in addition to a significant increase in the decadal trends of the features, there is also an acceleration in 

the presence of anthropogenic climate change (Mukherjee and Mishra et al., 2020), especially over 

Europe (Fischer et al., 2015). Heatwaves are also highly sensitive to internal climate variability (Perkins-

Kirkpatrick et al., 2017). The study by Mukherjee et al. (2022) shows that the warming process is 

accelerated and intensified by increased emissions of heat-trapping gases due to anthropogenic activities 

(Samset et al., 2018) and conditions favored by large-scale teleconnections (Mukherjee et al., 2021), 

which reinforce the effects of increased anthropogenic warming. In the Mediterranean region, the 

occurrence of dry and/or hot events can be strongly attributed to anthropogenic forcing, while natural 

variability is very weak or absent (Mukherjee et al., 2021). On the other hand, the study by Perkins-

Kirkpatrick et al. (2017) showed the significant influence of internal climate variability on trends in the 

frequency of heatwaves. Short-term trends are more variable in magnitude and direction than long-term 

trends, and short periods of decreasing heat wave frequency are possible under anthropogenic influence. 

However, anthropogenic influence is forcing heatwave trends, especially over the long-term, towards 

unprecedented rates of increase. 

As for droughts, they are accompanied by decadal trends that are also positive, with months below this 

event (~0.14 months) and magnitude (~0.14) (Figure 9). These results are confirmed by Trnka et al. 

(2016) and Páscoa et al. (2021), who show positive trends for Central Europe and the Iberia, 

respectively. The first study also shows an increase in characteristics for the period 1991 - 2014 

compared to the period 1960 - 1990. These increases are associated with rising temperatures, a decrease 

in long-term precipitation, and an increase in evapotranspiration. However, the study by Vicente-

Serrano et al. (2021) shows different results, indicating that from a long-term perspective (1851 - 2018) 

there are no generally consistent trends in droughts across Western Europe. These results may be due to 

the fact that the study period is too long, the study region is not exactly the same as the one used in this 

work, or even to the fact that the precipitation data used are from meteorological agencies, whereas in 

this work we used ERA5 reanalysis data. 
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The results show that droughts affect large areas over several months, while heatwaves are more 

localized and less widespread, considering both Europe and the two sub-regions (Figure 12). The 

boundaries used in this work to define heatwave and drought events may influence this distribution, i.e. 

by being different they may lead to different results. The use of other time scales in the calculation of 

the SPI, 3 or 6 months, will consider a smaller composite of months and therefore it is very likely that 

the maximum values will not occur in the same months and that there will be a smoothing 

(intensification) when the observed conditions are less (more) extreme. On the other hand, the number 

of days used in this work may also influence the distribution of heatwaves, i.e. using fewer days would 

result in more heatwave events being identified. However, it should be stressed that this work aims to 

study the most extreme individual and simultaneous drought and heatwave events. Therefore, the limits 

used to obtain the results are justified. Heatwaves ultimately have a strong atmospheric influence, while 

droughts have a strong soil moisture influence in addition to the atmospheric one. The atmospheric 

reaction time is faster than that of the soil, which can influence the duration associated with each event, 

making heatwaves more intermittent and localized events, while droughts are more prolonged, even if 

there are improvements in dry conditions. Thus, CDHEs are mostly influenced by heatwaves because 

their occurrence is more punctual than that of droughts. 

Atmospheric dynamics have an important influence on the development of extreme phenomena. In this 

work, as in Herrera-Lormendez et al. (2021), a distinction was made between winter (DJF) and summer 

(JJA) months in Central Europe due to differences in the pressure gradient. They observed more intense 

(weaker) meridional gradients during winter (summer), as expected from the associated meridional 

temperature gradients over the mid-latitudes. Heatwaves and CDHEs are strongly influenced by an 

anticyclone over central Europe. This pattern causes a flow of warm air from the east in the lower 

troposphere, and in addition to the horizontal advection present in both the lower and upper troposphere, 

the downward motion of air and adiabatic subsidence in anticyclones can contribute to an increase in air 

temperature at the surface (Tomczyk and Bednorz, 2015). Although droughts show greater variability 

in the location of the high-pressure center, the high-pressure center over western Europe promotes 

west/southwest flow of moist tropical air masses in the lower troposphere and southerly circulation in 

the mid-troposphere (Kingston et al., 2015). 

Depending on the region, the moisture fluxes may also depend on one or more teleconnections. The 

westerly flow, which transports moisture through the atmosphere to Europe, is strongly related to NAO+ 

and EA when Europe and France are considered, but only to EA when Iberia is considered (Table 1). 

These two teleconnections are closely linked to the formation of high-pressure systems and favor the 

coincidence of low precipitation and high temperatures (or droughts and hot extremes) on longer time 

scales (Wu et al., 2021). This is in agreement with the results of Lemus-Canovas et al. (2022), who also 

identified the influence of the positive EA phase and, to a lesser extent, the negative NAO phase in the 

Mediterranean region. The positive EA phase promotes an increase in surface temperatures, while the 

negative NAO phase is associated with lower temperatures but a drier climate, associated with 

precipitation deficits. Both characteristics favor conditions for the development of CDHEs in the region 

studied. The intensity/magnitude of individual events is also influenced by teleconnections, and the 

corresponding correlation was calculated, which also showed a stronger influence of NAO+ and EA. 

Unlike temperature-related extremes such as heatwaves and droughts, precipitation variability is more 

influenced by internal climate variability, especially at the regional scale (Dai et al., 2018). The 

increasing trend in the occurrence of CDHEs on a global scale due to anthropogenic forcing is likely 

dominated by the strong signal of increasing temperature (Zhang et al., 2022). The influence of internal 

variability and/or anthropogenic forcing (or other external forcing, such as solar activity) remains 

questionable (Egorova et al., 2018). The combination of precipitation deficit and high temperatures 
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contributed to the persistence and severity of the drought, which in turn reduced soil moisture (Figures 

15 and 16). This situation created positive feedback in which dry soils led to even more severe droughts. 

The regions of the Iberia and France were severely affected by forest fires and water shortages (Tripathy 

and Mishra, 2023). 

In 2022, Europe was strongly affected by a CDHE. Europe experienced an increase in temperature, but 

also a deficit in precipitation and soil moisture. This was due to the high-pressure center positioned over 

Europe, which promoted the descent of warmer air caused by adiabatic subsidence processes (Tripathy 

and Mishra, 2023). On the other hand, and as a consequence of the establishment of the anticyclone over 

Europe, the deficit in precipitation and subsequently in soil moisture was associated with the negative 

IVT anomalies and also with the regions of moisture divergence in the atmosphere, as can be seen in 

Iberia in DJF and in Central Europe in the remaining seasons. Even if the respective maps don't show 

this association so strongly, due to the characteristic orography of Europe, they represent a vertical 

descent of warmer air associated with a horizontal lack of clouds and, consequently, precipitation in the 

regions during these periods. It should be remembered that 2021/22 was a period strongly characterized 

by drought conditions, and most of the region was affected by moderate drought conditions and only a 

few areas experienced extreme and severe drought levels, to which we can compare the hydrological 

year 2004/05 in Iberia (García-Herrera et al., 2007) or the hot and dry year 2015 in Europe (Ionita et al., 

2017). The persistence of these events for several months could have led to successive productivity 

deficits in vegetation (Ermitão et al., 2021) and increased the number of emergency cases, putting 

pressure on hospitals (Yao et al., 2024). Conditions of high temperatures and low rainfall (or soil 

moisture deficit) with low relative humidity favor the occurrence of wildfires, especially in the 

Mediterranean region (Ruffault et al., 2020). The co-occurrence of heatwaves and droughts also causes 

an increase in population exposure, and in cases where heatwaves and extreme precipitation coincide 

and a sequential episode of droughts or heatwaves and extreme precipitation emerges as more important 

in explaining this change in population exposure to these types of events (Das et al., 2022). Tripathy et 

al. (2023) projected future shifts in heatwaves, droughts, and CDHEs, accompanied by increases in 

temperature, decreases in soil moisture, and variations in precipitation. 

Mediterranean countries are considered a hotspot of climate change (Giorgi and Lionello, 2008), where 

larger precipitation losses and increases of heavy precipitation events are expected in the future climate 

(Gao et al., 2006). In the future, projections show a significant decrease in the number of wet days 

(above 1 mm), from -15% in the northwest to -30% in the south of Portugal, with decline mostly in 

spring, summer, and autumn (Soares et al., 2016). The same results are obtained for the Mediterranean 

region with small decrease in summer and autumn in east and southeast regions, when analyzed with 

RCP8.5 (Marras et al., 2021). Nguyen et al. (2016) have pointed out the climate change in the 

Mediterranean region will endure faster and intense soil dissection enhancing droughts and water 

scarcity. This soil moisture depletion promotes the occurrence of land-atmosphere feedback and mutual 

intensification of heatwaves and droughts. In Soares and Lima (2022), RCP2.6, RCP4.5, and RCP8.5 

scenarios present soil moisture depletion with concerns to extreme total soil moisture values there is a 

pronounced shift for much negative values and as well a flattening of the distributions much like what 

is projected for temperature in many regions of the world, accompanied by projections of precipitation 

reductions, regional warming and the subsequent large increase of potential evapotranspiration, which 

may lead to an intensification of heatwaves and droughts. 

There are some inherent uncertainties in the datasets used in this thesis. Nevertheless, results obtained 

for the troposphere and in different areas of the planet when studying different climatic variables have 

been considered robust (Hersbach et al., 2020). The use of the SPI is limited because only uses a single 

meteorological element for describing a complex event (Caparrini and Manzella, 2009). On the other 
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hand, the SPEI takes into account potential evapotranspiration and could have been used instead of the 

SPI. Heatwaves are on a daily scale, while droughts are on a monthly scale. The fact that these scales 

are not the same means that the time scale for identifying CDHEs is monthly, which reduces the accuracy 

of the characterization. Hypothetically, if different scales were used for both type of events, a daily 

analysis of CDHEs could be made and related to other parameters, such as mortality, in future work. A 

major advantage of this method is that it identifies the occurrence of CDHEs at each grid point and that 

this identification is done in absolute form, i.e. through matrices of the occurrence of individual 

heatwave and drought events. These results can be complemented in the future by calculating their 

characteristics (frequency, duration and intensity). 

The questions that this work set out to answer were successfully answered. Throughout the study period, 

there was a co-occurrence of heatwaves and droughts that led to the development of CDHEs. The 

increase in temperature and the decrease in precipitation and soil moisture, as well as the anticyclonic 

conditions observed in the recent past, contributed positively to triggering this type of event. The year 

2022 was very extreme and the CDHE that occurred was enhanced by positive temperature anomalies 

and negative accumulated precipitation and soil moisture anomalies, the persistence of anticyclonic 

conditions and negative IVT anomalies accompanied by positive water vapour divergence anomalies, 

creating conditions for the development of extremely hot and dry events. These features contributed to 

2022 being a very extreme year. 
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Chapter 5 – Conclusions 
Taking into account the main results obtained in this work, we can conclude the following: 

• Evolution of climatic conditions towards more extreme conditions, characterized by positive 

decadal trends in temperature and negative in accumulated precipitation and soil moisture 

(spatially with statistically significant negative values, especially in the Mediterranean region). 

The seasonal analysis is also similar for the three variables studied. 

• The frequency, duration, intensity and cumulative intensity of heatwaves show positive trends, 

with peaks in the last years of the study. Droughts, on the other hand, show smooth positive 

decadal trends and high inter-annual variability. 

• The second subperiod, 2001-2022, compared to 1979-2000, shows high values in the 

characteristics of heatwaves, as well as a gradual evolution of conditions towards warmer and 

drier conditions, with a high frequency of accumulated precipitation deficit, through bivariate 

analysis with kernel adjustment. 

• The maximum areas occupied by droughts last longer than heat waves and CDHEs, which is 

related to the faster response times of the atmosphere in relation to the soil. In this way, the 

areas occupied by CDHEs are strongly influenced by heat waves, due to the punctuality of the 

distribution of their maxima. 

• High pressure centers positioned over central Europe are identified as the predominant 

atmospheric configuration during the most extreme heat wave events and CDHEs. Droughts 

show a greater variation in the location of anticyclones, which occur mainly in western Europe. 

The variation in these results between summer and winter months is not apparent, except for the 

drought results. 

• The NAO and EA have a strong influence on the WMF variation and also on the 

intensity/magnitude of heatwave and drought events, in contrast to the AMO and N3.4. 

• The case study, the 2022 CDHE, was characterized by unusually very hot and very dry 

conditions due to the prevalence of anticyclonic conditions in central Europe and negative IVT 

anomalies accompanied by positive water vapor divergence anomalies, which caused a moisture 

deficit in the region. 

This work has contributed to understanding the mechanisms behind events such as heatwaves and 

droughts and how they have changed in the recent past, i.e., what atmospheric dynamics have influenced 

the development and extreme nature of extreme events, what type of event has the greatest influence on 

the occurrence of CDHEs, how extreme the 2022 CDHE was and how it was characterized. The future 

work could be complemented by future projections with ensembles as in Meng et al. (2022). Meng et 

al. (2022) indicate that the single and co-occurrence of heatwaves and droughts will increase. The 

analysis of population exposure is also a parameter that can complement this work in the future. This 

The driving mechanisms behind heatwaves, droughts or even their co-occurrence are vast and their 

possible simultaneity should be highlighted. A positive trend was identified in the evolution of 

climatic conditions towards more extreme conditions, with an increase in temperature and a decrease 

in precipitation and soil moisture. This evidence may be a first trigger and may be associated with 

other driving mechanisms. Atmospheric configurations play an important role in the climatic 

conditions felt at the Earth's surface. Teleconnections can also have an important influence on the 

temperature and precipitation regime of a given region, with the NAO and EA being the most 

important in the case of Europe. These atmospheric conditions were observed during the 2022 

CDHE, making it an important recent case study in the literature. 
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was analyzed by Wu et al. (2022) for China, which found an increase in population exposure with two 

temperature increase scenarios, 1.5 and 2 ºC, which also led to an increase in the risk of mortality due 

to excessive heat. About 106% of the total change in exposure to extreme combined dry and hot events 

can be attributed to the climate effect, and 0.5°C less warming, particularly in eastern China, would 

provide useful insights for advancing climate change adaptation. Another parameter that could be 

addressed in the future is the quantification of the anthropogenic component of climate change, 

something identical to what was done in Meng et al. (2023). In this study, they used an approach that 

considers the likelihood of extremes occurring under climate conditions with anthropogenic influence 

and the likelihood of extremes occurring in a counterfactual world with little or no human influence 

(Philip et al., 2022). They showed that the 2022 CDHEs area in the Northern Hemisphere would have 

been virtually impossible without anthropogenic climate change. The methodology of ranking of events 

over a pre-selected period, discussed in Geirinhas et al. (2023), could also be used in this work by 

calculating the Rindex, which quantifies and ranks the magnitude of soil moisture anomalies on a daily 

basis. In this way, each event could be individualized and classified according to its magnitude. 
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Figure S2: Seasonal mean temperature with decadal trend, considering Europe. 

 

 

Figure S3: Seasonal mean accumulated precipitation with decadal trend, considering Europe. 
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Figure S4: Seasonal mean soil moisture with decadal trend, considering Europe. 

 

 

Figure S5: As in Fig. S2, but considering Iberia. 
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Figure S6: As in Fig. S3, but considering Iberia. 

 

 

Figure S7: As in Fig. S4, but considering Iberia. 
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Figure S8: As in Fig. S2, but considering France. 

 

 

Figure S9: As in Fig. S3, but considering France. 
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Figure S10: As in Fig. S4, but considering France. 

 

 

Figure S11: As in Fig. 7, but considering Iberia. 
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Figure S12: As in Fig. 7, but considering France. 
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Figure S13: As in Figs. 8 and 9, but considering Iberia. 
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Figure S14: As in Figs. 8 and 9, but considering France. 
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Figure S15: As in Fig. 10, but considering Iberia. 

 

 

Figure S16: As in Fig. 10, but considering France. 
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Figure S17: As in Fig. 11, but considering Iberia. 

 

 

Figure S18: As in Fig. 11, but considering France. 
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Figure S19: As in Fig. 12, but considering Iberia. 
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Figure S20: As in Fig. 12, but considering France. 
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Figure S21: As in Fig. 13, but considering Iberia. 
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Figure S22: As in Fig. 13, but considering France. 
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Figure S23: As in Fig. 14, but considering Iberia. 

 

Table S1: As in Table 1, but considering Iberia. 

 NAO+ AMO N3.4 EA  NAO+ AMO N3.4 EA 

January 0.12 0.11 0.14 0.56 July -0.13 0.11 -0.03 0.19 

February 0.39 -0.18 0.07 0.68 August -0.11 0.05 0.12 0.29 

March -0.01 0.14 -0.10 0.10 September -0.04 0.06 -0.09 0.09 

April -0.51 0.04 0.08 0.67 October -0.40 0.27 0.25 0.27 

May -0.22 0 0.02 0.45 November -0.06 -0.16 0.33 0.56 

June 0.51 0.14 0.29 0.20 December 0 0 0.14 0.56 

Annual -0.12 0.07 0.12 0.39 Annual (filt.) -0.15 0.37 -0.16 0.56 

DJF 0.18 -0.01 0.12 0.59 JJA 0.04 -0.11 0.13 0.23 

MAM -0.24 0.07 -0.02 0.38 SON -0.14 -0.19 0.21 0.28 
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Figure S24: As in Fig. 14, but considering France. 

 

Table S2: As in Table 1, but considering France. 

 NAO+ AMO N3.4 EA  NAO+ AMO N3.4 EA 

January 0.45 0.07 0.14 0.44 July 0.07 0.23 -0.05 0.32 

February 0.73 0.20 0.02 0.69 August 0.29 0.02 0.06 0.52 

March 0.56 -0.17 0.06 0.08 September 0.06 -0.08 -0.28 0.40 

April -0.48 -0.15 0.09 0.62 October 0.04 0.05 -0.03 0.53 

May -0.01 0.09 -0.05 0.71 November 0.35 -0.15 0.44 0.82 

June 0.64 0.13 0.23 0.38 December 0.31 -0.17 0.20 0.51 

Annual 0.17 0.03 0.11 0.38 Annual (filt.) 0.17 0.21 -0.01 0.55 

DJF 0.50 0.03 0.12 0.54 JJA 0.27 0.13 0.07 0.42 

MAM 0.19 -0.07 0.03 0.45 SON 0.17 -0.07 0.09 0.54 
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Figure S25: Annual spatial frequency of heatwaves between 1979 and 1993. 
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Figure S26: Annual spatial frequency of heatwaves between 1994 and 2008. 
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Figure S27: Annual spatial frequency of heatwaves between 2009 and 2022. 
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Figure S28: Annual spatial duration of heatwaves between 1979 and 1993. 
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Figure S29: Annual spatial duration of heatwaves between 1994 and 2008. 
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Figure S30: Annual spatial duration of heatwaves between 2009 and 2022. 
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Figure S31: Annual spatial intensity between 1979 and 1993. 
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Figure S32: Annual spatial intensity between 1994 and 2008. 
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Figure S33: Annual spatial intensity between 2009 and 2022. 
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Figure S34: Annual spatial cumulative intensity between 1979 and 1993. 
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Figure S35: Annual spatial cumulative intensity between 1994 and 2008. 
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Figure S36: Annual spatial cumulative intensity between 2009 and 2022. 
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Figure S37: Annual spatial duration of droughts between 1979 and 1993. 
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Figure S38 

Figure S38: Annual spatial duration of droughts between 1994 and 2008. 
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Figure S39: Annual spatial duration of droughts between 2009 and 2022. 
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Figure S40: Annual spatial magnitude of droughts between 1979 and 1993. 
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Figure S41: Annual spatial magnitude of droughts between 1994 and 2008. 
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Figure S42: Annual spatial magnitude of droughts between 2009 and 2022. 


