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Abstract  
 

 

Extreme weather events and associated impacts have been gaining increasing attention from 

researchers, stakeholders and the general public. Among extreme weather events, extratropical 

cyclones (ETCs) do represent one of the major causes of disruption as they are often associated 

with extreme precipitation and wind. The Iberian Peninsula (IP) is a key area in this regard due 

to its location, south of the North Atlantic (NA) storm track exit region. This thesis analyses 

the North-Atlantic cyclones variability, its link to large-scale frontal system variability and to 

precipitation and wind extremes, in a compound weather extreme perspective.   

Several precipitation data sources are assessed over the IP, including the last reanalysis product 

from ECMWF (ERA5). The methodology is based on grouping precipitation days according to 

anomalies thresholds, considering both the intensity and the spatial extent. The main result is 

that ERA5 overperforms the other products, although satellite data have very good 

performances when the precipitation anomalies are large.  

Therefore, ERA5 is used to compute a novel ranking of concurrent precipitation and wind 

events for the IP. The top100 concurrent events are detailed in terms of the attending cyclones 

and the spatial pattern of meteorological extremes. Novel subregional characterization of 

concurrent precipitation and wind events and associated cyclones is produced for the IP, 

showing that the northwestern domain is the most affected by concurrent events.  

Within ETCs, the precipitation and wind spatial patterns, which determine the damage swath, 

are organized around the cyclone’s center and along the fronts. A methodology to objectively 

associate precipitation to fronts at a sub-daily basis is applied to gridded data sets, including a 

novel sensitivity test for the optimal size of the allocating area. This new approach enables a 

comprehensive analysis of the long-term climatology and trend of frontal precipitation on the 

NA domain. 
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Key words: Weather extremes, extratropical cyclones; compound events; atmospheric fronts; 

precipitation and wind extremes. 
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Resumo  

Nas últimas décadas, os eventos meteorológicos e climáticos extremos responsáveis por 

impactes socioeconómicos sérios têm vindo a receber cada vez mais atenção entre 

investigadores, stakeholders e o público em geral. Existem várias abordagens na literatura 

científica para identificar e classificar os extremos climáticos. Estes extremos são estritamente 

dependentes da definição de extremo que é utilizada e, consequentemente, das métricas 

consideradas. Por outro lado, há um consenso em como as perdas económicas e os impactes 

sociais associados a eventos climáticos estão a aumentar em todo o mundo: isso fica a dever-se 

não só ao aumento da severidade dos eventos, mas também ao aumento da exposição e 

vulnerabilidade social.  

Esta tese trata principalmente do primeiro aspeto, contribuindo para um conhecimento mais 

aprofundado e melhores abordagens de caracterização da variabilidade e dos mecanismos das 

tempestades do Atlântico Norte, conhecidos como depressões extratropicais. As depressões 

extratropicais são um elemento chave do estado do tempo e do clima, nas latitudes médias e 

elevadas, contribuindo fortemente para a variabilidade sinóptica e para a ocorrência de eventos 

extremos nessas latitudes. A tese foca-se também na ligação entre as depressões extratropicais 

e a variabilidade do sistema frontal em larga escala, assim como a precipitação e extremos de 

vento, na perspetiva de eventos extremos compostos, com foco na Península Ibérica. Do 

conjunto dos eventos climáticos extremos, as depressões extratropicais representam uma das 

principais causas de perturbação, pois são frequentemente associados a precipitação e ventos 

extremos. As depressões extratropicais, são ciclones que se formam nas latitudes médias e altas.  

Estes ciclones geralmente desenvolvem-se em regiões de grande baroclinicidade, i.e., forte 

gradiente horizontal de temperatura, designadas por zonas frontais, neste caso no Atlântico 

Norte. A Península Ibérica é uma área chave neste sentido, devido à sua localização especifica 

no Sul do caminho de passagem destas tempestades. 

A presente tese está organizada em três capítulos principais, sendo cada um deles um artigo 

científico publicado em revista ISI e revisto por pares. Em cada capítulo, é abordado um aspeto 

diferente da variabilidade e dos impactes das depressões extratropicais que ocorrem no 

Atlântico Norte. O primeiro ponto abordado relaciona-se com a validação de diferentes bases 

de dados de precipitação. O objetivo é avaliar quais os dados de precipitação mais adequados 

para caracterizar extremos de precipitação na Península Ibérica. Para este trabalho, o período 
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analisado abrange os anos de 2000 a 2008, devido à consistência temporal entre as diferentes 

bases de dados consideradas. São utilizados dados de satélite e de reanálise, incluindo o último 

produto de reanálise disponível do ECMWF (ERA5), lançado em 2018, e dois produtos 

derivados de observações por satélites do Tropical Rainfall Measuring Mission (TRMM). O 

desempenho de cada uma das bases de dados é comparado com a base de dados em malha de 

precipitação a 0.2º (IBERIA 02, IB02), obtida através de observações de precipitação de 

estações meteorológicas em Portugal e Espanha e que constituía, até ao momento da publicação 

do artigo, a melhor base de dados em termos de resolução espacial disponível para a Península 

Ibérica. Os dias de precipitação são agrupados de acordo com a sua anomalia em relação à 

média considerando não só a intensidade, mas também a sua extensão espacial. Os resultados 

mostram que as estimativas de precipitação ERA5 apresentam maior acerto quando comparado 

com o IBERIA02, quando as várias métricas de comparação são analisadas (correlação, viés e 

erro médio quadrático). Por outro lado, os dados de precipitação estimados por satélite 

subestimam drasticamente a precipitação média, embora não tão notoriamente quando são 

apenas considerados os dias mais extremos de precipitação (com valores de anomalia mais 

elevados). Em segundo lugar, através da decomposição de viés, as diferentes fontes de erro são 

também calculadas, evidenciando que a principal contribuição para a tendência da precipitação 

ERA5 (TRMM) deriva de falsos alarmes (acertos), enquanto as outras fontes de viés foram 

reduzidas com sucesso em relação à base de dados anterior de reanálise, a ERA-Interim. 

No segundo capítulo, são utilizados dados meteorológicos relativos à reanálise do ERA5, desde 

1979 até ao presente, para melhorar duas bases de dados de eventos extremos de precipitação e 

de vento na Península Ibérica. O objetivo final é construir uma nova classificação de eventos 

extremos compostos de precipitação e de vento. A coocorrência de dois ou mais extremos 

climáticos é atualmente um tema altamente debatido na comunidade científica. Ou seja, para 

melhor caracterizar o risco meteorológico geral, é comum assumir uma abordagem composta 

que considera o papel potencial de múltiplos extremos meteorológicos contribuindo para um 

impacte isolado ou para impactes compostos. Dentro deste pensamento, os 100 principais 

eventos diários simultâneos de precipitação e vento na Península Ibérica são identificados e 

analisados através da sua ocorrência em termos de intensidade e do padrão espacial. Posto isto, 

a ocorrência de depressões extratropicais associados a Rios Atmosféricos e a possibilidade de 

os mesmos serem forçadores destes eventos compostos foi também estudada. Esta análise 

permitiu uma nova caracterização sub-regional da ocorrência simultânea de extremos de 

precipitação e vento e depressões associados ao domínio em estudo, sendo as principais 
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conclusões desta análise as seguintes: (1) é mais provável que extremos de vento ocorram 

independentemente da precipitação, especialmente no quadrante sul da Península Ibérica (PI); 

(2) pelo menos 80% dos 100 principais eventos extremos ocorridos na Península Ibérica entre 

1979 a 2018 estão claramente associados a depressões extratropicais; (3) os Rios Atmosféricos 

têm maior probabilidade de estarem associados aos eventos mais extremos de precipitação e 

(4) entre vários subdomínios, o Norte de Portugal é o mais afetado pela ocorrência simultânea 

de eventos de precipitação e vento extremos. 

As regiões mais perto do núcleo dos sistemas de baixas pressões extratropicais estão geralmente 

associadas a extremos de vento, enquanto a ocorrência de precipitação extrema está associada 

aos seus sistemas frontais. As frentes atmosféricas refletem a zona de transição entre diferentes 

massas de ar e podem servir para localizar fluxos de ar. No entanto, é um desafio relacionar 

objetivamente os extremos meteorológicos com uma característica da atividade ciclónica 

específica. No terceiro capítulo desta tese, é apresentada uma nova metodologia que permite 

associar objetivamente a precipitação aos sistemas frontais numa escala sub-diária. O método 

é baseado na co-localização de precipitação a cada 6 horas entre a reanálise do Era-Interim e 

dos sistemas frontais calculados a partir de um método objetivo de deteção usando a mesma 

reanálise. Este método de deteção é baseado em gradientes de temperatura potencial equivalente 

a 850 hPa Esta metodologia aplica-se a conjuntos de dados em grelha, como os dados de 

reanálise, e permite a análise da climatologia e da tendência da precipitação frontal para o 

Atlântico Norte, distinguindo as contribuições das frentes frias e quentes. Neste estudo, é 

considerado o período 1979-2018, verificando-se que a precipitação frontal é responsável por 

até 80% da precipitação total na região do storm track, com máximos de 50% nas regiões 

costeiras da Europa Ocidental. Esses valores são mais elevados no inverno e no outono, épocas 

durante as quais a frequência das depressões extratropicais é mais elevada. Para além disso, 

existe um aumento (estatisticamente significativo) observado para a precipitação frontal na 

região Oeste do Atlântico Norte, sugerindo um deslocamento para os polos da precipitação 

frontal na região da storm track, impulsionada principalmente por frentes frias. 

Em resumo, esta tese explora a variabilidade e os mecanismos das depressões extratropicais, 

estando focada nos seus impactes relacionados com precipitação e vento. São propostas novas 

abordagens para descrever e classificar extremos compostos de precipitação e ventos extremo. 

Relacionou-se também a variabilidade de precipitação com os sistemas frontais, no que diz 

respeito à região Euro-Atlântico e ao domínio da Península Ibérica. É importante notar que a 
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maioria das metodologias apresentadas pode ser facilmente ajustada a outros domínios de 

interesse e / ou adaptada a outros domínios. A metodologia para associar objectivamente 

precipitação e frentes atmosféricas pode ser vista como um caso específico do problema mais 

geral da associação de weather features, que hoje em dia é abordado também na perspectiva da 

Inteligência Artificial. Espera-se que a implementação de tais metodologias em previsões 

meteorológicas operacionais forneça informações potencialmente novas para a avaliação de 

riscos e processos de tomada de decisão no que diz respeito aos riscos meteorológicos 

relacionados com depressões extratropicais. 
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1.1 Weather extremes in a changing climate 

Weather and climate extremes affect the everyday life of billions of people worldwide. 

These events are sporadic but recurrent and they play a crucial role in determining climate and 

weather variability (Rummukainen, 2012). The ever-increasing interest in weather extremes 

worldwide is fostered by the disruptive impacts and damages they are responsible for, in terms 

of economic, natural and societal losses. Weather extremes comprehend a wide range of events 

on different spatial and temporal scales (Ren et al., 2018). Spatially, they can persist over large 

areas, or they can be localized. For example, heat waves and cold spells or prolonged dry and 

wet conditions are typically described at the synoptic scale. On the contrary, heavy 

precipitation and strong (gusty) wind affect the regional and sub-regional scale. Sometimes, 

extremes show more complex patterns as it is for convective cells embedded in cyclonic 

systems or for the urban heat island exacerbated by a heat wave. The same variety applies to 

the impacts of extreme events whose temporal and spatial scales span from minutes (wind gust) 

to months (drought) and spatially from the very local to the continental scale (Bouwer, 2019). 

This thesis aims at characterizing such variability of extremes, by assuming the study case of 

extratropical cyclones affecting the midlatitudes, namely the North Atlantic (NA) and 

European domain, and their related precipitation and wind impacts, in a compound weather 

perspective.  

By definition, extreme events are not expected to occur many times. However, the 

frequency and the importance of record-shattering extremes is increasing, given that they are 

an integral part of the climate system and as such, they are being affected by climate change 

within emission-dependent scenarios (Fischer et al., 2021). In the last decades, several weather 

extreme events affected the European domain as, for example, the exceptional 2013/2014 

winter stormy season in the UK (Kendon and McCarthy, 2015) which turned out as the wettest 

winter on record for the region since 1910 (Muchan et al., 2015), due to an unprecedented 

frequency of extratropical cyclones (around one cyclone every 2.5 days – Priestley et al., 2017). 

In October 2017 the storm Ophelia, the farthest east major hurricane on record in the Atlantic 

Basin (Moore, 2021), affected Portugal and Ireland and it represented a striking example of the 

complex interplay among weather drivers and compound impacts: intense winds following the 

major drought of the last 50 years over Iberia (Garcia-Herrera et al., 2018) triggered the most 

intense wildfires of the last century in Portugal and caused tens of victims (Augusto et al., 

2020). Moreover, extended storms surges and coastal flooding in Ireland were also observed 

(Guisado-Pintado and Jackson, 2020). Ophelia was only the last one of a series of isolated and 
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exceptional storms that affected Iberia and Western Europe in the last decade as for Xynthia 

(Liberato et al., 2013) or Gong (Liberato, 2014) which caused unprecedented natural and 

economic losses. Prolonged dry spells and heat waves are also becoming more frequent in the 

context of global warming, as confirmed by the long record of episodes that affected Europe 

in the last years: the continental-scale heat waves in 2003 which caused more than 70000 

additional deaths in Europe (Robine et al., 2008), the Russian drought in 2010 (Cherenkova et 

al., 2013), the abovementioned Iberian drought in 2016/2017 and, more recently, the 2018 and 

2019 consecutive summer droughts in Central Europe (Hari et al., 2020). 

According to the Intergovernmental Panel for Climate Change (IPCC) and World 

Meteorological Organization (WMO) definition (IPCC, 2014), an extreme event is referred to 

as the occurrence of a value of a weather or climate variable above (or below) a certain 

threshold near the upper (or lower) ends (‘tails’) of the range of observed values of the variable. 

In this sense, the definition accounts for both the intensity (peak-over-threshold) and the rarity 

(the threshold depends on the distribution of the variable) of the event. Meteorological 

extremes that typically occur over a longer period as heat waves, cold spells and droughts call 

for different criteria. For those cases, the computation of specific (climatic) indices, based on 

a combination of the main weather variables involved, is the most common approach (Sillmann 

et al., 2017). For the other cases, extremes are based on the exceedance of a relative or absolute 

threshold (IPCC, 2021), either defined as a percentile, an absolute value or an index that 

quantifies this exceedance, as for the wind speed loss indices developed in the context of wind 

impacts and insurance (Pinto et al., 2007; Mornet et al., 2015). 

However, for a weather event to be extreme not all the meteorological variables, physical 

processes or factors involved must be necessarily extreme. It might happen that a combination 

of them and/or a concurrence in time and space end up being extreme, as for the many examples 

of recent European extreme events mentioned in the previous paragraph. Within such a wide 

perspective, more complex events can be identified, and extremes can be attributed. These 

events are referred to as compound events, a rather recent concept that came to the attention of 

the scientific community and the public because of the increasing complexity of observed 

extreme events and impacts (Leonard et al., 2014).  For example, a coastal flood is not only 

due to high rain rates over a specific location but rather depends on factors such as rivers run-

off, severe wind, storm surges and soil moisture content which combine in a way that leads to 

flooding (Bevacqua et al., 2017). Another typical example of compounding extremes and 

impacts is that of a heat wave occurring after or during a drought period, triggering wildfires 
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(Gouveia et al., 2017, Sutanto et al., 2020) and crop losses (Ribeiro et al., 2020a). The very 

first definition of compound events was eventually proposed in the IPCC-SREX (2012) and it 

was further detailed in a series of studies by Zscheischler et al. (2018; 2020a; 2020b) and lastly 

by Bevacqua et al. (2021), Messori et al. (2021) and in the last IPCC AR6 (IPCC, 2021).  

Compound events are now a crucial part of the IPCC risk assessment framework, and they 

are referred to as “a combination of multiple drivers and/or hazards that contributes to societal 

or environmental risk and impact”. The drivers or hazards may not be (all) extremes themselves 

but their spatial and/or temporal combination can lead to extreme impacts. Therefore, several 

cases are accounted within this definition namely (1) cases where multiple drivers lead to an 

impact or, conversely, a single driver leads to multiple impacts (multivariate), (2) 

circumstances where extremes are enhanced by underlying pre-existing climate-driven 

common conditions (preconditioned) and (3-4) cases where two or more extremes occur 

simultaneously or clustered (temporally and/or spatially compounding). Furthermore, several 

studies term compound events only when a statistical dependence among drivers is established, 

based on multivariate probabilistic analysis (e.g., Bevacqua et al., 2017; Manning et al., 2018, 

Ai et al., 2018; Ribeiro et al., 2020b).   Several extreme weather events that occurred in Europe 

in the recent past have been analyzed by assuming this new perspective such as compounding 

coastal floods and precipitation events (Santos et al., 2021, Sanuy et al., 2021). On the other 

hand, reanalysis data enables assessing the long-term variability of compound events and 

mapping the general dependency among drivers. Again, this is the case of storm surges, in 

association with river discharge (Bevacqua et al., 2020a), Atmospheric Rivers (ARs) (Ridder 

et al., 2018) and heavy precipitation (Wu et al., 2018), or the case of extreme precipitation and 

ARs (Ramos et al., 2018), ARs and cyclogenesis (Eiras-Barca et al., 2018b) and the case of 

precipitation and wind (Owen et al., 2021; Zscheischler et al., 2021) which is of greatest interest 

for the current thesis. 

Detecting and analyzing weather extremes requires long-term, homogeneous and quality-

checked measuring networks. The lack of high-quality data from the past is often a limitation 

for extreme studies as it intrinsically prevents any assessment of rare events (Easterling et al., 

2016).  Moreover, very localized extreme events are likely missed by gauge networks 

(Alexander et al., 2019). The satellite era enables an unprecedented coverage and flux of data 

which was beneficial for weather extreme studies albeit they cover only a few decades 

(Benjamin et al., 2018). Still, this posed new challenges about the way to handle dramatic 

amounts of data: for example, the increased availability of high-quality and high-resolution 
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real-time data from multi-satellite missions put a strain on data assimilation techniques in 

forecast applications (Sorooshian et al., 2000).  However, the climate and weather research 

over the last decades have benefited also from a constant increase of computational power, 

advances in machine learning techniques and novel crowd-engaging initiatives which all 

together contribute to meet the demand for quick and effective data processing (Abhigna et al., 

2018). For example, deep learning techniques for automated identification of features in raw 

data facilitate quick and effective image processing (Lagerquist et al., 2019). This represents a 

great potential for detecting meteorological patterns in satellite data or gridded weather fields, 

as for cyclones (Bonfanti et al., 2018) or fronts (Biard and Kunkel, 2019) and it provides 

automatic guidance to forecasts and thus to decision making processes (McGovern et al., 2017). 

 

1.2  Temporal and spatial variability of extratropical cyclones 

Cyclones are among the weather phenomena that mostly affect the daily weather 

variability. Therefore, a better understanding of cyclone variations is fundamental for both 

operational forecasts and climatological studies. Characterizing the intrinsic internal variability 

of cyclones is essential to define a baseline so that recent changes and future trends can be put 

into a longer-term perspective. However, this requires very high-resolution climate model 

output, to enable the identification and tracking of the storms in the past. These kinds of data 

sets are not trivial, as they often include ensembles of historical simulations (e.g., Pinto and 

Ludwig, 2020; Raible et al., 2021). For example, Raible et al. (2018) analyzed variations in 

cyclones statistics (duration, core depth, radius, associated precipitation) from 850 to 2100 CE 

in the NA Ocean: they found pronounced variations on interannual and decadal timescales, but 

no external forcing imprint is found before 1850. In the recent past, cyclone characteristics are 

dominated by decadal variability and connections to modes of variability in both hemispheres. 

Lastly, the anthropogenic signal is determining a general decrease of the total number of 

cyclones but also an increase in associated precipitation and cyclones core intensity due to an 

increase of moisture availability.  

Generally speaking, (human-induced) climate change does play a role in modifying local 

climate and weather variability, both in time and space and therefore also in modifying 

cyclones and associated meteorological extremes. Transitional climatic zones as the 

midlatitudes are paramount in this sense: most of the mechanisms that are being affected by 

climate change at the global scale reflect in the midlatitude variability and extremes as for 

https://journals.ametsoc.org/author/McGovern%2C+Amy
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Arctic amplification (Francis and Vavrus, 2012), Arctic Sea ice loss (Simmonds and Govekar, 

2014), amplified planetary waves (Screen and Simmonds, 2014), C02 forcing (Grise and 

Polvani, 2014), changes in circulation modes (Stephenson et al., 2006).  

Some of these phenomena are known to have a direct and/or indirect effect on the 

characteristics of extratropical cyclones (ETCs) and their variability. For example, it was found 

that a positive (negative) phase of the North Atlantic Oscillation (NAO) corresponds to a 

stronger (weaker) jet stream, thus to a more (less) intense storms activity. It is also associated 

with positive (negative) anomalies of precipitation and wind in Central and Northern Europe 

and to negative (positive) anomalies in Southern Europe and Mediterranean sectors, especially 

in winter (Hurrel et al., 2003; Trigo, 2008; Woollings et al., 2014). Moreover, there is evidence 

that the relationship between the NAO and precipitation is strengthening over most of Europe 

(López-Moreno and Vicente-Serrano, 2008). 

The cyclones’ variability over time and space is described in terms of frequency, based on 

the storm track density (Ulbrich et al., 2009; Liberato et al., 2011). The cyclones’ intensity 

variability is less straightforward to assess, mainly because it requires a consensus on the 

definition of intensity. Usually, the instant of maximum intensity is considered as the one with 

minimum MSLP at the core of the cyclone (Neu et al., 2013) and thus strong cyclones are those 

with min (MSLP)<980hPa. However, a more informative variable is the deepening rate of the 

MSLP, which allows evaluating the maximum pressure drop, used as a criterion to distinguish 

between explosive (drop ≥ 24hPa/24h relative to 60° of latitude) and non-explosive cyclones 

(Sanders and Gyakum, 1980). 

Despite being different from each other’s, cyclones might share certain characteristics, and 

this is the basis of several classification studies. For example, Karremann et al. (2016) grouped 

windstorms according to the location of the storm tracks, Reale et al. (2019) provided for 

separated climatology for explosive and non-explosive cyclones and Eiras-Barca et al. (2018b) 

distinguished between (explosive) cyclones that are attended by ARs and those who are not. 

They showed that the western sectors of the ocean, especially in the NA Ocean, are more prone 

to faster and deeper explosive cyclogenesis, due to stronger SST gradients and air-sea 

interactions. Ranking studies of extreme events are less frequent than classification studies, 

they mainly address the impacts and only in a second step ranked events are characterized in 

terms of synoptic characteristics or temporally/spatially compounding weather phenomena. For 

example, daily (Ramos et al., 2015) and multi-daily (Ramos et al., 2017) precipitation events 

rankings are produced for the IP, based on both the local intensity and the spatial extent of the 
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rainfall and they found that ARs mostly concur to the top-ranked events. The role of moisture 

advection, through upper air troughs, in enhancing the magnitude of extraordinary rainfall 

events is established also for the top-ranked daily and sub-daily precipitation events for 

northwestern Italy (Pinto et al., 2013). Rankings of extreme events at longer timescales are also 

possible, such as for the dataset of rankings of the most extreme, prolonged, widespread dry 

and wet periods in the IP for aggregated timescales of 6 to 24 months presented in Liberato et 

al. (2021), based on drought indices time-series. 

The Iberian Peninsula is an interesting domain to explore the effect of such variability on 

the daily weather as it is a recognized hot spot for climate change and climate extremes at the 

regional scale (e.g., Giorgi, 2006; Gomez-Navarro et al. 2010; Jerez et al. 2013; Cardoso  

Pereira, 2020). The location of the IP in a transitional area between the midlatitudes and the 

subtropics leads to a remarkable diversity of regional climatic conditions, mainly dependent on 

precipitation variability. The annual variability of rainfall regimes over the IP is heterogeneous: 

the total annual precipitation ranges from more than 3000mm/year over the mountain chains to 

the northwest to locally less than 200mm/year to the southeast, one of the lowest values of all 

Europe (Acero et al., 2018). Most of the inner continental lands receive less than 500mm/year, 

except for the highest mountain ranges. Extremes also affect southern Iberia where most of the 

total annual precipitation comes from a few intense stormy events. 

Wind regimes are also extremely diverse across the IP. Lorente-Plazas et al. (2015) 

analyzed the annual cycle of wind speed on the IP showing interesting results in terms of both 

wind variability and wind extremes. Their results suggest that wind speed regimes and 

extremes are controlled by extratropical cyclones variability. For example, they showed that 

northerly wind dominates along the Atlantic coast, whereas westerly and northwesterly wind 

dominates almost elsewhere. Moreover, they showed that wind speed maxima in the North of 

Iberia (including North of Portugal) occur in winter when cyclones’ frequency is also at its 

maximum. Conversely, eastern Iberia shows different behavior, as it is mainly characterized 

by a land-sea pattern driven by sea-breeze regimes and enhanced by coastal mountains. Indeed, 

the Mediterranean coast clearly shows a bimodal cycle in wind intensity, influenced by both 

sea-breeze and cut-off lows events. At the IP regional scale, it was shown that the ratio between 

extreme wind and the mean wind speed is particularly high, mostly in winter, with respect to 

other European regions (Laurila et al., 2021). Eventually, this indicates the predominant role 

of extratropical cyclones in shaping wind extremes in the region. 
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Vicente-Serrano et al. (2017) provided for a comprehensive review of published studies 

on the last decades' trend of several atmospheric variables on the IP among which is worth 

mentioning an expected increase in mean temperature (+0.3°/decade), a decrease of annual 

precipitation (-18.7mm/decade) and a seasonal dependent trend signal for wind, characterized 

by a decrease (increase) in observed daily peak wind gusts in winter (summer) semester 

(Azorin-Molina et al., 2014; Laurila et al., 2021). Moreover, several studies pointed towards a 

lengthening of the dry summer season over the region in the post-1979 period (Peña-Ortiz et 

al., 2015; Guerriero et al., 2016), which is going to be characterized by longer and more 

frequent heatwaves (DellaMarta et al., 2007; Pereira et al., 2017). These tendencies eventually 

concur with an increase in drought and fire risks (Coll et al., 2017; Russo et al., 2017). 

However, despite the general decrease of annual precipitation observed and expected for 

the IP, it is still unclear how this reflects on extreme precipitation events (and associated 

cyclones). Theoretically, a warmer climate promotes an ever-increasing uneven distribution of 

precipitation, with less but more intense rainy and stormy days. This happens because of 

increased moisture availability, increased latent heat release from the sea body and the energy 

balance constraint (e.g., Trenberth, 2011; Pendergrass and Knutti, 2018; Santos et al., 2019). 

In practice, results vary widely depending on the data sets, the time period and the methodology 

considered to quantify extremes in each study. Several authors agree on a generalized increase 

(decrease) of extreme precipitation events in autumn (spring) (e.g., Espirito-Santo et al., 2014; 

Serrano-Notivoli et al., 2018; Pereira et al., 2020). Regional differences are also noteworthy: 

in northwestern Iberia, wintertime extreme precipitation is more likely associated with 

extratropical cyclones and therefore its variability is influenced by cyclones’ climatology and 

by the larger-scale dynamics such as for the occurrence of ARs (e.g., Santos and Fragoso, 2013; 

Ramos et al., 2015; Sousa et al., 2016). In this regard, Gallego et al. (2011) found that the 

contribution of extreme precipitation days to total precipitation increased during the 20th 

century, although it mainly increased in the first half whereas it decreased later. However, this 

is explained by the prevalent positive phase of NAO over the last decades which is known to 

be correlated with less precipitation on the whole European Sector. The role of teleconnection 

patterns in modulating extreme precipitation events is well documented also for southeastern 

Iberia. Precipitation extremes in this region are more likely linked either to the frequency of 

cut-off lows (Nieto-Ferreira, 2021) or to the Mediterranean influence in terms of moisture 

availability (Halifa-Marin et al., 2021).  
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1.3  Extratropical cyclones mechanisms and impacts 

Most of the variability and uncertainty discussed in the previous section, regarding the IP, 

ensue from extratropical cyclones (ETCs) and their mechanisms. These cyclones typically 

originate over the midlatitudes oceans, sometimes in the wake of weakened tropical cyclones. 

The northern and northwestern sectors of Iberia are typically more exposed to the impacts of 

these storms, but it is also possible that such storms end up affecting the entire peninsula (Trigo, 

2008). When the jet stream is displaced to the south, it favors cyclogenesis to occur right in the 

middle of the NA Ocean and the storms are dragged towards Europe at unusual low latitudes, 

for example, as occurred for the Klaus storm in 2009 (Liberato et al., 2011). Such events 

undergo explosive development and produce extreme impacts once they make landfall. Over 

the last decade, other well-studied European cyclones besides Klaus were Kyrill (Fink et al., 

2009), Xola (Pinto and Belo-Pereira, 2010), Xynthia (Liberato et al., 2013), Gong (Liberato, 

2014) and Stephanie (Ferreira et al., 2016) and, more recently, the storm Miguel (Coll-Hidalgo, 

2021) as well as entire families of consecutive cyclones (Sefton et al., 2021; Stojanovic et al., 

2021). From the climatological point of view, the passage of these systems has been associated 

with high fractions of total accumulated precipitation over the IP (up to 90 % according to 

Catto et al., 2012) as well as extreme precipitation (Catto and Pfahl, 2013) and extreme wind 

(Nissen et al., 2010).  

The ETCs variability on the North Atlantic and European Sector is tightly bound to the 

dynamics of the zonal flow between 50°N and 60° N, represented by the eddy-driven polar jet 

stream at high altitudes, and reflected in the prevailing westerly wind at the surface. Cyclones 

form as wavelike disturbances of the polar jet, through which warm air is pushed northward 

and colder air slips southward, spinning around the low-pressure center. Therefore, a leading 

warm front and a trailing cold front follow through the cyclone until the occluded phase is 

reached as the cyclone deepens. A vertical wind shear develops as the cold air mass easily 

spreads at the surface, forcing the warm sector to lift.  

Both upper-level and lower-level forcing have been suggested as potential mechanisms for 

weak polar jet disturbances (e.g., Uccellini, 1990; Hewson and Neu., 2015; Graf et al., 2017). 

For example, a local dip of the tropopause, which is associated with a Potential Vorticity (PV) 

anomaly, modifies the thermal field at the lower levels thereby inducing a cyclonic circulation. 

The same can happen when a warm air advection at the surface or an enhanced local heat 

release, as it occurs over the water bodies, produces a local convergence (divergence) of air 
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flows at lower (higher) levels. Most of the cyclones form and develop due to a combined action 

of the two mechanisms and a measure of their relative incidence has been suggested (Deveson 

et al., 2002). Therefore, it is the meandering of the jet stream that determines the sequence of 

troughs and ridges, the cyclogenesis and the associated storms tracks (Pinto et al., 2009; 

Athanasiadis et al., 2010; Hanley and Caballero, 2012). A sustained zonally extended jet is also 

a precondition for successive secondary cyclogenesis, referred to as cyclone clustering, in the 

exit region of the storm track (Priestley et al., 2020). 

Through observations and numerical simulation, several authors (e.g., Uccellini, 1990; 

Schultz and Zhang, 2007; Davies, 2010) suggest that the essential pre-condition for 

cyclogenesis is the presence of an upper-level forcing enhanced by baroclinic instability rather 

than a fracture in a front-like structure. As a matter of fact, cyclones might form without a pre-

existing front, as for cyclogenesis on the leeward side of a mountain chain, which is typical of 

the Mediterranean basin. Therefore, the extent cyclones and fronts attend to each other is still 

under debate (Schemm et al., 2018). For the Northern Hemisphere (NH), it is found that at the 

time of maximum intensification the majority of all cyclones do have associated fronts and by 

the time of cyclosis around half of all cyclones do maintain associated fronts, even those 

cyclones that only acquired a front at a later stage. It can be assumed that fronts are potential 

proxies for cyclones’ activity (Berry et al., 2011b). 

However, both fronts and cyclones are not constituent elements of the atmosphere but 

rather are transient features. Therefore, any statistics regarding their frequency ultimately 

depend on the criteria established for their detection. For several decades, manual tracking of 

fronts and cyclones on synoptic charts was accepted as a standard procedure, although it was 

affected by a high degree of subjectivity and personal biases. The satellite era and the 

availability of global reanalysis data sets favor the development of objective and automated 

routines. Nowadays, there is not yet a consensus on a specific methodology, and several 

schemes have been tested instead for both cyclones (e.g., Raible et al., 2008; Ulbrich et al., 

2009; Neu et al., 2013) and fronts (Thomas and Schultz, 2019 for a comprehensive review). 

This variety of approaches reflects the different points of view assumed by each author on 

what a front is. To remove such a degree of subjectivity, a wealth of recent studies explores the 

use of machine learning techniques and crowd-trained routines. They are applied to reanalysis 

data sets as well as to process satellite images, with the common objective to automatically 

identify, label and track the different phases and local features of cyclones evolution, exactly 

as a meteorologist would do (Fig.1.1). 



1. Introduction 

 

11 
 

 

Figure 1.1 Satellite image of Windstorm Ana, 10 Dec 2017 06 UTC. [https://www.eumetsat.int/] 

 

Over the last decades increasing attention was devoted to the mechanisms of moisture 

transport in the lower atmosphere and the role it plays in enhancing the precipitation embedded 

in cyclonic systems. For example, a Lagrangian approach applied to air particles in the region 

of the cyclone showed that the transport of moisture from tropical latitudes was responsible for 

the heaviest precipitation event of the twentieth century in Lisbon, the 18-19 Nov 1983 event 

(Liberato et al., 2012). Other studies confirmed that several flooding events in Western Europe 

are related to such a feature (e.g., Lavers et al., 2011; Trigo et al., 2014; Ferreira et al., 2016), 

referred to as Atmospheric Rivers (ARs). Climatological and comprehensive studies confirmed 

that ARs do contribute to extreme precipitation, especially for the most extreme events (e.g., 

Ramos et al., 2015; Ramos et al., 2016a; Eiras-Barca et al., 2018b). ARs are detected as 

Integrated Vapor Transport (IVT) departures from climatology over a large band behind the 

cyclone Moreover, the occurrence of ARs is associated with strong anomalies in the MSLP 

field at the midlatitudes (Fig. 1.2). 

In addition to the synoptic-scale features of the jet stream and ARs, ETCs are typically 

described through airflow analysis at lower levels (Hewson and Neu, 2015). These features 

(called jets) represent the mechanisms through which a storm is sustained, and they are 

associated with well-defined signatures in the weather fields, as for the atmospheric fronts 

(Hewson and Neu, 2015). Going deeper into this topic is not the main purpose of the thesis. 
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However, it is important to mention that airflows are linked to specific clouds, precipitation 

and wind patterns and they are key aspects to describe the dynamic of the storm. As an example, 

warm airflows are responsible for the moderate-to-heavy stratiform precipitation band along 

the cold front, whereas it is in the cold airflow that most of the strongest showers occur, 

including embedded convection cells (Houze, 2004).  

Figure 1.2. (Mean composites of IVT direction (vectors) and intensity (kg m−1 s−1; color shading) and SLP (hPa; contours) 

fields during the occurrence of the persistent ARs that affect the IP (679 persistent cases corresponding to 3837 timesteps). 

[Ramos et al., 2015] 

 

In the Numerical Weather Prediction (NWP) models, the spatio-temporal structure of 

clouds and precipitation within ETCs has been the core topic of several studies (e.g., Field and 

Wood, 2007; Catto et al., 2010; Govekar et al., 2014). Not only cloud and precipitation but 

roughly all the mechanisms described in the previous paragraphs have been studied and 

characterized directly on real case studies simulations.  

Extreme weather impacts are often addressed independently of each other, and they are 

linked to a specific economic sector loss. For example, hail events have been linked to 

economic losses in agriculture (Changnon et al., 2009; Punge and Kuntz, 2016) as well as to 

buildings (Hirsch et al., 2013) and, more generally, to the insurance sector (Brown et al., 2015; 

Púčik et al., 2019). Similarly, droughts events have been also studied in terms of induced crop 

losses (Musolino et al., 2018; Ribeiro et al., 2019) but also by quantifying their effects on the 

water supply chain (Rossi and Cancelliere, 2013) and livestock (Salmoral et al., 2020). The 
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energy sector is highly affected by extreme weather: for example, hailstorms damage 

photovoltaic plants (Muehleisen et al., 2018) but also the effects of wind (precipitation) 

extremes on the wind (hydro)-power generation is widely studied (e.g., Andrade et al., 2011; 

Santos et al., 2015; Gonçalves et al., 2020).  

The meteorological impacts of ETCs are mainly due to precipitation and wind extremes. 

Localized extreme precipitation rain rates typically lead to local flooding whose effects might 

be enhanced by urbanization. This is the case of urban flash floods, which are frequent in the 

Mediterranean basin (Gaume et al., 2016; Faccini et al., 2018) and in Iberia as for the Lisbon 

metropolitan area case study (Leal et al., 2018; Trigo et al., 2016). On the other hand, sparse 

prolonged moderate to high rain rates over longer time periods (days to weeks)  more likely 

produce extended river flooding and landslides over larger areas (e.g., Vicente-Serrano et al., 

2011; Rebelo et al., 2018; Pereira et al., 2018). As already mentioned, the continuous moisture 

supply through ARs does play a role in the maintenance of rainy and stormy conditions and for 

this very reason, ARs start to be considered as proxies for such events (Ramos et al., 2020). 

Extreme precipitation develops in convective environments, along with lightning, hailstorms 

and strong gusty winds that provoke falling trees and power outages (e.g., Gardiner et al., 2010; 

Dowdy and Catto, 2017; Tervo et al., 2021). Damaging winds within cyclones are often related 

to an abrupt descent of upper-level airflow (downbursts). Enhanced downbursts develop within 

squall lines, and they provoke a clear damage swath, as it occurred during the Vaia storm that 

affected northeastern Italy in October 2018 with unprecedented severity, leading to the 

disruption of millennial forests on the flanks of several Alpine valleys (Vaglio Laurin et al., 

2021). The event has been widely studied also because of the potential role played by an AR, 

exceptionally located in the Mediterranean basin (Davolio et al., 2020). Downbursts are 

recognizable as arc-shaped signals in radar reflectivity maps (bow-echo: Wakimoto et al., 

2006; Mathias et al., 2017). Typically, the most affected infrastructure by wind is the electric 

power supply network as it might take days to restore its functionality (e.g., storm Xola - Pinto 

and Belo-Pereira, 2020; storm Tilo - Kettle, 2019). However, not only gusty wind but also 

persistent intense wind is associated with disruptive impacts. Over longer timescales, intense 

winds might affect the landscape and the ecosystems through coastal erosion and modification, 

land degradation and vegetation stress (Otero et al., 2013: Borrelli et al., 2014). Wind extremes 

are typically used as a proxy in storm loss models used by insurance companies (e.g., Klawa 

and Ulbrich, 2003; Pinto et al., 2009; Donat et al., 2011). Donat et al, (2011) performed multi-

model simulations with global and regional climate models to assess and project wind loss 



1. Introduction 

 

14 
 

potential in Europe. They found that the mean loss ratio will increase in the Western and 

Central European regions whereas a slight decrease is expected for Iberia, consistently with 

extratropical cyclones’ track changes.  

Besides direct impacts, the concurrent effect of several meteorological extremes can lead 

to indirect impacts or to cascading/concurrent impacts. In recent years, the compound weather 

extremes perspective also embraced the extreme impacts analysis. That is, more and more 

studies cover wide ranges of interconnected impacts rather than a single impact: for example, 

this holds for droughts, heat waves and fires and their combined effects on vegetation stress 

and food security as for the Russian 2010 episode (Hunt et al., 2021). Situations of greater 

interest for this work are those of compounding precipitation and wind occurring within 

cyclones, and leading to storm surges, coastal flooding, landslides and compromised 

infrastructures, among the others (e.g., Zscheischler et al., 2018; Bevaqua et al., 2019; Khanam 

et al., 2021). Still, ETCs are the primary cause of most of the economic and societal weather 

impacts in the IP. In this regard, the DISASTER database provides the most complete data 

collection on flood and landslides events that occurred in Portugal since 1865 (Zêzere et al., 

2014; Pereira et al., 2018). It was observed that more than 2/3 of the events in Central and 

Northern Portugal are associated with a cyclonic activity over Portugal or under the influence 

of the frontal system activity. The authors also searched for the frequency of ARs on the 

disaster days (45%) and the role of precipitation as a triggering factor for the disaster, finding 

that almost all the events are associated with extreme accumulated rainfall percentiles. The 

results of this study confirm that the impacts of cyclones might affect a wide area, wider than 

the punctual storm track. In a warmer climate, the swath damage of both extreme precipitation 

and extreme wind associated with extratropical cyclones is expected to widen because of the 

increasing intensity of the storms and this poses new challenges for impact studies (Phibbs and 

Toumi 2016; Sinclair et al., 2020). There is a lot of uncertainty in future extratropical cyclones 

trend except for two aspects: (1) there is medium confidence that serial clustering of storms 

will increase in most of Europe, in the wake of the poleward shift of storm tracks and (2) a 

slight increase in amplitude and frequency of storms is expected for Northern and Central 

Europe (IPCC, 2021).  

The impact-centric perspective is gaining more and more attention over the years for both 

extreme precipitation and wind (e.g., Leal et al., 2019; Koks and Haer, 2020), especially in the 

context of compound events (Zscheischler et al., 2018). This is happening because of (1) 

increasing awareness of the interdependence and compounding effects of meteorological 
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extremes and impacts, (2) increasing adverse impacts affecting the life and goods of people 

and (3) because similar approaches are welcomed by stakeholders. The degree of a 

meteorological impact varies depending upon many factors, depending in the first place on the 

severity of the events itself, the timing and location. However, the meteorological hazard is 

only one of the players when referring to impacts and risks. According to the conceptual 

framework developed by the IPCC for risk assessment, the risk associated with a climate or 

weather extreme is defined as a measure of the probability of the occurrence of a hazard and 

its consequences (impacts), where the consequences come from the interplay of natural, 

societal and economic exposure and vulnerability, as depicted in Fig. 1.3 (IPCC, 2012). 

Fighting against disaster risks includes acting on both sides, that is mitigating climate changes 

to reduce the hazard and promoting adaptation and resilience measures.  

 

Figure 1.3 Schematic overview of the components included in risk analysis (hazard, exposure and vulnerability). [IPCC, 2012] 

 

As a matter of fact, human-induced climate change has already affected the frequency and 

intensity of extreme events (e.g., the last annual report from the Bulletin of the American 

Meteorological Society - Herring et al., 2021). Heavy precipitation events increased 

systematically over most of the land regions worldwide whereas changes in winds extremes 

are strongly tied to the future changes of storms, including tropical and extratropical cyclones 

(Fischer and Knutti, 2016; Outten and Sobolowski, 2021). As global warming continues, we 

will likely experience unprecedented extreme events, in terms of frequency, magnitude, timing 

and location. Moreover, the combined occurrence of multiple unprecedented extremes may 

result in large and unprecedented extreme impacts in the future, inducing major socio-

economic losses. Such increasing knowledge on climate change risks and weather hazard 
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changes enables institutions and stakeholders acting towards more resilient systems, to mitigate 

the adverse impacts of extremes on lives, goods and nature (IPCC, 2021; Bouwer, 2019).  

Within this thesis, the hazard component of the scheme presented in Fig. 1.3 is addressed. 

However, differently from the traditional approaches which mainly consider each hazard 

independently from the others, several features of extratropical cyclones and their related 

impacts are combined together, to disentangle their intrinsic mutual relationships, also through 

the identification of the individual processes involved. Therefore, the work focused on 

precipitation and wind extremes first, and traces back to the drivers and to the potential 

compounded occurrence of these drivers. Still, precipitation and wind extremes are directly 

relatable to impacts.  As mentioned at the beginning of this Introduction, this approach implies 

that objective criteria to identify the individual extremes are set (as in Chapter 2 for 

precipitation and Chapter 3 for wind speed). Then, also the compounded occurrence of 

extremes needs to be defined, in time and space (as for concurrent precipitation and wind, 

Chapter 3). Finally, extremes are put into a relationship with the underlying weather features 

(Chapter 3 and Chapter 4).  

 

 1.4 Objective and structure of the thesis 

The ever-increasing concern about weather-driven natural hazards is the leading 

motivation for this research. In broad terms, the characterization of high-impact weather events 

such as extratropical cyclones (ETCs) and related precipitation and wind extremes affecting 

the IP is the main objective. More in detail, this thesis aims at describing and providing new 

insights on the relationship between North Atlantic storms, precipitation and wind extremes, 

including the potential co-occurrence of different weather features, both at local and at the 

large-scale, which produce multiple hazards. 

The current thesis is presented in the form of a paper-based manuscript that is, each of the 

main chapters consists of a research paper published (chapters 2 to 4). Therefore, all chapters 

are intended to be independent, and they follow the typical structure of a research paper, from 

Introduction to Conclusion through Data, Methods, Results and Discussion. For the sake of 

clarity, the first page of each chapter includes some highlights. In this regard, the author 

acknowledges potential repetitions, mainly affecting background information and data sources 

which, to a certain extent, are shared among the research topics considered.  
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More into detail, this manuscript is organized as follows: 

● Chapter 1 presented the state-of-the-art of research themes that have been tackled 

during the Ph.D. After a wide introduction of the most common approaches to the study 

of extreme weather events (Section 1.1), more insights are provided on precipitation, 

wind and cyclones variability, focusing on Iberia (Section 1.2). In Section 1.3 the main 

mechanisms related to cyclones activity over the North Atlantic and European Sector 

are discussed. This includes a short description of the potential research and 

methodological approaches for their characterization. Local-scale impacts associated 

with ETCs are commented in Section 1.3. 

 

● Chapter 2 includes research on the performances of different types of daily 

precipitation estimates (namely, reanalysis and satellite-based) toward a benchmark 

ground-based gridded data set for IP (IB02).  This work yields a better knowledge of 

the most common data sources available for investigating precipitation extremes and 

related impacts and thus it represents a reference for any future study focusing on the 

IP (Hénin et al., 2018a).  

The main research questions addressed here are: 

- Are the most widely used precipitation data sets adequate to represent 

extreme precipitation events on the IP? 

- Does ERA5 bring added value in reproducing extreme precipitation on the 

IP, especially if compared with the previous ERA-Interim release? 

- Which are the main error sources that affect precipitation data sets on the 

IP? 

 

● Chapter 3 aims to produce a unified ranking for precipitation and wind extreme events 

over the IP along with an analysis of the corresponding cyclones' properties. As for the 

previous chapter, this research will serve as a reference for future research on the IP 

(Hénin et al., 2021). The main research questions addressed here are: 

- How often do concurrent extreme precipitation and wind events affect the 

IP? 

- Which are the cyclones’ properties associated with such events? 

- Is there any regional variability or trend? 
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● In Chapter 4 a systematic analysis of the co-occurrence of precipitation and 

atmospheric fronts is pursued, for the Euro-Atlantic and European domain (Hénin et 

al., 2018b). This chapter broadens the view to the synoptic scale and provides for a 

methodology, based on a search box approach, to objectively evaluate the fraction of 

precipitation that can be ascribed to the presence of atmospheric fronts. The algorithm 

is applied to the North Atlantic domain both systematically and to a case study and it 

is, to a certain extent, tunable so that it can be adapted to other geographical domains, 

as well as it can serve as a base for other similar studies. The main research questions 

addressed here are: 

- Is there a method to assess the amount of precipitation relatable to 

atmospheric fronts systematically and objectively? 

- Which fraction of total precipitation is associated with fronts? Are there 

seasonal differences and/or trends? 

 

● Finally, Chapter 5 provides for a comprehensive review of the conclusions presented 

in each paper, providing consistent and robust answers to the research questions raised 

in the introduction and further callings for potential new research goals and future 

perspectives.  

 

It is worth mentioning that the research presented in this thesis is relevant in the context of 

two research projects, both with international partnerships, funded by the Portuguese 

Foundation for Science and Technology (FCT) during years 2017 to date, namely: 

● Expert Crowdsourcing for Semantic Annotation of Atmospheric Phenomena (eCSAAP) 

headed by the Institute for Systems and Computer Engineering, Technology and Science 

(INESC TEC - Porto, Portugal) in collaboration with Instituto Dom Luiz (IDL – Lisbon, 

Portugal) and the Carnegie Mellon University (CMU – Pennsylvania, USA). The project 

aimed at exploring the potential of crowdsourcing for atmospheric and climate research 

tasks such as identifying and tracking extratropical cyclones. The core idea is that 

human-based semantic annotation of weather features can be integrated with automatic 

methods in a future hybrid approach. A key component of this process is the 

development of algorithms for objective detection and association of weather features 

in gridded data sets, as is shown for precipitation and atmospheric fronts in Chapter 4. 
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● Weather extremes in the Euro-Atlantic region: assessment and impacts (Wex-Atlantic). 

The project addresses hydrometeorological and wind extremes in the North Atlantic and 

European Sectors, related to the occurrence of extratropical cyclones. The projects 

aimed at characterizing weather extremes, the underlying physical mechanisms such as 

moisture transport and frontal systems, their variability and expected changes under 

global warming, as well as their impacts. Further research tasks relate to the capability 

of current GCMs to reproduce such extreme events and to the major changes to be 

expected in climate-change scenarios. This thesis mainly addressed the first aspects. 

Chapter 2 shares fundamental information in this sense, about which data set to use to 

characterize precipitation extremes. The ranking developed in Chapter 3 provides novel 

information on the variability of hydrometeorological extremes on the IP. Chapter 4 

includes novel and updated information on the seasonal climatology and historical trend 

of frontal precipitation on the Euro-Atlantic and European sectors. 
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in 2018, under the title “Assessing the Use of Satellite-Based Estimates and High-Resolution 

Precipitation Datasets for the Study of Extreme Precipitation Events over the Iberian Peninsula”, with 

the DOI: 10.3390/w10111688. 
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Highlights 

➢ Context and motivation 

Extreme precipitation is hard to measure because of its uneven nature. Precipitation estimates 

from reanalysis products and satellite missions are widely used in weather and climate studies 

nowadays, besides a wealth of well-known shortcomings. An assessment of daily precipitation 

sums from different sources is presented for the Iberian Peninsula (IP) on annual and seasonal 

scales, eventually focusing on a subset of extreme precipitation events (EPEs). 

 

➢ Data (common period considered: 2000-2008) 

 

- IB02 (Belo-Pereira et al., 2011; Herrera et al., 2012) 

- ECMWF reanalysis (both ERA-Interim and ERA5) 

- TRMM TMPA 3B42 near-real-time and post-real-time releases 

- Ranking of Extreme Precipitation Events (EPEs) for the IP (Ramos et al., 2014a) 

 

➢ Methods 

A set of accuracy metrics, namely the Pearson linear correlation coefficient (r), the percentage 

bias (%BIAS), the Root Mean Square Error (RMSE), and the Mean Absolute Error, (MAE) 

are analyzed for different quartiles of daily precipitation amounts. Additional insights are 

provided for the top-ranked EPEs on the IP. Bias decomposition into Hit Bias (HB), Missed 

Bias (MB) and False Bias (FB)  is also explored.  

 

➢ Results 

Results show that both reanalysis and multi-satellite data sets overestimate (underestimate) 

daily precipitation sums for the least (most) extreme events over the IP. Contrary to some 

literature, it is shown that the TRMM (TMPA) precipitation estimates from the near-real-time 

product can be considered for EPEs assessment over these latitudes. Finally, it is found that the 

more recent ERA5 reanalysis accounts for large improvements over ERA-Interim and it 

outperforms also the satellite-based data sets. HB is the prevailing component of the total bias. 

___________________________________________________________________________ 

Keywords: TRMM (TMPA) dataset; real-time satellite retrievals; extreme precipitation; extreme precipitation 

events (EPEs); Iberian Peninsula; ERA5. 
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2.1  Introduction 

Extreme precipitation events (EPEs) are responsible for a relevant number of natural 

disasters worldwide, including landslides, flash-floods, and material destruction. The socio-

economic impacts associated with EPEs, namely human casualties and rebuilding costs, have 

become of great interest for both decision-makers and insurance companies (Swiss Re, 2008; 

Pitt, 2008). As a matter of fact, precipitation extremes affect the water cycle as a whole, with 

several implications also for hydrology and water reservoir management (Jiang et al., 2017).  

Over the Iberian Peninsula (IP) an objective ranking of EPEs has been provided at daily 

(Ramos et al., 2014a) and multi-day scales (Ramos et al., 2017) for the extended wintertime 

season (October to March), based on the high-resolution (0.2° × 0.2°) ground-based 

precipitation dataset IB02 (further details are provided in Section 2.2). Some significant EPEs 

which occurred in the past have been examined both in terms of mechanisms and related 

impacts (Liberato 2013; Trigo et al., 2016; Trigo et al., 2014; Rebelo et al., 2018; Nieto et al., 

2007). Given the high temporal and spatial variability of the IP climatology (Ramos et al., 

2014b; Lionello, 2012), some studies also focus on sub-regions of the IP that are affected by 

specific weather regimes (Nieto Ferreira, 2017; Hidalgo-Muñoz et al., 2011; Liberato and 

Trigo, 2014). The precipitation enhancement over the IP includes different mechanisms, mostly 

convection to the south (Serrano et al., 1999; Paredes et al., 2006), synoptic forcing and water 

vapor transport to the west and to the north (Ramos et al., 2015; Lavers and Villarini, 2015; 

Hénin et al., 2018a), and orographic effects (Khodayar et al., 2018). Depending on the season, 

different precipitation regimes have been observed over the IP: for some regions, most of the 

annual precipitation is observed during the winter months, whereas summer can be totally dry 

(Martín-Vide and Gomez, 1999; de Luis et al., 2010). The annual cycle of precipitation 

captured by the IB02 and other global precipitation data sets (including ERA-Interim) is 

described in Belo-Pereira et al. (2011).  

The spatial and temporal variability of accumulated extreme precipitation typically shows 

local maxima that can be detected only using high-resolution gridded products or data from 

traditional weather stations. A ground-based network is able to map the precipitation pattern 

only at a coarse scale, especially over complex topography and over the oceans, where the 

coverage provided by rain-gauges and weather buoys is inhomogeneous. However, accurate 

estimates of rainfall are essential for the risk assessment of any water-related natural hazards. 

In this sense, reanalysis data sets and satellite-based measurements are highly beneficial as they 
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fill the observational gaps and they guarantee continuous spatial and temporal data coverage, 

even if the extreme precipitation days are not modeled very accurately (Rhodes et al., 2015). 

Since the early modern satellite era, several missions have been operating, but intrinsic 

limitations of the specific onboard sensor technology as well as propagation and atmospheric 

attenuation effects still limit the quality of the data (Levizzani et al., 2007; DeMoss et al., 2007). 

Increasing the spatial resolution of a single sensor always implies higher uncertainties for the 

final product but thanks to new algorithms that combine data from different sources, high 

resolution and high-quality products are being made available (e.g., Huffman and Bolvin, 2015; 

Adler et al., 2003; Behrangi et al., 2009; Joyce et al., 2004). The latest advances of the most 

recent multi-satellite missions include coincident measurements from both active and passive 

onboard sensors with cross-calibration techniques and additional post-processing routines. The 

Tropical Rainfall Measuring Mission (TRMM) (Huffman et al., 2009), headed by the National 

Aeronautics and Space Administration (NASA) and the Japanese Aerospace Exploration 

Agency (JAXA), provides data from November 1997 and releases different precipitation 

products (both in near-real-time and post-real-time) widely used for monitoring, modeling, and 

research, also beyond the tropics. The TRMM has been recently incorporated into the wider 

Global Precipitation Measurement Mission (GPM) and its products serve as a reference for the 

new generation of GPM precipitation retrievals (Skofronick-Jackson, 2017; Huffman, 2018). 

The main goal is to promote advances in the quality of satellite estimates beyond tropical 

latitudes, for them to be beneficial for the study of extratropical cyclones and related 

precipitation.  

Although EPEs are quite common over the IP, it is not ascertained yet which product, 

either reanalysis or satellite estimates, is the most appropriate for studying extreme 

precipitation days. An inter-comparison of different reanalysis data sets to ground truth is 

pursued in Belo-Pereira et al. (2011), showing that there is a seasonal cycle of the ERA-Interim 

performance over the IP, with the best scores attained in winter. On the contrary, satellite 

products such as the ones provided by the TRMM have been barely studied at the extratropical 

latitudes, and their potentiality has not yet been fully assessed over the IP. In a study by Liu 

and Zipser (2014) the need for such an analysis, to be conducted for in-depth case studies and 

under different precipitation regimes is stressed. The present work is intended as a follow-up 

to Liberato et al. (2017) where a preliminary assessment of four EPEs that occurred over IP 

has been carried out using both ERA-Interim and TRMM data. It aims at assessing which high-

resolution precipitation data sets provides for the most reliable estimates during heavy rain 
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episodes over the IP, thus being beneficial for any future investigation of EPEs over the region. 

Additional data sources with respect to Liberato et al. (2017) are considered, namely ERA5 

and the near-real-time product of TRMM mission. Given the increasing interest in multi-

satellite products, this analysis will also serve as an extensive test for TRMM precipitation 

estimates over the midlatitudes, which are beyond the optimal operational band of the onboard 

instruments used for retrieval. Finally, new insights are provided through the intra-products 

comparison, at the regional scale, between the near-real-time and the post-real-time TRMM 

products during EPEs over the IP.  

The paper is organized into four sections. After the introduction, the different data sets 

used are described in Section 2.2, namely the reanalysis and satellite data for precipitation 

(Section 2.2.1 to 2.2.3) and the dataset for extreme precipitation events over the IP (Section 

2.2.4). Section 2.2.5 explains how data from different sources are manipulated to be effectively 

combined in time and space and how the assessment is conducted. Results are presented and 

discussed in Section 2.3, firstly focusing on the assessment of precipitation all over the common 

period (Sections 2.3.1 and 2.3.2), and secondly focusing only on a specific subset of EPEs 

which occurred during the extended wintertime season (Section 2.3.3). Finally, conclusions are 

drawn in Section 2.4. 

 

2.2  Data and Methods 

2.2.1 Ground-based precipitation dataset IB02 

In the present study, different data sources are considered for precipitation estimates. At 

first, the most comprehensive gridded, high-resolution (0.2° × 0.2°) available database of daily 

precipitation for the IP is used as ground truth (IB02 hereafter). It is produced by joining two 

individual national data sets from Portugal (PT02) and Spain (SP02), respectively (Belo-

Pereira et al., 2011, Herrera et al., 2012). Both data sets refer to the same 0.2° × 0.2° 

latitude/longitude grid, obtained by interpolation of rain gauge data through an ordinary kriging 

method and an additional inverse distance weighting method (IDW) for the Portuguese dataset 

only. Albeit with some inevitable temporal variations in the rain gauges density, both the 

Spanish and Portuguese networks cover the period from 1950 to 2008. Totally, more than 2400 

weather stations provided data for IB02. Several quality control procedures have been applied 

to the data, such as a plausible value check, internal consistency checks, and a standard normal 
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homogeneity check (the authors refer to Belo-Pereira et al. (2011) for more details and 

references on these procedures as well as for network coverage).  

In IB02 precipitation records are summed to provide for daily values, but the accumulation 

period is slightly different for Spain and Portugal. Given a day n, daily precipitation over 

Portugal is accumulated between 09:00 UTC of day n − 1 and 09:00 UTC of day n. On the 

contrary, daily precipitation over Spain ranges from 07:00 UTC of day n to 07:00 UTC of day 

n + 1. For consistency, the Portuguese dataset is shifted one day forward in IB02. It is believed 

that, unless an event strictly peaks during the time lag, the defined accumulation period is robust 

and no artificial features are found at the border between the two countries. Other studies made 

use of precipitation data from IB02 for real case study analysis (e.g., Rebelo et al., 2018; 

Liberato et al., 2017) and for more extensive assessments (e.g., Sousa et al., 2016; Durán and 

Barstad 2018; Guerreiro et al., 2016). 

2.2.2 Reanalysis dataset 

Precipitation estimates from the widely used ERA-Interim reanalysis product of the 

European Centre for Medium-Range Weather Forecast (ECMWF) are considered for 

comparison with the ground-based IB02 dataset. ERA-Interim global reanalysis (Dee et al., 

2011a) is available from 1979 onwards, but only the period 2000–2008, the common period of 

the satellite-based dataset and the EPEs ranking, is considered in this study. The ERA-Interim 

6-hourly values of accumulated precipitation are extracted and aggregated into daily sums. 

Precipitation data originally come at 0.75° of horizontal resolution and they are projected 

through bilinear interpolation onto the same 0.2° × 0.2° grid of IB02 (see Section 2.2.5 for 

further details). Recently, a new generation of reanalysis product—ERA5—has been released, 

with hourly data from 2000 to within three months of real-time (but expected to be extended 

back in time until 1950). ERA5 will eventually replace the ERA-Interim (Hersbach and Dee, 

2016). Hence, it is beneficial at this stage to assess both products over the IP. Both the 

horizontal (from 0.75° to 0.25°) and the vertical (from 60 to 137 levels) resolutions are 

improved in ERA5. In the following analysis, the same interpolation method as for ERA-

Interim is used to match with the IB02 grid. 
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2.2.3 TRMM TMPA Data sets 

In addition, two precipitation products from the Tropical Rainfall Measurement Mission 

(TRMM) are used (Huffman et al., 2009). The main purpose of the mission is to provide a new 

understanding of the distribution and variability of precipitation and energy exchanges in the 

tropical and subtropical regions of the world, especially during storms (Huffman et al., 2007). 

On-board instruments (Kummerow et al., 1998; Liu et al., 2012) include a visible and infrared 

scanner (VIRS), a microwave imager (TMI), a precipitation radar (PR), and a lightning imaging 

sensor (LIS). The TRMM Multi-satellite Precipitation Analysis (TMPA) products are the most 

popular in the TRMM mission: they account for precipitation retrievals algorithms that 

incorporate multiple-sensor and multi-satellite data in addition to in-situ observations, yielding 

to an unprecedented accuracy of precipitation estimates (Huffman et al., 2009). The products 

belong to Version 7 of the 3B42 algorithm, both in the near-real-time (6–9 h after present time) 

and post-real-time releases (Huffman et al., 2003). The latest improvements of Version 7 

mainly come from additional satellites and a uniform ground-based adjustment (Bolvin and 

Huffman, 2015; Liu, 2015a). The near-Real-Time product (for simplicity hereafter referred to 

as TRMM RT) only depends on microwave and infra-red data, and it is computed a few hours 

after real-time; the research-grade product (hereafter referred to as TRMM) is differently 

calibrated and is adjusted to monthly values (Huffman et al., 2003). According to Liu (2015b), 

the former provides quick and less accurate estimates on a global scale, suitable for monitoring 

activities, whereas the latter is designed to provide estimates more appropriate for research 

purposes. Data are made available from 1997 and 2000, respectively. For both TRMM and 

TRMM RT (together referred to as TRMM TMPA products), data are provided onto a 0.25° × 

0.25° grid and they cover the latitudinal band 50° N to 50° S even though many efforts are 

being made, in the framework of the GPM mission, which is going to include the TRMM 

mission, to further extend the coverage beyond the extra-tropics. 

Some studies already focused on areas beyond the inclined latitude band of the TRMM 

satellites (Yong et al., 2010; Cai et al., 2015) and explore the differences between the two 

products (Jiang et al., 2017; Chen et al., 2013). The research-grade product is more widely used 

for regional studies worldwide as in America (Habib et al., 2009; Scheel et al., 2011), in the 

Mediterranean domain (Lo Conti et al., 2014; Villarini, 2010), and over Iberia (Nieto Ferreira, 

2017; Liberato et al., 2017; El Kenawy et al., 2015). In Villarini (2010) and Yong et al. (2014) 

high (light) precipitation events tend to be under (over) estimated. Cai et al. (2015) and Yong 

et al. (2014) addressed the suitability of both TRMM TMPA products over river basins in China 
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for predicting river streamflow and water resources in the context of hydrological extremes. 

Besides the good results obtained in Chen et al. (2013) for a TMPA-driven hydrological model 

for river streamflow, large differences were found over latitude by Ebert et al. (2007) with over 

(under) estimation of precipitation affecting high (low) latitudes. The accuracy of the TRMM 

TMPA estimates was also shown to vary among seasons: Chen et al. (2013) found the worst 

performances over three different regions in northern China during winter, also because of the 

ice and snow cover affecting the retrieval algorithms. On the contrary, winter (and summer) 

accounted for the best results over Iberia in El Kenawy et al. (2015). However, the accuracy of 

a single product can change from one region to another (Ebert et al., 2007), mainly because of 

different rainfall regimes (the more convective the precipitation, the more accurate satellite 

estimates are), because of the surface conditions and also because of the reliability of the 

ground-based dataset used for validation. Given this variety of results, further investigations 

are surely needed. 

2.2.4 Extreme Precipitation Events (EPEs) Dataset for IP 

In this work, the ranking of high-resolution winter daily precipitation extreme events 

developed by Ramos et al. (2014a) is used. It is the most comprehensive database available for 

EPEs over the IP. It accounts for daily accumulated precipitation, from 1950 to 2008, for the 

extended wintertime (October to March), as summer precipitation is not significant over most 

of the IP domain (Martín-Vide and Gomez, 1999; de Luis et al., 2010). Given the high spatial 

variability of precipitation regimes over IP, the events are ranked according to an index that 

takes into account both the anomaly of precipitation and the extension of the area affected by 

the anomaly. In more detail, the normalized precipitation departure from seasonal climatology 

is evaluated for each grid point and for all days and it reads: 

𝑁 =  
𝑃 − 𝜇

𝜎
                                                                                                   (2.1) 

where P is the daily precipitation sum, μ is the 7-day running mean for that day, and σ is the 

standard deviation from that mean. Then, the area affected is defined by the number of grid 

points that have precipitation anomalies exceeding two standard deviations (2𝜎). A mean value 

for this anomaly is defined over the selected area and the ranking index is defined by 

multiplying the two quantities. It is worth saying that the 2𝜎 threshold does not substantially 

differ from the 95th percentile of the daily precipitation distribution, which is typically 

considered as a reference for attributing extremes.  For further details, the authors suggest 

directly referring to Ramos et al. (2014a). 
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2.2.5 Temporal-Spatial and Intensity Assessment 

The four precipitation data sets described in Section 2.2.1 are matched in time and space 

for direct comparison and EPEs assessment. That is, precipitation values from ERA-Interim (6 

h) and ERA5 (1 h) reanalysis as well as from TRMM TMPA products (3 h) are aggregated into 

daily (24 h) sums over the common period 2000–2008 and the same 0.2° × 0.2° 

latitude/longitude grid of the IB02, through bilinear interpolation. However, the accumulated 

periods do not exactly overlap, because of the different timing each product is made available 

(Figure 2.1). The IB02 accounts for daily values from 07:00 (09:00) UTC of day n to 07:00 

(09:00) UTC of day n + 1 for Spain (Portugal) respectively. ERA-Interim is then accumulated 

by summing four timesteps (12:00 UTC and 18:00 UTC of day n, 00:00 UTC and 06:00 UTC 

of day n + 1) so that daily values cover the interval from 09:00 UTC (day n) to 09:00 UTC (day 

n + 1). The accumulation period for ERA5 is one hour before each timestep. Therefore, ERA5 

daily precipitation is computed by summing 24 hourly timesteps (10:00 UTC of day n to 10:00 

UTC of day n + 1) so that daily values cover the same interval as for ERA-Interim. On the 

contrary, TRMM TMPA products are available at 3-h timesteps, making it possible to define a 

backward (from 07:30 UTC of day n to 07:30 UTC of day n + 1) and a forward (from 10:30 

UTC of day n to 10:30 UTC of day n + 1) accumulation period with respect to the reanalysis 

accumulation period. In order to achieve the best possible match among the four data sets 

considered, the backward period is used. A mask is applied to all the data sets so that only grid 

points of continental Iberia with daily precipitation exceeding 2 mm·day−1 are considered for 

this analysis. 

Figure 2.1. Scheme of the daily accumulation period considered for the different data sets used in this study. The left side 

refers to the beginning of the accumulation period (day n), the right side refers to the end of the accumulation period (day 

n+1). 

For the assessment of precipitation among data pairs a set of four accuracy metrics is 

considered (Wilks, 2006) namely the Pearson linear correlation coefficient (r, Equation (2.2)), 

the percentage bias (%BIAS, Equation (2.3)), the root mean square error (RMSE, Equation 

(2.4)) and the mean absolute error, (MAE, Equation (2.5)). The corresponding formulae read 

(taking ERA5 as an example): 
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𝑟 =
𝑐𝑜𝑣(𝐸𝑅𝐴5, 𝐼𝐵02)

𝜎𝐸𝑅𝐴 ∗  𝜎𝐼𝐵02
                                                                                                   (2.2) 

%𝐵𝐼𝐴𝑆 =  
∑(𝐸𝑅𝐴5 − 𝐼𝐵02)

∑ 𝐼𝐵02
 ∗ 100                                                                           (2.3) 

𝑅𝑀𝑆𝐸 =  √
1

𝑁
∗ ∑(𝐸𝑅𝐴5 − 𝐼𝐵02)2                                                                         (2.4) 

𝑀𝐴𝐸 =  
∑  (𝐸𝑅𝐴5 − 𝐼𝐵02)

∑ 𝑛
                                                                                          (2.5) 

where n is the number of data pairs considered, cov is the covariance and σ is the standard 

deviation. The equations hold similarly for ERA-Interim, TRMM and TRMM RT. 

Each index is evaluated through a grid-to-grid procedure based on the 0.2° × 0.2° IB02 

grid. With such an approach, it is worth noting that both the intrinsic interpolation scheme of 

IB02 and the interpolation required for the other data sets to match with IB02 constitute a 

source of uncertainty. In those cases, precipitation extremes may be misrepresented, especially 

over regions of complex topography (Daly et al., 2017). However, the IB02 already accounts 

for several quality control procedures and internal consistency checks and its robustness has 

been already assessed (Belo-Pereira et al., 2011). On the other hand, an area average approach 

would clearly smooth any local extremes (El Kenawy et al., 2015) and it would not be suited 

for the current analysis. 

Finally, in order to have insights on the weaknesses and strengths of each of the data sets 

considered, the total bias is split into three components (Habib et al., 2009).  This procedure 

allows distinguishing three different bias sources with respect to IB02, namely the bias due to 

successful detection (hit bias, HB), the bias due to misses (missed rain bias, MB) and the bias 

due to false alarms (false rain bias, FB). They are defined as follows (taking ERA5 as an 

example): 

        𝐻𝐵 = ∑ 𝑃𝐸𝑅𝐴5 (𝑃𝐸𝑅𝐴5 > 2 & 𝑃𝐼𝐵02 > 2) − 𝑃𝐼𝐵02(𝑃𝐸𝑅𝐴5 > 2 & 𝑃𝐼𝐵02 > 2)               (2.6) 

𝑀𝐵 = ∑ 𝑃𝐼𝐵02   (𝑃𝐸𝑅𝐴5 < 2 & 𝑃𝐼𝐵02 > 2)                                              (2.7) 

𝐹𝐵 = ∑ 𝑃𝑑𝑎𝑡𝑁   (𝑃𝐸𝑅𝐴5 > 2 & 𝑃𝐼𝐵02 < 2)                                              (2.8) 

where PERA5 is the precipitation at the specific grid point from ERA5 (but it holds similarly for 

the other data sets) and PIB02 is the precipitation at the corresponding grid point from IB02. The 

sums run all over the grid points of continental IP and the sum of the three components gives 
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the total bias. Given the values described in Eq. 2.6 to 2.8, it is possible either to obtain the 

fraction of total bias explained by each bias source or the average of each bias source per grid 

point. 

 

2.3  Results 

2.3.1 IB02 Precipitation Dataset 

IB02 dataset covers the period from 1950 to 2008, although the spatial coverage of the 

station network may vary through, as described in Belo-Pereira et al. (2011). However, 

reanalysis data and satellite retrievals from the TRMM mission are made available only later, 

since 1979 and 2000, respectively. Thus, a preliminary control on how the common 2000-2008 

period is representative of the entire dataset is necessary. The mean daily precipitation is 

evaluated, for all year and for the wintertime period, from 3 different time windows, namely 

the entire 59-years IB02 dataset, the standard 30-years climatological mean and the 9-years 

common period used in this study. As shown by the results summarized in Table 1, no relevant 

changes occur in the climatology between the 3 considered periods. The mean of daily 

precipitation, averaged over the whole IP, remained substantially similar between the 50-years 

and 30-years periods (10.28 mm.day-1 and 10.24 mm.day-1, respectively). Over the last decade 

available, the daily mean slightly decreases below the 10mm.day-1 threshold. Considering only 

the extended winter months (October to March), the values of mean daily precipitation are 

slightly larger than for all-year (Table 1), but they show the same behavior over time on IP. 

The two standard percentiles thresholds for extremes are also considered. In this case, the mean 

precipitation daily values over IP are slightly lower during 1979-2008 (29.03 mm.day-1 and 

48.37 mm.day-1 for 95th and 99th percentile, respectively) than during 1950-2008 (29.12 

mm.day-1 and 48.77 mm.day-1) and they decrease again during the last 9 years (28.42 mm.day-

1 and 47.47 mm.day-1). However, all these values are in agreement (28-29 mm.day-1 and 47-48 

mm.day-1, for 95th and 99th percentiles respectively) and thus it may be considered that the 3 

periods are comparable. Still, the difference between extended winter and all-year percentiles 

values serves as proof of the seasonal variability of precipitation over IP.  

It should be noted that this control over different time periods is not aiming at dragging 

conclusions over the climatology of Iberia. The purpose indeed is to show that the last 9 years 

available are quite well representative of the entire IB02 dataset and this justifies the use of the 

common period 2000-2008, even though not particularly long, throughout this analysis. 
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Table 2.1. Main statistics for different temporal subranges of the IB02 dataset. 

Time range 

Mean (std) [mm.day-1] 95th perc [mm.day-1] 99th perc [mm.day-1] 

All year 
Extended 

winter 
All year 

Extended 

winter 
All year 

Extended 

winter 

59 yrs (1950-2008) 10.28 (9.98) 10.92 (10.65) 29.12 31.12 48.77 51.75 

30 yrs (1979-2008) 10.24 (10.09) 10.95 (10.82) 29.03 30.79 48.37 51.55 

9 yrs (2000-2008) 9.90 (9.87) 10.46 (10.41) 28.42 30.23 47.47 50.82 

 

2.3.2 Accuracy metrics for quartiles of precipitation for all year on the period 2000-

2008 

At first, the accumulated daily precipitation at each grid point during the 2000-2008 

common period is classified in quartiles, according to the 25th/50th/75th percentiles for the 

daily precipitation, evaluated separately for each grid point and for each day of the year. The 

percentiles are given by the 7-years running mean all over the IB02 dataset (1950 to 2008). 

Throughout this section, the analysis is conducted for all days of the common period 2000-

2008 and for the 4 quartiles separately, Q1 being the weakest one and Q4 the most extreme 

one.  

Fig. 2.2 includes the scatterplots of measured daily precipitation (mm.day-1) from IB02 

versus the estimates from TRMM, TRMM RT, ERA-Interim and ERA5, respectively. For 

TRMM(TMPA) products, Q1 to Q3 data pairs are clustered closer to the satellite estimates. On 

the contrary, the points belonging to Q4 spread closer to the identity line. ERA-Interim and 

ERA5 show the same pattern as described for the satellite products, the only difference being 

a higher correspondence between estimates and ground-based values also for Q3. As it is 

defined, Q4 includes the data pairs where IB02 daily precipitation exceeds the 75th percentile 

that is, also the grid points with actual extreme precipitation. The fact that in the related 

scatterplots, a lot of points still spread close to the zero (of both x and y axes) is to be expected. 

The first case relates to the underestimation of precipitation by the specific dataset considered, 

which is larger for extreme events (as shown later). The second case comes from the IP grid 

points whose 75th percentiles for daily precipitation are very low, as it may occur over some 

inland and southern areas and during the drier months of the year. 
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Figure 2.2. Scatterplots of accumulated daily precipitation (mm.day-1) for each dataset vs IB02 (over raws TRMM, TRMM 

RT, ERA-Interim and ERA5, respectively) and for each quartile (over columns). Data pairs refer to all year for the common 

period 2000-2008. Only values over 2 mm.day-1 are considered. The number of data pairs (n) is displayed. Please note that the 

x-axis limit is different for Q4 (200mm.day-1); however, a certain number of data pairs (11 for TRMM, 10 for TRMM RT, 12 

for ERA-Interim and ERA5) is still not displayed in Q4 panels. 

 

The correlations coefficients (Fig. 2.3a) indicate a very low correlation for Q1 (all data 

sets below 0.2). They indicate low correlation also for Q2 and Q3 and a still poor but higher 

correlation for Q4 (0.26, 0.34, 0.43 and 0.54 for TRMM, TRMM RT, ERA-Interim and ERA5, 

respectively). Both the reanalysis products perform better than TRMM(TMPA) products for 

all the quartiles and the main difference is observed for the intermediate quartiles Q2 and Q3, 

as suggested by the scatterplots. It is observed that the more the quartile includes higher 

precipitation data pairs, the more TRMM RT outperforms TRMM. 

All the annual data sets considered show a positive (negative) %BIAS for Q1 and Q2 (Q3 

and Q4) with respect to IB02 (Fig. 2.3b). That is low(high) daily precipitation events over IP 

are overestimated (underestimated) by global data sets. The reanalysis products show the best 

adjustment to IB02 for Q1 and Q2 with ERA-Interim outperforming ERA5. On the contrary, 
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ERA5 improves ERA-Interim for Q3 and Q4 and it turns out to be the best of all data sets for 

the most extreme quartile (-30% BIAS). In terms of %BIAS, TRMM RT product equals 

TRMM except for Q1 where, however, both the TRMM(TMPA) products have poor 

performance (+144% and +133% BIAS respectively). Both the error metrics, namely RMSE 

(Fig. 2.3c) and MAE (Fig. 2.3d), increase with the increasing extremeness of the precipitation. 

Values of RMSE jump from Q3 to Q4 from less than 10 mm.day-1 to almost 20 mm.day-1, as 

clearly visible by the large degree of dispersion around the fitted line in the scatterplots (Fig. 

2.2). MAE also increases the most from Q3 to Q4 (4-6 mm.day-1 to 9-15 mm.day-1). This 

behavior is somehow expected as the spatio-temporal pattern of precipitation is more complex 

for heavy and extreme events because of localized peaks of rainfall and local effects of 

enhancement. Consistently with the other annual metrics, reanalysis data sets perform better 

than TRMM(TMPA) products (ERA5 performs best for Q4) and TRMM RT outperforms 

TRMM as far as the quartiles include more extreme values. 

 

 

Figure 2.3. (a) Correlation coefficient, (b) percentage bias (%BIAS), (c) Root Mean Square Error (RMSE) and (d) Mean 

Absolute Error (MAE) for accumulated daily precipitation (mm.day-1) of TRMM (blue circle), TRMM RT (red cross), ERA-

Interim (green diamond) and ERA5 (black triangle) versus IB02. Metrics are plotted for different quartiles of daily precipitation 

for all year and for the common period 2000-2008. 

 



2. Precipitation data sets and extreme events on the IP 

 

36 
 

 2.3.3 Insights on the last decile of EPEs for extended winter on the period 2000-2008 

As pointed out by the assessment presented in Sec. 3.2, the accuracy metrics for Q4 often 

show a different pattern with respect to the other quartiles, with larger errors but a better 

adjustment in terms of correlation to the IB02 ground-truth. At the same time, the related 

scatterplots show that Q4 still includes a significant number of grid points from IB02 whose 

precipitation cannot be considered as extreme. As a follow-up to the previous analysis, a set of 

objectively identified extreme events has been chosen and studied separately. The events are 

selected from the EPEs ranking dataset in Ramos et al. (2014a) and described in Sec. 2.2, 

limited to the 2000-2008 common period. Then, only daily precipitation values falling into the 

last decile (90th) are considered, which gives a total number of 84 events (the full list can be 

consulted in the Supplementary Material).  

As before, it is first assessed whether the subset of events obtained from the full ranking 

over the common years can be considered representative of the longer dataset. As the ranking 

of EPEs only includes the extended wintertime months, the analysis from now onwards will 

account only for events that occurred between October to March. In addition, summertime is 

known to account for different precipitation regimes over IP (de Luis et al., 2010; Belo-Pereira 

et al., 2011) with relevant regional patterns (Nieto Ferreira, 2017; Martín-Vide and Gomez, 

1999). Therefore, it would require a different methodology to produce a valuable ranking. The 

main statistics are shown in Table 2: as previously found, mean daily precipitation has only a 

very slight decrease when the time window is shortened to the common period. Still, it cannot 

be said to what extent this small change is due to a decrease in total precipitation or to actual 

changes in the mechanisms enhancing the extremeness of the events – which is out of the scope 

of this study.  

Table 2.2. Main statistics for different temporal subranges of IB02 (extended wintertime extreme days). 

Time range 
Mean (std)  

[mm.day-1] 

95th percentile 

[mm.day-1] 

99th percentile 

[mm.day-1] 

59 yrs (1950-2008) 11.46 (10.94) 32.38 53.16 

30 yrs (1979-2008) 11.53 (11.22) 32.99 54.25 

9 yrs (2000-2008) 11.07(10.88) 31.75 53.0 

 

Daily precipitation from IB02 is plotted against the estimates from TRMM, TRMM RT, 

ERA-Interim and ERA5 (Fig. 2.4) for all the data pairs of the 84 EPEs previously identified. 

Only grid points whose precipitation anomalies exceed 2𝜎 are considered, as prescribed in 

Ramos et al. (2014a). The analysis is repeated for anomalies exceeding 3𝜎 to 7𝜎 and the number 

of grid points considered for each class is shown in each panel of Fig. 2.4. For all the four data 
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sets, but it is more evident for TRMM (Fig. 2.4 – first row), data pairs show the tendency to be 

clustered towards IB02. This tendency gets clearer as far as only grid points beyond a certain 

threshold of standard deviation anomalies are considered. Therefore, also for the last decile of 

extreme events, it holds that the more the precipitation is extreme, the more the reanalysis and 

TRMM(TMPA) data sets underestimate IB02 ground truth.  

By analyzing the accuracy metrics for all grid points with precipitation anomalies over 2𝜎 

(Fig. 2.5), it becomes evident that TRMM RT has slightly higher correlation values than 

TRMM (r = 0.37 compared to r = 0.32) and lower %BIAS (-45.35% compared to -58.48%), 

RMSE (25.75 mm.day-1 compared to 29.85 mm.day-1) and MAE (20.21 mm.day-1 compared 

to 24.28 mm.day-1). These results suggest that TRMM RT is more adequate for winter EPEs 

than TRMM. All the error metrics are lower for the reanalysis products with respect to TRMM 

(TMPA) products with ERA5 that clearly improves ERA-Interim (-0.28% compared to -0.44% 

for %BIAS, 19.20 mm.day-1 compared to 24.34 mm.day-1 for RMSE, and 13.55 mm.day-1 

compared to 18.26 mm.day-1 for MAE). 

For subsets of grid points grouped according to the number of standard deviations they 

depart from the mean, TRMM RT still outperforms TRMM with the only exception of the 

correlation for 𝜎>7 (r = 0.30 compared to r = 0.19 for TRMM RT and TRMM, respectively) 

whose number of grid points is very little in comparison to the other classes. It is observed that 

while the performance of the reanalysis products decreases for the most extreme classes, 

TRMM (TMPA) estimates become more reliable. For ERA-Interim, this behavior is quite 

clear: for IB02 grid points with precipitation anomalies up to 4𝜎, ERA-Interim and TRMM 

(TMPA) products still compete in terms of correlation (Fig. 2.5a) but ERA-Interim suddenly 

drops beyond that threshold, to r ~ 0.2 for 𝜎>6, whereas TRMM (TMPA) products still 

approach r ~ 0.4. ERA5 overcame this issue as its correlation never drops below r = 0.4, thus 

being again the most performing dataset. In terms of percentage of BIAS (Fig. 2.5b), TRMM 

RT outperforms ERA-Interim only for grid points beyond the 5𝜎 threshold but still, the ERA5 

reanalysis is always preferable. TRMM dataset always underestimates by more than 50%. In 

terms of RMSE and MAE, TRMM RT behaves similarly to ERA-Interim, both outperforming 

TRMM but still accounting for larger errors than the new ERA5 reanalysis.  
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Figure 2.5. (a) Correlation coefficient (r), (b) percentage bias (%BIAS), (c) Root Mean Square Error (RMSE) and 

(d) Mean Absolute Error (MAE) for accumulated daily precipitation (mm.day-1) of TRMM (blue circle), TRMM 

RT (red cross), ERA-Interim (green diamond) and ERA5 (black triangle) vs IB02. Only daily precipitation for wintertime 

and for the common period 2000-2008 that falls beyond the 90th percentile of the ranking developed in Ramos et al. (2014a) 

is considered. Metrics are plotted for precipitation anomalies over 2𝜎 and for different ranges of precipitation anomalies (in 

𝜎 units) at the grid points. 

 

According to what has been observed in the scatterplots of Fig. 2.2 and Fig. 2.4, the 

analysis of the total bias is not always exhaustive. By splitting the total bias into its different 

components, that is Hit Bias (HB), Missed Bias (MB) and False Bias (FB) as described in Sec. 

2.3, new insights are made clearer on each dataset performance. In Fig. 2.6 each bias source is 

divided by the total number of grid points where bias is observed for the specific dataset so that 

the average values per grid point are plotted. HB is shown to be the main source of uncertainty 

for all the data sets. The second source of bias is MB for TRMM(TMPA) products and FB for 

ECMWF reanalysis. With respect to ERA-Interim, both the hits bias (HB) and missed rain bias 

(MB) are successfully cleared in ERA5. Regarding TRMM(TMPA) products, it is shown that 

even though the research-grade release reduced false alarms (from 0.96 mm.day-1 to 0.27 

mm.day-1), still the underestimation and the missing values are higher than in the real-time 

version (on average -3.33 mm.day-1 compared to –2.27 mm.day-1 for HB and -3.09 mm.day-1 

compared to –1.89 mm.day-1 for MB for TRMM and TRMM RT, respectively). 
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Figure 2.6. Decomposition of total bias for each dataset versus IB02. The total bias is split into contributions from hits (HB - 

blue), misses (MB - green) and false alarms (FB - yellow) and the values are averaged over the total number of grid points. 

Only daily precipitation for extended winter and for the common period 2000-2008 that falls beyond the 90th percentile of the 

ranking developed in Ramos et al. (2014a) is considered. 
 

As an example, the case study of 6/12/2000, the #4 in the ranking for IP of Ramos et al. 

(2014a) and the #1 if considering only Portugal is analyzed, also through the related 

precipitation maps (Fig. 2.7). In this case, the TRMM RT estimates, perform better than the 

associated TRMM product when precipitation is extreme, despite the latter being more widely 

used for research purposes. In this event, two main precipitation spots can be recognized: the 

first one across the northern border between Portugal and Spain; the second one extending from 

SW to NE over central Portugal (Fig. 2.7a). Only the first spot is reproduced by ERA-Interim 

(Fig. 2.7d) and TRMM (Fig. 2.7b), even though it results wrongly displaced to the North. The 

analysis of this case shows also that ERA5 improved over the previous ERA-Interim dataset 

and outperforms the other data sets considered. On the contrary, both TRMM RT (Fig. 2.7c) 

and ERA5 (Fig 2.7e) are able to represent the precipitation over the southern sector. However, 

in TRMM RT the band is oriented from NW to SE that is almost symmetric with respect to 

IB02 (Fig 2.7d) whereas in ERA5 it is correctly displaced, although the precipitation amount 

is underestimated with respect to IB02.  For ERA-Interim, the spatial and temporal pattern of 

precipitation is partially inconsistent with what is shown in (Skofronick-Jackson et al., 2017) 

where the same case is analyzed. In that case, the precipitation maximum aforementioned is 

located more to the west. This difference is ascribable to the different resolution of the grid (1° 

x 1° in Liberato et al. (2017) and 0.2° x 0.2° in the present study) which may lead to 
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displacements in the plotted field. In the case of TRMM RT, significant amounts of daily 

rainfall are detected all over eastern and southern IP even though no precipitation occurred 

according to IB02. This inaccuracy can be only partly explained by the 1h30 time lag between 

TRMM (TMPA) products and IB02 accumulation period (some of the precipitation over 

southern Portugal and Andalusia actually falls in the morning of December 7th). Therefore, 

this is an example of how relevant the contribution of false alarms to the total bias can be for 

TRMM RT. 

  

Figure 2.7. Extreme precipitation event on 6 December 2000. Daily precipitation from (a) IB02, (b) TRMM (TMPA) 

research-grade product, (c) TRMM (TMPA) RT product, (d) ERA-Interim and (e) ERA5. 
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As for the analysis of the maps, also the main accuracy metrics suggest that TRMM RT is 

more accurate than TRMM and that ERA5 is the dataset that best performs in reproducing 

extreme precipitation for this case study (Fig. 2.8). By considering only data pairs whose 

precipitation anomaly exceeds 2σ, the correlation coefficients differ among the four data sets: 

ERA5 has the largest correlation (r = 0.63), then ERA-Interim and TRMM RT almost equals 

each other (r = 0.53 and r = 0.52 respectively) and TRMM has the lowest (r = 0.44). TRMM 

and ERA-Interim data sets significantly underestimate precipitation (-57.25% and -25.73% of 

BIAS respectively) whereas, also because of the large occurrences of false alarms, TRMM RT 

shows a very low negative bias (-8.36%), even lower than ERA5 (-11.17%). The lowest values 

of both RMSE and MAE come from ERA5, the largest from TRMM.  

Figure 2.8. Scatterplot of accumulated daily precipitation for the extreme event on 6 December 2000 for (a) 

TRMM(TMPA) research-grade product vs IB02, (b) TRMM(TMPA) RT product vs IB02, (c) ERA-Interim vs IB02 and 

(d) ERA5 vs IB02. Only grid points whose precipitation anomaly exceeds 2σ are considered. Number of data pairs (n), 

correlation coefficient (r), percentage bias (%BIAS), root-mean-square error (RMSE) and mean absolute error (MAE) 

are displayed. 
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2.4  Discussion and conclusions 

An evaluation of the accuracy of several precipitation data sets in reproducing the spatial 

and temporal characteristics of extreme precipitation events (EPEs) over the continental Iberian 

Peninsula (IP) is undertaken. For this assessment, daily accumulated precipitation from a high-

resolution (0.2° × 0.2°) ground-based gridded dataset (IB02), from ERA-Interim and ERA5, a 

new fifth-generation European reanalysis by ECMWF, and from two TRMM (TMPA) multi-

satellite products are considered for the common period 2000–2008. Statistical analysis is 

performed through a set of standard accuracy metrics, including the Pearson linear correlation 

coefficient (r), the percentage bias (%BIAS), the root mean square error (RMSE), and the mean 

absolute error (MAE). Different contributions to the total precipitation bias are also analyzed. 

At first, the study considers all days of the common period, grouping the data pairs into quartiles 

according to the percentiles of mean daily precipitation computed for each grid point and for 

each day of the year separately. Then, only the most extreme decile of wintertime EPEs, as 

ranked in Ramos et al. (2014a), are considered. 

Results show that reanalysis products account for the best scores in terms of accuracy 

metrics for all the quartiles. However, reanalysis products also show different behavior 

depending on the intensity of the precipitation events: light (heavy) precipitation is 

overestimated (underestimated). This tendency is even clearer for the multi-satellite TRMM 

TMPA products. Results from Liberato et al. (2017) already showed that for four of the most 

extreme precipitation events over the IP (Ramos et al., 2014a), the accumulated daily 

precipitation is underestimated with respect to IB02 by up to 80%. In El Kenawy et al. (2015), 

TRMM is assessed at regional scale over the IP for different thresholds of daily precipitation, 

and it is shown that it has a reasonable skill for moderate daily precipitation amounts (up to 25 

mm·day−1 ) but a low skill for extremely light and strong events. Yong et al. (2014) showed 

that over two river basins in China, both TRMM TMPA products dramatically underestimate 

heavy precipitation. To the author’s knowledge, there are only a few studies directly comparing 

the accuracy of TRMM to TRMM RT (e.g., Liu, 2015b; Habib, 2009; Yong et al., 2014). 

According to Liu (2015b), the variation of individual differences between the two products is 

small (heavy) over regions of heavy (light) rain. Yong et al. (2014) concluded that the month-

to-month gauge adjustment applied in post-real time resulted in improved data accuracy of the 

related retrievals. On the contrary, clear improvements of TRMM RT over TRMM have been 

found in the present analysis and it is shown that the difference between TRMM RT and 

TRMM does not change for quartiles Q1 to Q3, but it does for Q4. These differences with 
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earlier studies likely depend on the different regions considered but also on how the classes of 

precipitation are defined: in Liu (2015b) and Yong et al. (2014) the classification of the events 

relies on fixed thresholds of daily precipitation, whereas in this study extreme days are 

objectively defined according to percentiles. Therefore, a group typically accounts for different 

daily precipitation amounts at the individual grid points, depending on the local climatology. 

On the other hand, the current results conform to those in Habib et al. (2009), which studied 

six tropical-related heavy rainfall events over Louisiana (USA) and found a larger agreement 

for TRMM RT with respect to TRMM when considering the upper tail of the distribution of 

rain rate. 

As a first assessment of ERA5 over the IP, this study concludes that the new reanalysis 

product has considerably novel skills in estimating extreme precipitation with respect to 

previous releases and also to TRMM TMPA products. Indeed, improvements compared to 

ERA-Interim have been found regarding correlation (values for r increasing of ~0.1 for 

quartiles Q2, Q3 and Q4,) whereas for the other metrics, ERA5 clearly outperforms ERA-

Interim for the most extreme quartile Q4. 

However, when considering only the most extreme wintertime events and only those grid 

points with the most extreme precipitation values, the multi-satellite products considered 

become more competitive in this study. ERA5 still performs best, but the correlation coefficient 

is better for TRMM and TRMM RT for anomalies greater than 4σ and 5σ, respectively, as 

compared to ERA-Interim. Beyond 5σ, TRMM RT outperforms ERA-Interim also in terms of 

%BIAS, thus showing a better performance than the corresponding research-grade version. All 

metrics actually show that TRMM RT has a fairer agreement with extreme daily precipitation 

events than TRMM, including lower errors and higher correlation. The fact that the real-time 

product better identifies the spatial and temporal characteristics and intensity of extreme 

precipitation events gives a new perspective about the significance of this product for the 

midlatitudes regions. Indeed, most earlier studies rely on the solely research-grade product 

(e.g., Cai et al., 2015; Scheel et al., 2011; Lo Conti et al., 2014; Villarini, 2010), which is 

believed to be more accurate because of the added value given by the post-processing and by 

the different calibration period. Similarly, most of the studies that made a direct comparison of 

TRMM RT to its counterpart TRMM found better agreement in terms of reproducing daily 

precipitation for the latter (e.g., Chen et al., 2013; Liu, 2015b; Jiang et al., 2017). 

This analysis also suggests that the main accuracy metrics were not able to characterize 

extensively all the weaknesses and strengths of the data sets considered. Through total bias 
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decomposition, the different contributions to the total error are identified and the bias due to 

successful detection was identified as the dominant component. Results also show that the 

research-grade of TRMM TMPA products successfully removes false alarms with respect to 

TRMM RT. On the other side, it accounts for larger missed bias and for an overall larger total 

bias. Habib et al. (2009) also found similar inconsistencies between the two TRMM TMPA 

versions for a small set of tropical-related case studies. The current analysis extends those 

findings to the midlatitudes and consolidates them through a more extensive set of events. 

Finally, it is shown that most of the error sources are successfully removed in ERA5 as 

compared to ERA-Interim. Nevertheless, it should be noted that this work is the first assessment 

of ERA5 for precipitation estimates over the IP, and thus requires additional investigations. 
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2.5 Supplementary material 

Table 2.1S: List of the 90th percentile of (84) extreme daily precipitation events extracted from the ranking described in 

Ramos et al. (2014a) over IP all over the common period 2000-2008. 

 

#event Year Month Day 

1 2001 2 6 

2 2006 10 22 

3 2001 3 1 

4 2000 12 6 

5 2001 3 2 

6 2003 10 30 

7 2006 11 24 

8 2007 11 19 

9 2004 3 29 

10 2001 3 3 

11 2003 2 25 

12 2005 10 27 

13 2007 11 20 

14 2001 1 26 

15 2005 12 1 

16 2000 11 30 

17 2004 3 28 

18 2006 10 24 

19 2000 11 22 

20 2001 10 19 

21 2001 1 5 

22 2000 12 21 

23 2000 10 23 

24 2004 10 19 

25 2004 10 27 

26 2007 2 8 

27 2001 3 20 

28 2003 11 15 

29 2004 2 24 

30 2006 1 27 

31 2000 11 5 

32 2006 11 23 

33 2003 3 27 

34 2002 12 26 

35 2001 12 23 

36 2007 3 7 

37 2006 3 23 

38 2003 2 26 

39 2000 12 23 

40 2005 10 13 

41 2006 11 15 

42 2004 2 20 

#event Year Month Day 

43 2002 3 3 

44 2003 1 18 

45 2003 10 25 

46 2005 10 30 

47 2004 10 26 

48 2006 2 26 

49 2004 3 11 

50 2001 3 21 

51 2000 12 5 

52 2002 10 9 

53 2001 3 4 

54 2007 3 27 

55 2003 12 9 

56 2002 1 22 

57 2001 1 28 

58 2003 2 24 

59 2006 3 17 

60 2007 2 17 

61 2002 3 13 

62 2003 1 2 

63 2004 12 1 

64 2007 10 1 

65 2006 10 17 

66 2005 10 28 

67 2006 2 25 

68 2000 1 14 

69 2003 11 22 

70 2001 1 10 

71 2003 10 1 

72 2006 10 19 

73 2006 3 4 

74 2003 10 31 

75 2004 2 23 

76 2000 10 20 

77 2000 10 22 

78 2000 11 1 

79 2008 2 18 

80 2006 10 23 

81 2000 12 7 

82 2000 10 21 

83 2003 1 20 

84 2003 1 30 
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3 
A ranking of concurrent 

precipitation and wind 

extreme events for the IP 
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Highlights 

➢ Context and motivation 
 

Extreme precipitation and severe winds are responsible for notable economical and societal 

losses in the Iberian Peninsula (IP). Very often such extreme weather phenomena develop 

within cyclonic systems and their related mechanisms as for the horizontal water vapor 

transport through Atmospheric Rivers (ARs). The concurrence of precipitation and wind 

extremes has been investigated for some well-known recent storms whereas very few studies 

aim for a more comprehensive (regional) analysis. 

 

➢ Data (period considered: wintertime 1979-2018) 
 

- Weather fields from ECMWF ERA5 reanalysis; 

- Cyclones database (Trigo, 2006); 

- Atmospheric Rivers (ARs) database (Ramos et al., 2016a). 

 

➢ Methods 

Concurrent extreme precipitation and wind events on the IP and its main river basins are ranked 

according to a magnitude index that is obtained by combining two existing indices for 

precipitation and wind, respectively. Composite and manual analysis of the underlying 

synoptic conditions is pursued over the top100 most extreme concurrent events including (1) 

cyclones’ trajectories, (2) the presence of an Atmospheric River (AR), (3) recurrent patterns in 

the locations affected by precipitation and wind extremes, (4) possible long-term trends.   

 

➢ Results 

It is more (less) likely for wind (precipitation) extremes to occur independently from 

precipitation (wind) extremes. Afterward, it is found that 85% of the top100 concurrent 

precipitation and wind extreme events are relatable to cyclonic features, which in most of the 

cases either cross the IP or pass to the northwest. Indeed, concurrent events are more frequent 

in the western sectors of the IP and during wintertime whereas, in recent decades, a decreasing 

trend is observed in autumn. ARs are more likely associated with the top-ranked events, 

especially those affecting the northwestern sector of the IP (Douro and Minho river basins).  

___________________________________________________________________________
Keywords: frontal climatology, frontal precipitation, fronts, midlatitudes, North Atlantic storm track.
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3.1 Introduction 

The concept of compound weather and climate events has been gaining more attention in 

recent years since the IPCC introduced this new paradigm for studying extremes and adapting 

to weather-related risks (Seneviratne et al., 2012), and stressed the need for new approaches 

that assume the impacts’ perspective.  Some authors have further discussed on the concept of 

compound events, completing the framework proposed by the IPCC with statistical insights 

(Leonard et al., 2014; Zscheischler and Seneviratne, 2017; Hao et al., 2018). The societal, 

natural and economic impacts of extreme compound events typically show complex causal 

chains, described by the joint probability of several inputs (Sadegh et al., 2018). For example, 

evaluating coastal flood risk based exclusively on sea-level rise scenarios or storm surges has 

the caveat that it does not consider the role of precipitation and its control on river discharge 

and soil moisture content, which might locally enhance the size of the coastal flood (e.g., 

Moftakhari et al., 2017; van den Hurk et al., 2015; Kew et al., 2013).  

On the other hand, a certain wind regime might combine with long-term drought and with 

a local heatwave, triggering wildfires (Ruffault et al., 2017). Therefore, one of the most 

acknowledged definitions of compound weather event refers to it as a combination of drivers 

and/or hazards that contribute to societal or environmental risks (Zscheischler et al., 2018). The 

drivers might not be extremes themselves, but they can be responsible for an extreme impact 

when acting simultaneously. In the framework of compound events, several other combinations 

of concurrent drivers have been explored: concurrent cyclones, fronts, and thunderstorms 

(Dowdy and Catto, 2017), concurrent Atmospheric Rivers (ARs) and precipitation (Ramos et 

al., 2015; Lavers and Villarini 2013), concurrent ARs and cyclogenesis (Ferreira et al., 2016; 

Eiras-Barca et al., 2018b).  

 In the midlatitudes, it is common to experience concurrent precipitation and wind events: 

they are typically associated with the same mesoscale and/or synoptic features like 

extratropical cyclones (e.g., Reale and Lionello, 2013; Pfahl, 2014; Raveh-Rubin and Wernli, 

2015), which are enhanced by local features such as the orography or the presence of water 

bodies (Veals et al., 2015; Martius et al., 2016). Within extratropical cyclones, concurrent wind 

and precipitation are likely to occur along with frontal structures (Catto and Pfhal, 2013; 

Schemm et al., 2016) and their intensity scales with the frontal strength (Schemm et al., 2017; 

Raveh-Rubin and Catto, 2019). For the Iberian Peninsula (IP) extreme windstorms and extreme 

precipitation are among the costliest natural hazards (Lorente et al., 2008; Pereira et al., 2018; 
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Liberato and Trigo, 2014). This topic has become of great interest to the general public, 

stakeholders, and reinsurance companies, which deal with increasing rebuilding costs and due 

compensations, in the framework of increasing risk under climate change (Munich Re, 2018; 

Aon-Benfield 2018).  As a matter of fact, precipitation and wind extremes have been mostly 

approached individually in the literature, as if they were unrelated to each other.  

Pinto et al. (2012) provided evidence that the projected increase of windstorm-related 

losses for the XXI century in Europe can be largely attributed to changes in the meteorological 

severity of the events. Other studies suggest that even if the total number of extratropical 

cyclones remains stable, the number of extreme cyclones affecting Western Europe in the 

future may slightly increase in association with an intensified polar jet extended towards 

Europe (e.g., Pinto et al., 2009, Ulbrich et al., 2009; Raible et al., 2018; Catto et al., 2019). For 

these reasons, shorter return periods for extreme windstorms and associated losses are 

estimated for most of Europe (e.g., Della-Marta and Pinto, 2009; Donat et al., 2011; Karremann 

et al., 2014). Factors such as changes in the damage swath of a cyclone (Hewson and Neu, 

2015) relative to highly populated areas are also important to explain the trend for estimated 

losses.  

Extreme precipitation over Western Europe has been explored through case studies 

analysis (e.g., Fragoso et al., 2010; Vicente-Serrano et al., 2011; Trigo et al., 2014; Liberato, 

2014; Trigo et al., 2016) and more systematic approaches such as for cyclone clustering (Pinto 

et al., 2014; Priestley et al., 2017) and daily precipitation ranking (Ramos et al., 2014a; Ramos 

et al., 2017). In Ramos et al. (2014a) extreme precipitation days have been ranked over the 

entire IP and several sub-domains, considering both the intensity of the precipitation and its 

spatial extent. Indeed, it is known that the precipitation regimes of the IP exhibit marked spatial 

and temporal variability (Trigo, 2008; Gallego et al., 2011): convection mainly affects southern 

Iberia and the Mediterranean coast (e.g., Paredes et al., 2006; Nieto et al., 2007; Hidalgo-

Muñoz et al., 2011) whereas larger-scale features such as water vapor transport are responsible 

for precipitation enhancement in the northwestern sectors (e.g., Ramos et al., 2015; Lavers and 

Villarini, 2013; Ferreira et al., 2016). Eventually, mountainous areas experience a topographic 

enhancement of precipitation on the windward side and wind enhancement and drier conditions 

leeward (Martius et al., 2016; Khodayar et al., 2018). 

Concurrent precipitation and wind events have been only recently explored at a global 

scale (Martius et al., 2016; Dowdy and Catto, 2017) whereas regional comprehensive analyses, 
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such as for the Iberian Peninsula are still missing. This study aims to quantitatively assess the 

intensity and the frequency of precipitation and wind concurrent events on the IP during the 

last decades, looking for similarities and differences with solely extreme precipitation and 

extreme wind episodes. This is achieved by exploring a ranking of concurrent precipitation and 

wind extreme events, obtained through an update of two available daily rankings, one for 

potential wind loss events (Karremann et al., 2016) and one for extreme precipitation days 

(Ramos et al., 2014a). In light of the abovementioned discussion, the top100 concurrent events 

are characterized in terms of synoptic underlying conditions and the concurrence of ARs is 

searched. 

All data sources and methodologies used to detect and rank weather features and hazards 

are described in Section 3.2. The results are presented in Section 3.3. Conclusions and 

Discussion complete the paper (Section 3.4). In the Supporting Information, the full list of the 

top100 concurrent events is shown. 

 

3.2 Data and Methods 

3.2.1 Weather fields 

MSLP, precipitation and wind fields are obtained from the last release of the European 

Centre for Medium-Range Weather Forecast (ECMWF) reanalysis ERA5 (Hersbach et al., 

2020), on an hourly basis, with a horizontal spatial resolution of 0.25° (31km) on a 

latitude/longitude grid. The dataset covers the period 1979-2018 and only extended winter 

months (October to March) are considered in this study. Daily precipitation sums correspond 

to the precipitation accumulated between 00 UTC (timestep 01 UTC of day n) and 00 UTC on 

the next day (timestep 01 UTC of day n+1). Hourly instantaneous 10m-wind components are 

provided in ERA5 for wind speed values computation.  

3.2.2 Cyclones detection and tracking 

Cyclones’ centers are located and tracked over the Euro-Atlantic European sector 

according to the methodology proposed in Trigo (2006), based on ERA-Interim data. Potential 

storms are searched as minima in the geopotential height field at 1000 hPa, after applying a set 

of tunable thresholds for the geopotential gradient (see Trigo, 2006 for details). The cyclones 

tracking is based on the nearest neighbor approach in the previous field, given a maximum 
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speed for the center of the storm of 300km/6h in the westward direction and of 660km/6h in 

any other direction. Finally, this dataset only accounts for cyclones with a minimum lifetime 

of 24h.  This detection and tracking methodology was shown to be appropriate for applications 

in the extra-tropics, both in terms of systematical and climatological analysis and individual 

case studies (Neu et al., 2013). 

The extratropical cyclones are then classified according to their trajectories following 

Karremann et al. (2016) methodology which includes four categories: cyclone tracks that cross 

over Iberia (Iberia), cyclone tracks that cross north of Iberia steering to Central Europe (North),  

cyclone tracks that cross west of Iberia steering to the British Isles (West) and a fourth category 

(Hybrid) that includes situations in which the cyclone itself is not determinant for the weather 

extremes, as it might happen when strong and persistent pressure gradients extend on the IP. 

This classification was devised to characterize extreme windstorms and related potential wind-

loss events but, as discussed in the Introduction, the authors believe this scheme can be applied 

consistently also to concurrent wind and precipitation events. 

3.2.3 Atmospheric Rivers (ARs) 

The dataset of occurrences of persistent ARs for the IP is obtained through the 

methodology described in Ramos et al. (2016a) which relies on an Integrated Vapor Transport 

(IVT)-based detection scheme successfully employed in previous studies (Lavers et al., 2012; 

Lavers and Villarini, 2013; Ramos et al., 2015). The detection scheme is applied in this work 

to 6-hourly IVT fields from ERA5 reanalysis by ECMWF, covering the extended winter 

months for the 1979-2018 period.  

ARs affecting the IP are searched at each grid point and at each time step between 35°N 

and 45° N along a reference meridian located at 9.75° W and they are defined as local 

exceedance of the 85th percentiles of the maximum IVT values. For a grid point whose IVT 

exceeds the local threshold to be labeled as part of an actual AR, a minimum length criterion 

is applied to the neighborhood grid points, filtering ARs shorter than 1500km. Finally, the 

persistency of ARs is also requested, through a minimum duration threshold of 18h (that is, the 

AR is detected for three continuous timesteps and within 4.5° from the first IVT maximum 

considered). It was shown that this methodology only retains the most extreme ARs and 

therefore their frequencies are not that high as compared with other studies (Shields et al., 

2018). The entire procedure and detection scheme are presented in detail in Ramos et al. 

(2016a). 
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3.2.4 Precipitation and wind ranking 

The precipitation ranking technique is derived from Ramos et al. (2014a). The ranking 

covers the period up to 2008 as it is based on IB02, the most comprehensive ground-based 

daily precipitation dataset available for the IP (Belo-Pereira et al., 2011; Herrera et al., 2012), 

whose records are not available for recent years. In this study, ERA5 reanalysis data are used 

instead, given the outcomes of Hénin et al. (2018b) where different precipitation data sources 

were compared to IB02 on the IP and ERA5 accounted for the best accuracy metrics. 

Eventually, the ranking produced here covers the period 1979-2018 and daily accumulated 

precipitation is obtained as the sum of hourly values, as described in Section 3.2.1. 

The precipitation anomaly is defined as the normalized daily precipitation departure from 

seasonal climatology, which is evaluated at all grid points, as in the following: 

      𝑁𝑖𝑗 =
(𝑃𝑖𝑗−𝜇𝑖𝑗)

𝜎𝑖𝑗
                         (3.1) 

where P is the daily precipitation sum, μ is the 7-day running mean for that day and σ is the 

standard deviation from that mean. Any departure greater than 2σ is considered as a 

precipitation anomaly. Given the high spatial variability of precipitation regimes over Iberia, a 

magnitude index is computed for each day considering both the extension of the area affected 

by the precipitation anomaly (A, as a fraction of all the IP grid points) and the mean of the 

anomaly over the area (M). The magnitude index is thus given by the product of the two 

quantities: 

𝑀𝑝(𝑑𝑎𝑦) = 𝐴 × M                   (3.2) 

As indicated in Ramos et al. (2014a), the 2σ threshold does not substantially differ from 

the 95th percentile of the daily precipitation extremes, which is more commonly used as a 

reference for attributing extremes. 

The wind ranking is derived from Karremann et al. (2016). The methodology ultimately 

relies on the work of Klawa and Ulbrich (2003) and following updates (Pinto et al., 2007; Pinto 

et al., 2012). It is based on a potential wind-loss model where extreme wind days are ranked 

according to a magnitude index that grows as the cube of maximum wind speed (assuming a 

cubic relationship between wind speed and kinetic energy flux) as follows: 

𝑀𝑤(𝑑𝑎𝑦) = ∑ ∑ (
𝑣𝑖𝑗

𝑣𝑖𝑗
98)

3

 ×  𝐼 (𝑣𝑖𝑗 , 𝑣𝑖𝑗
98)𝑀

𝑗=1
𝑁
𝑖=1             (3.3) 



3. A ranking of concurrent precipitation and wind 

 

55 
 

𝐼 (𝑣𝑖𝑗 , 𝑣𝑖𝑗
98) =  {   0   𝑣𝑖𝑗 <  𝑣𝑖𝑗

98      1   𝑣𝑖𝑗 > 𝑣𝑖𝑗
98                                           (3.4) 

where vij is the largest of 24 hourly 10m wind speed values for the specific grid point and vij
98 

is the 98th percentile for the grid point based on climatology. M and N indicate the total number 

of grid points in the zonal and meridional directions (continental IP). The use of ERA5 allows 

for a more accurate search for maximum daily wind speed with respect to Karremann et al. 

(2016), where 6-hourly data from ERA-Interim were used. As for precipitation, the new wind 

ranking produced in this study is updated to 2018. 

3.2.5 Ranking of concurrent precipitation and wind events 

A unified ranking of concurrent wind and precipitation days is obtained by combining the 

two individual rankings previously described, with equal weight. The magnitude indices for 

both precipitation and wind (namely Mp and Mw) are first scaled into the range [0, 1] and 

summed to produce a unique normalized magnitude index for each day. Then, only the days 

whose both magnitude indices are greater than 0 (which means that at least one grid point 

recorded extreme precipitation and extreme wind, respectively) are retained.  

However, in this study, only a shortlist of the most extreme events is considered for in-

depth analysis. At first, the top100 extreme days from the ranking of concurrent precipitation 

and wind are considered. Each of the selected days is then characterized in terms of large-scale 

atmospheric conditions, namely by identifying the low-pressure system that is compatible with 

the local precipitation and wind extremes footprints. Cyclones from the database of Trigo 

(2006) are searched over a domain that covers the Eastern Atlantic Ocean, the IP and the 

English Channel. The cyclone tracks are compared to the ERA5 fields (MSLP, wind and 

precipitation) to verify consistency. Based on this analysis, the tracks are assigned to the four 

classes and to the spatial pattern of wind and precipitation anomalies.  This warrants a 

consistent and robust classification, although ultimately subjective. 

Afterward, whenever it is noted that two consecutive days that appear in the top100 of the 

concurrent ranking are related to the same cyclone, those particular days are considered as 

belonging to the same event. This might happen in three situations: (1) when the cyclone is 

slowly moving and extremes are recorded over several days, (2) when the most intense part of 

an event occurs close to midnight and (3) when the dynamics of the event is characterized by 

strong pre-frontal precipitation bands, followed by extreme wind that is recorded on the next 

day. 
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Given this new “event” perspective, every time two (or more) days within the top100 

shortlist are referred to as a unique event, other days are included in the shortlist, scrolling 

down the original daily ranking of concurrent precipitation and wind, until a total number of 

100 events (daily or multi-daily) is reached again. Eventually, 12 two-day events are found for 

Iberia. For those occurrences, only the day that ranked higher is included in the top100 

concurrent list of precipitation and wind events (the full list is provided in Tab. 3.1.S in 

Supporting Information). The entire procedure to obtain top100 precipitation and wind 

concurrent extreme events described in the previous paragraph is repeated for Portugal and 

Spain separately (Fig. 1a), for the six main river basins of the IP, namely Minho, Douro, Tejo, 

Guadalquivir, Guadiana and Ebro (Fig. 3.1b) and for 4 geographical quadrants used to 

regionalize the IP (Fig. 3.1a). These kinds of regionalization are inspired by previous studies 

that focused on precipitation and wind extremes (e.g., Nieto et al., 2007; Lorente-Plazas et al., 

2015; Ramos et al., 2014a). 

 

Figure 3.1. Main domains considered in this study: (a) Spain, Portugal and the 4-quadrants regionalization and 

(b) the 6 main river basins, namely Minho, Douro, Tejo, Guadiana, Guadalquivir and Ebro. 
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3.3 Results 

3.3.1 Revision of existing rankings 

The individual rankings for precipitation and wind extremes obtained in this paper for the 

period 1979-2018 can be considered as consistent updates of the two mentioned available 

rankings, by Ramos et al. (2014a) and Karremann et al. (2016), respectively. Correlation 

analysis for the magnitude (and thus, the position in the ranking) of extreme days for the 

respective common periods is pursued. For 1979-2008 daily precipitation extremes, the IB02-

based ranking from Ramos et al. (2014a) and the ERA5-based ranking presented in this study 

have a correlation coefficient of 0.92 (Kendall’s Tau rank correlation test). On the other hand, 

the correlation coefficient between the ERA-Interim-based ranking of potential wind-loss days 

from Karremann et al. (2016) and the corresponding one produced for this study is 0.79 

(Kendall’s Tau correlation test), for the common period 1979-2015. This suggests that the use 

of hourly ERA5 data had a greater effect on the wind magnitude index than on the precipitation 

index although the correlation of the new rankings with the corresponding former versions is 

strong. Therefore, the revision presented in this paper is robust and allows for any further 

extension of the rankings and related analysis to the present time. Afterward, rank correlation 

is searched between the new precipitation and wind rankings for the top20, top50 and top100 

most extreme concurrent events. The non-parametric Wilcoxon rank-sum test, applied to the 

distributions of the scores, shows that there is no statistical evidence for differences between 

the rankings (z=-1.284 and p=.199, z=-0.299 and p=.764, z=0.419 and p=.675 for top100, 

top50 and top20 respectively) with a confidence level α=0.05. 

3.3.2 Decadal and seasonal variability 

In the first part of this study, the ranking of concurrent precipitation and wind extreme 

events for the IP is compared with the two new individual rankings of extreme precipitation 

and extreme wind, by considering the respective top100 records (Tab. 3.1). For the IP, 69% 

(54%) of the days of the top100 precipitation (wind) rankings are also included in the top100 

concurrent precipitation and wind event ranking. That is, wind extremes are more likely to 

occur independently of precipitation extremes. This is valid also for Spain and the SW sector 

while the opposite behavior is observed in the NW sector that is, extreme precipitation events 

are less frequently associated with wind. In Portugal and the northernmost river basins, the 

fraction of days that appear in both the individual and the concurrent ranking is substantially 
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equal for precipitation and wind. Less than 50% of the top100 extreme wind days are associated 

with extreme precipitation in the SE sector as well as in Tejo, Guadiana and Guadalquivir river 

basins. The Ebro river basin shows a completely different pattern with only 38% of the top100 

extreme precipitation days associated with extreme wind.  

Table 3.1. Fraction of days that appear in both the concurrent precipitation and wind rankings and the respective 

individual rankings (%). 

month IP SP PT Minho Douro Tejo Guad Guadalq Ebro NW NE SW SE 

prec 69 64 63 55 58 57 61 53 38 59 50 70 47 

wind 54 52 66 58 59 49 47 47 52 71 51 50 40 

 

The 10-year running mean (the choice is arbitrary but in agreement with previous similar 

studies) for the number and intensity of extreme precipitation days, extreme wind days and 

concurrent extreme precipitation and wind events is explored on the IP for different intensities 

(top20, top50 and top100 - Fig. 3.2). No clear changes are observed over the last decades in 

terms of the intensity of the events (Fig. 3.2b). However, a certain variability affects the yearly 

frequency of the extremes and this holds for precipitation, wind and concurrent precipitation 

and wind events (Fig. 3.2a). Until 1996, the frequency of the extremes is steady, with very few 

occurrences of top20 extreme precipitation days. Then, for a decade, the yearly number of 

extreme events (precipitation, wind and concurrent precipitation and wind) increases for top50 

and top100. Over the same period, top20 concurrent and wind events remain stable whereas 

top20 precipitation events peaks in 2000-2001. The following decade is characterized by a 

slight drop from 2005 to 2010, followed by another increase until the present time, which is 

more robust for the top100 and top50 sets of events, and less pronounced for the top20. Over 

this last period (2005-present), the average number of wind extremes events is steadily larger 

than extreme precipitation events, especially for the top20. The frequency of top100 concurrent 

extreme events (but this holds also for precipitation and wind separately) increased over time 

but no remarkable changes affected top20 and top50: the number of events that ranked in the 

top100 passed from around two to almost three over the last decades. However, this is likely 

driven by two remarkable stormy winter seasons: 2013-2014 (as documented in Matthews et 

al., 2014; Muchan et al., 2015; Priestley et al., 2017) and 2017-2018 (Leitão et al., 2018). 

Indeed, the very last winter season accounts for 7 over 100 events in the Iberia ranking and 6 

of these 7 events come from March 2018, when Portugal experienced a record-brake number 

of storms.   
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Figure 3.2. (a) 10-year running mean for the number of events per extended winter and (b) 10-year running mean 

for the normalized magnitude of the events. In both panels, red, green and blue lines refer to top20, top50 and 

top100 extreme concurrent events, respectively. Solid, dashed and dotted lines refer to precipitation, wind and 

concurrent precipitation and wind extremes, respectively.  

 

The temporal variability of the top100 concurrent extremes on the IP is analyzed also at 

the seasonal scale. As the period considered covers 4 decades, any attribution of trend should 

be done with caution. For concurrent precipitation and wind events (Fig. 3.3a), no clear signal 

is found of a relationship between the intensity of the events (given by their position in the 

ranking) and the seasonality, nor clear changes of seasonality over time. Considering wind and 

precipitation extreme events separately (Fig. 3.3b and 3.3c, respectively), still no clear trend is 

found for the intensity of the events whereas there is a certain variability of seasonality: it is 

observed that from 1979 to 2018, the number of extreme wind(precipitation) events occurred 

in March is 18 (21) of which only 3 (4) occurred in the first half of the time period (1979-

1999). This increase in the number of late-winter occurrences maintains even if the exceptional 

March 2018 is neglected. On the other side, there is a weak signal of a recent decrease in the 

number of occurrences in autumn: the fraction of top100 precipitation (wind) events that 

occurred in the first half of the extended winter season (OND) diminished from 57% (62%) 

during the period 1979-1999 to 37% (33%) during 2000-2018. Early autumn is particularly 

affected: since 2010, no top100 extreme precipitation events are recorded in October and no 

top100 extreme wind events are recorded in both October and November. 

Relative frequencies of precipitation and wind concurrent extreme days during the 

extended winter season are compared among the different domains (Tab. 3.2). For the whole 

IP and Spain, extreme concurrent days most likely occur in the second half of extended winter 

(58% vs 42%), mainly because November and especially October do not provide for several 

occurrences (15% and 6% respectively). However, October accounts for slightly more records 

than March in Portugal (17% vs 15%) and therefore, on average, extreme concurrent days are 
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more equally spread over time. A similar pattern is observed for Minho, Douro and Tejo river 

basins whereas Guadiana, Guadalquivir and Ebro slightly differ for having fewer occurrences 

in early autumn. This pattern reflects in the 4-quadrant regionalization: NW and SW sectors 

behave quite identically, with higher frequencies in December and January, followed by 

February, whereas for the NE and especially the SE sectors the season of concurrent 

precipitation and wind events is shifted ahead. Therefore, the months with the largest relative 

frequencies are either December or January for all the domains but Ebro and the SE sector, 

whose peak (23%) occurs in February and March, respectively. 

 

Figure 3.3. (a) Time distribution of top100 concurrent extreme events for extended winters 1979-2018 on the IP. 

Colors represent the rank of the event. Same for precipitation extremes (b) and wind extremes (c). 

 

Table 3.2. Frequencies (%) of extreme concurrent days. 

month IP SP PT Minho Douro Tejo Guad Guadalq Ebro NW NE SW SE 

Oct 6 6 17 15 19 15 10 12 10 13 12 12 7 

Nov 15 15 9 10 12 11 12 16 10 12 10 12 12 

Dec 21 20 22 22 15 20 23 21 19 23 21 23 20 

Jan 19 20 19 25 22 22 22 18 19 21 19 22 21 

Feb 20 20 18 15 14 17 20 18 23 14 21 16 17 

Mar 19 19 15 13 18 15 13 15 19 17 17 15 23 
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3.3.3 Associated Atmospheric Rivers and cyclones 

The concurrency of extreme precipitation and wind events with potential drivers such as 

ARs pouring on the IP and extratropical cyclones is explored. ARs are detected according to 

the spatio-temporal criteria described in Section 3.2.4 and both persistent and non-persistent 

ARs are considered (Tab. 3.3). 

Table 3.3. Frequencies (%) of persistent (non-persistent) Atmospheric Rivers for different subsets of the most 

extreme concurrent events list. 

 IP SP PT Minho Douro Tejo Guad Guadalq Ebro NW NE SW SE 

top100 17(26) 17(27) 16(29) 22(35) 20(31) 15(28) 12(20) 12(19) 8(18) 22(34) 11(19) 12(22) 10(12) 

top50 22(36) 20(30) 24(40) 28(40) 32(42) 20(28) 18(24) 10(20) 4(14) 28(44) 14(24) 18(26) 14(18) 

top20 35(50) 35(45) 40(50) 40(55) 40(55) 25(35) 15(25) 15(20) 5(10) 45(60) 15(25) 20(25) 20(30) 

 

In the IP, and in Spain and Portugal separately, fewer than 20 of the top100 precipitation 

and wind concurrent events, do show an associated persistent AR (detected for at least 3 

consecutive time steps, that is, 18h). ARs play a major role in the northernmost river basins, 

namely Minho and Douro, where they are detected in 22% and 20% of the top100 cases, 

respectively. Consequently, in the NW sector, a similar value is observed. The ARs frequency 

for the southern and eastern river basins, and so it holds for the NE, SE and SW sectors, 

decreases to 12% for Guadiana and Guadalquivir and to 8% for Ebro. The Tejo river basin 

represents a transition zone, with 15% of the top100 events attended by an AR.  All these 

frequencies increase by around ten percentage points if also non-persistent ARs are considered 

(that is, an AR detected for at least one-time step - values in brackets in Tab. 3.3) except for 

the SE sector. The frequencies also increase with the increasing intensity of the events. For the 

IP and Spain, 35% of the respective top20 do have an associated persistent AR. Portugal and 

the northernmost river basins top 40%, whereas for the other river basins no relationship is 

observed between ARs and the intensity of the events.  If also non-persistent ARs are included 

in the statistics, up to 55% of the top20 concurrent events are associated with an AR in Minho 

and Douro river basins, and up to 50% in Portugal and the whole IP. The frequencies increase 

to 25%, 20% and 10% for Guadiana, Guadalquivir and Ebro river basins, respectively. The 

Tejo river basin behaves more similarly to the northernmost basins even though the frequency 

of ARs is generally lower. With the 4-quadrant regionalization, the NW sector stands out as 

the most relatable to ARs. Frequencies of ARs are higher than all the other sectors, and they 

top 45% (60%) out of the top20 events for persistent and non-persistent ARs, respectively. The 
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frequency of ARs in the other sectors never exceeds 30% and is less sensitive to the 

extremeness of the events as well as to the persistency of the ARs. 

Eventually, the top100 concurrent precipitation and wind extreme events are characterized 

through the underlying synoptic pattern which is, in most of cases, driven by a clear cyclonic 

structure. Bearing in mind the classification scheme suggested by Karremann et al. (2016), this 

holds for the Iberia (IB), North (N) and West (W) categories whereas the Hybrid category 

includes all the other situations where the cyclone appears far away from the IP but still, its 

influence extends over the IP domain. Therefore, the synoptic patterns associated with the 

top100 concurrent precipitation and wind events are classified: the relative frequencies for each 

category are shown in Tab. 3.4 whereas the MLSP composites are shown in Fig. 3.4.  

Table 3.4. Frequencies (%) of cyclones trajectories for top100 and top20 (in brackets) concurrent events. 

traj IP SP PT Minho Douro Tejo Guad Guadalq Ebro NW NE SW SE 

IB 43 (45) 46 (50) 40 (45) 22 (35) 31 (45) 50 (55) 45 (45) 52 (65) 33 (40) 28(30) 37(60) 48(65) 43(40) 

N 18 (5) 17 (15) 17 (15) 35 (35) 23 (25) 15 (5) 14 (10) 14 (15) 12 (12) 30(25) 14(5) 14(10) 14(25) 

W 25 (35) 21 (30) 36 (30) 31 (15) 30 (30) 33 (35) 25 (35) 25 (20) 7 (5) 31(30) 9(10) 34(25) 9(5) 

H 14 (15) 16 (5) 7 (10) 12 (15) 16 (0) 13 (5) 11 (10) 9 (0) 47 (40) 11(15) 40(25) 4(0) 34(30) 

 

Within the top100 most extreme events, the cyclones that directly cross the IP are dominant 

(>40%) in both Spain and Portugal (and thus the entire IP and its four quadrants). Cyclones 

belonging to the N class are also equally frequent in the three main domains (17%/18%). The 

categories W and H are differently represented instead: while the former is more common in 

Portugal than in Spain (36% vs 21%), the latter is more common in Spain (16% vs 7%). 

Regarding the six river basins, it is shown that the IB category is the most frequent also 

for Douro, Tejo, Guadiana and Guadalquivir. For Tejo and Guadalquivir around half of the 

events are associated with an IB cyclone. In the Minho river basin, most of the concurrent 

extreme events are related to the N category (35%), followed by W (31%) and IB comes only 

in third position (22%). In fact, in the Douro river basin IB and W are almost equal (31% and 

30% respectively). In terms of frequency, the W category proceeds N in the majority of the 

river basins except, as highlighted before, Minho and also Ebro where, however, both W and 

N have low occurrences (19% in total). Indeed, the frequency pattern for the Ebro river basins 

is rather polarized between H and IB (47% and 33%). The above-described pattern gets sharper 

when considering only the 20 most extreme concurrent events (values in brackets in Tab. 3.4). 

Of notice are the following features: (1) IB becomes the most frequent category also for Douro 
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and Minho (for the latter IB equals N); (2) the H category is under-represented in all the 

domains with respect to the top100. 

Regarding the four-quadrants regionalization, the IB category is predominant in the 

southern sectors whereas in the NE it is second to H, and in the NW sector no preferential 

trajectory is observed, given that IB, W and N are equally frequent, and they explain one-third 

of the events each. In the eastern sectors, the H configurations are well represented because of 

the signal due to the cut-off lows which have been included in this category and represent an 

important climatological feature for these regions (Nieto et al., 2007). Conversely, cyclones 

whose trajectory is N or W rarely yield to extremes far east in the peninsula (together they 

represent less than 25% of the occurrences in the top100 events for the NE and SE sectors). 

Even though the cyclones’ trajectories have been classified into four groups the accurate 

screening that has been pursued all over the 100 concurrent precipitation and wind events that 

occurred in each of the domains considered, revealed a certain internal variability within some 

of the categories. For clarity, this further classification is not included in Tab. 3.4 of the 

manuscript, but further details on possible sub-categories are provided in Tab. 3.2.S and 

following paragraphs in Supporting Information. 

Besides the classification of the cyclones associated with the top100 concurrent 

precipitation and wind events, any recurrent pattern on the IP regions that are affected by 

extremes is searched. The main purpose is to identify any possible hotspot for precipitation, 

wind and concurrent precipitation and wind extremes (Fig. 3.5)  and secondly to associate them 

with each of the four classes considered for cyclones' trajectories (Figs. 3.6 to 3.8). Therefore, 

the analysis is based on the relative frequency of weather extremes at each grid point where 

extreme precipitation is defined as a departure from seasonal climatology greater than 2σ (Eq. 

3.1) and extreme wind is based on the exceedance of the local 98th percentile (Eq.3.3).   

Within the top100 concurrent events, the areas that are most frequently affected by wind 

extremes extend further south than for precipitation (Fig. 3.5b vs Fig. 3.5a), exceedances of the 

local 98th percentile of wind speed are mainly observed (70%) in the SW sector of the IP, 

corresponding to the administrative regions of Alentejo (Portugal), Extremadura and Andalusia 

(Spain). Around 50 out of the top100 concurrent events do show precipitation extremes in the 

North of Portugal and in Central/Northwestern Spain, an area that almost exactly corresponds 

with the Douro river basin. Finally, concurrent precipitation and wind extremes are mainly 

observed in the north of Portugal and widespread in Southwestern Spain (Fig. 3.5c). 
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Figure 3.4. MSLP composites for the four categories of cyclones’ trajectories: (a) Iberia – 43 events, (b) North – 

18 events, (c) West – 25 events, (H) Hybrid – 14 events. Composites are obtained by averaging all the four MSLP 

fields (00, 06, 12 18 UTC) from each event day. 

Figure 3.5. Areas affected by precipitation extremes (a), wind extremes (b) and concurrent precipitation and wind 

extremes (c). Color shading represents the frequency of extreme precipitation, with respect to the top100 

concurrent precipitation and wind events. In panel (d) the information of the other panels is summarized. The 

shaded areas correspond to a normalized frequency >0.7 for each kind of extreme. 
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The events whose cyclones belong to the IB and W groups do show some similarities in 

the areas recurrently affected by extreme precipitation (Fig. 3.6a and 3.6c, respectively). These 

regions are mainly located in the western part of the IP with the IB events affecting slightly 

more continental sectors than W (maximum frequency observed: 65% and 80% for IB and W, 

respectively). More than 50% of the events belonging to N (Fig. 3.6b) occur all over an area 

that includes the Minho and Douro river basins whereas precipitation extremes associated with 

H events (Fig. 3.6d) insist over Northern Iberia (main peaks over the mountains) and 

northwestern Portugal. All the categories have secondary peaks of frequency over the Pyrenees. 

Figure 3.6. Areas affected by extreme precipitation (daily precipitation anomaly exceeding 2σ) in the IP for each 

of the four categories of cyclones' trajectories considered: (a) Iberia—43 events, (b) north—18 events, (c) west—

25 events, (H) hybrid—14 events. Color shading represents the frequency of extreme precipitation, with respect 

to the total number of concurrent precipitation and wind events of each category. 

The spatial pattern for recurrent wind extremes is sharper for the IB and W categories (Fig. 

3.7a and 3.7c) compared to precipitation, whereas extremes are more spread all over the IP for 

N and H categories. The southwestern sector of the IP registered extreme wind for up to 75% 

of the events belonging to the IB and W classes. For events belonging to the N group (Fig. 

3.7b), frequencies  up to 70% are observed quite sparsely in the inner sectors of the IP whereas 

almost no events affected the Mediterranean, the Ebro valley and the northern Iberian coasts. 

H events (Fig. 3.7d) have a quite similar pattern to N, except for larger frequencies observed 

in the southern Mediterranean sectors. Therefore, the areas that most often experience 

concurrent precipitation and wind extremes are mainly located on central and western Iberia 
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for the IB categories (Fig. 3.8a - only spread spots), on western Iberia for W (Fig. 3.8c - peaks 

over Portugal and southwestern Spain), on northwestern Iberia for N and H (Fig. 3.8b and 3.8d, 

respectively), although the latter shows lower and more sparse peaks than N. 

Figure 3.7. Same as Fig. 3.6 but for wind extremes (maximum daily wind speed exceeding 98th percentile). 

Figure 3.8. Same as Fig. 3.6 but for concurrent precipitation and wind extreme events. 
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3.4. Discussion and conclusions 

Extreme weather events associated with both extreme precipitation and wind are analyzed 

on the IP domain and the main Iberian river basins.  The objective is to provide for a consistent 

ranking of these events at the local scale, given that Western Europe and Iberia have been 

indicated as key areas for studying concurrent events. Two available rankings for precipitation 

and wind extremes, by Ramos et al. (2014a) and Karremann et al. (2016) respectively, are 

revised and updated based on ERA5 hourly data. A common ranking is produced and 

characterized in detail: concurrent precipitation and wind events are linked to both the 

occurrence of ARs and the characteristics of the parent cyclones.  

The main results are summarized and discussed as follows: 

1) In this study, 85% of concurrent precipitation and wind extreme events are clearly associated 

with a cyclonic feature. This value is 70% in Karremann et al. (2016), where only wind 

extremes were considered (and the Hybrid category was included, to describe those situations 

without a clear cyclone’s imprinting). Most of the assigned cyclones belong to the IB category 

but for the Minho and Douro river basins N and W, respectively, are dominant. Indeed, 

considering the NW sector of the IP, there is no preferential trajectory for cyclones that produce 

concurrent precipitation and wind events and the occurrences spread equally among the three 

categories. The Hybrid category turns out to be prevailing in the eastern sectors and thus only 

for the Ebro river basin. 

2) For each of the four categories of cyclones’ trajectory, the locations with the largest 

frequency of concurrent wind and precipitation extremes are highlighted. Up to 60% of 

concurrent events belonging to IB and W categories affect specific areas of western Iberia and 

southwestern Spain. On the contrary, N and H patterns affect recurrently northern Portugal and 

northwestern Spain. 

3) Concurrent precipitation and wind events in the IP and its subdomains prevail in winter, 

between December and January. Over the last decades, an increase in the frequency of late 

winter events, together with a decrease of autumn occurrences is observed for precipitation 

extremes and wind extremes. This is a consequence of (1) strong and prolonged droughts that 

extend to autumn-time (Coll et al., 2017; Parente et al., 2019) and  (2) intense episodes of 

cyclones clustering on the edge of the extratropical storm track region as occurred in 2013/2014 

(Matthews et al., 2014; Muchan et al., 2015; Priestley et al., 2017) and 2017/2018 (Leitão et 
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al., 2018). However, due to strong long-term variability, no clear trend is appreciable for 

concurrent precipitation and wind events. 

4) The frequency of extreme precipitation, wind and concurrent precipitation and wind events 

has increased over the last decades (from 2 to almost 3 events per season), but the trend is 

primarily related to the weaker events of the top100.  For wind extremes, this result is slightly 

different from Karremann et al. (2016), especially for the top100 set of events, where no trend 

was observed. This difference may be related to the different dataset and temporal resolution 

used to define the wind extremes. As hourly data from ERA5 are used here, the detection of 

extremes is expected to be more accurate.  

5) Persistent ARs are concurrent to precipitation and wind extremes, especially for the most 

intense events. In the NW sector of the IP, in Portugal, and Minho and Douro river basins, at 

least 40% (50%) of the top20 concurrent events are attended by persistent (non-persistent) ARs. 

This relationship is weaker for the southern IP river basins and almost negligible for Ebro. In 

Ramos et al. (2015) the contribution of ARs towards extreme precipitation in the IP was also 

larger for the top-ranked extreme days and the different behavior of the northernmost and the 

southernmost (including Ebro) river basins was observed too. However, the frequencies of 

concurrent persistent ARs are sensibly smaller in this study (35% vs 75% on the whole IP). 

This suggests a stronger relationship of ARs with solely precipitation extremes, as expected 

considering the role played by moisture inflow in enhancing precipitation. In addition, given 

the higher threshold for IVT used in this study (following Ramos et al., 2016a), the detection 

rate of ARs is expected to be smaller compared to Ramos et al. (2015).  

6) Portugal, and especially the Minho and Douro river basins (that is, the NW sector of the IP) 

are the regions that are most likely affected by concurrent precipitation and wind events. Here, 

the best match among the individual precipitation and wind rankings and the concurrent 

precipitation and wind ranking is observed: more than 60% of the top100 extreme precipitation 

(wind) days are also associated with extreme wind (precipitation). Martius et al. (2016), found 

frequencies between 40% and 50% in Iberia, with higher peaks right on the western coast of 

the Peninsula. These are the regions most exposed to extratropical cyclones, together with 

Galicia (Eiras-Barca et al., 2018a), where the winter climatology is mostly driven by the North 

Atlantic flux and moisture transport. Indeed, the NW sector of the IP is the subdomain with the 

larger correspondence among rankings. For the other subdomains, it is generally more likely 

for wind extremes to occur independently of precipitation. 
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7) The NE (including the Ebro river basin) and the NE sectors of the IB generally show 

different scores from the rest of Iberia, suggesting that their weather-extremes climatology is 

driven by different mechanisms. Similar signals, in terms of a weak relationship between 

meteorological extremes and ARs or extratropical cyclones, were found also in Ramos et al. 

(2015) and Merino et al. (2016), respectively. Therefore, concurrent precipitation and wind 

events are not that relevant in these regions, at least within the type of phenomena and the 

framework proposed here. Most of the extreme precipitation days of the Ebro river basin (62%) 

occur without a concurrent wind extreme and it is shown that they are mainly related to 

Mediterranean cut-off lows that are not included in the cyclones’ trajectory scheme (but they 

are accounted as Hmed sub-category, see Tab. 3.2.S in Supporting Information). On the other 

hand, wind extremes are often related to Hybrid weather patterns where cyclones, and related 

precipitation, do not play a crucial role. 

The ranking of concurrent extreme precipitation and wind events provides a good basis for 

further systematic analysis of concurrent events on the IP and an updated repository for 

selecting individual case studies. The trend analysis for the occurrences of these events was 

limited to the period with available high-resolution reanalysis data sets but it can be extended 

when ERA5 is released back to 1950. Climate change studies the relevance of concurrent 

extreme precipitation and wind events may increase in the future: moisture transport in the 

Northeastern Atlantic is expected to rise dramatically in future scenarios (Ramos et al., 2016b; 

Sousa et al., 2020) together with an increase in the intensity of fronts and related cyclones 

affecting Western Europe (Schemm et al., 2017; Catto et al., 2019). As we demonstrated, ARs 

attend around half of the top20 extreme concurrent events in the IP and extratropical cyclones 

play a crucial role for at least 85% of these occurrences. 

 

 

 

 

 

 



3. A ranking of concurrent precipitation and wind 

 

70 
 

3.5. Supplementary Material

Table 3.1.S. List of top100 precipitation and wind concurrent extreme events. A(%) indicates the fraction of the IP 

domains affected by extremes, M indicates the magnitude index, M norm indicates the normalized magnitude index, rk 

indicates the position in the respective rankings; p, w and c subscripts refer to precipitation, wind and concurrent 

precipitation and wind, respectively. AR indicate if a persistent AR was detected and Traj refers to the cyclone trajectory 

scheme as in Karremann et al. (2016). 

 
Year Month Day  Ap(%) Mp Mp norm rkp Aw(%) Mw Mw norm rkw Mc norm rkc AR Traj 

1981 12 30 47,23 142,77 0,53 20 75,88 1966,18 0,94 3 1,47 1 no IB 

2001 3 2 67 268,55 1,00 1 62,26 938,67 0,45 25 1,45 2 no IB 

1989 2 25 26,74 86,49 0,32 91 87,59 2090,33 1,00 1 1,32 3 yes H 

1982 11 7 49,14 187,71 0,70 5 72,15 1159,70 0,55 15 1,25 4 yes IB 

2010 2 27 23,01 76,58 0,29 114 78,20 1985,54 0,95 2 1,24 5 no IB 

2013 1 19 54,59 175,23 0,65 7 57,82 1140,88 0,55 16 1,20 6 no IB 

2006 11 24 35,62 195,11 0,73 4 56,10 909,75 0,44 27 1,16 7 yes W 

2013 12 24 46,01 144,31 0,54 19 67,81 1101,26 0,53 19 1,06 8 yes N 

1989 12 16 36,93 107,48 0,40 46 72,25 1275,68 0,61 10 1,01 9 yes W 

1997 11 6 23,11 88,82 0,33 84 54,89 1410,30 0,67 6 1,01 10 no IB 

1981 12 28 52,88 185,59 0,69 6 37,24 580,10 0,28 73 0,97 11 no W 

1997 12 17 61,65 226,52 0,84 3 17,05 207,11 0,10 256 0,94 12 no W 

2018 2 28 64,48 228,47 0,85 2 15,14 184,95 0,09 292 0,94 13 no W 

1984 10 4 13,82 39,78 0,15 321 87,59 1596,62 0,76 5 0,91 15 no IB 

2000 12 7 26,44 83,47 0,31 97 68,11 1244,14 0,60 12 0,91 16 yes W 

2015 1 30 35,52 141,6 0,53 22 53,99 786,16 0,38 38 0,90 17 no H 

2018 3 14 49,45 156,52 0,58 12 43,49 618,01 0,30 66 0,88 18 no W 

2009 1 24 0,2 0,45 0,00 2275 85,17 1790,27 0,86 4 0,86 19 yes IB 

1992 3 30 23,41 60,93 0,23 163 69,83 1268,32 0,61 11 0,83 20 no H 

1979 2 10 52,07 166,01 0,62 9 31,69 448,17 0,21 104 0,83 21 no IB 

1983 12 18 33,5 99 0,37 56 66,30 954,38 0,46 23 0,83 22 no N 

1999 10 20 50,05 155,07 0,58 13 35,42 502,80 0,24 94 0,82 24 no IB 

2007 3 7 14,93 43,54 0,16 289 79,92 1364,53 0,65 7 0,81 25 no N 

2017 12 11 34,91 95,95 0,36 65 58,83 952,66 0,46 24 0,81 26 yes N 

2003 10 31 41,57 111,32 0,41 41 53,88 825,05 0,39 32 0,81 27 no IB 

1987 10 15 19,07 89,65 0,33 81 50,35 992,53 0,47 22 0,81 28 yes W 

1988 1 29 31,58 105,37 0,39 49 53,48 799,32 0,38 36 0,77 29 no H 

2001 3 4 44,7 132,25 0,49 26 42,48 569,69 0,27 76 0,76 30 no IB 

1979 1 27 46,82 162,17 0,60 10 23,71 282,96 0,14 188 0,74 32 no IB 

1994 1 6 41,98 120,07 0,45 35 42,38 607,13 0,29 69 0,74 33 no N 

2009 3 5 10,39 32,22 0,12 424 80,83 1280,32 0,61 9 0,73 34 no H 

2010 1 14 15,34 50,37 0,19 234 74,87 1131,39 0,54 17 0,73 35 no IB 

2016 1 10 27,25 106,94 0,40 47 50,55 653,49 0,31 62 0,71 36 no H 

1992 12 4 30,47 96,7 0,36 64 51,56 716,06 0,34 51 0,70 37 no N 
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2001 1 28 10,39 32,65 0,12 416 70,74 1177,23 0,56 14 0,68 38 no IB 

1996 11 11 43,29 149,2 0,56 17 19,88 250,64 0,12 210 0,68 39 no W 

2009 12 23 34,11 89,2 0,33 83 39,86 698,47 0,33 56 0,67 41 yes IB 

2014 2 9 24,02 68,26 0,25 141 46,22 825,03 0,39 33 0,65 43 no IB 

2010 10 3 21,59 74,08 0,28 120 54,69 776,75 0,37 39 0,65 44 no IB 

2009 2 1 38,24 142,55 0,53 21 17,86 237,85 0,11 222 0,64 45 no IB 

2001 2 7 31,28 115,16 0,43 38 33,50 436,55 0,21 114 0,64 47 no W 

2015 11 2 42,08 151,65 0,56 15 11,50 148,39 0,07 348 0,64 48 no IB 

2013 3 7 33,2 93,39 0,35 72 46,72 595,17 0,28 71 0,63 50 no IB 

2000 11 5 24,32 88,4 0,33 85 39,76 581,42 0,28 72 0,61 51 no N 

1987 1 12 39,46 157,92 0,59 11 1,92 21,70 0,01 1057 0,60 52 no IB 

2001 1 5 34,31 102,1 0,38 50 35,52 453,98 0,22 102 0,60 53 yes N 

2004 3 29 39,86 154,93 0,58 14 3,23 38,38 0,02 827 0,60 54 no IB 

1996 1 21 33,4 130,16 0,48 27 15,94 212,28 0,10 249 0,59 55 no W 

1996 1 8 32,49 100,2 0,37 54 34,71 445,07 0,21 107 0,59 56 no W 

1991 3 7 40,16 139,75 0,52 24 11,20 136,79 0,07 377 0,59 57 no IB 

2014 1 4 5,45 12,88 0,05 847 66,30 1103,06 0,53 18 0,58 58 no H 

1987 1 10 20,99 64,95 0,24 152 45,11 685,32 0,33 57 0,57 59 no IB 

2018 3 2 25,23 87,61 0,33 87 33,30 501,59 0,24 95 0,57 60 no W 

2017 2 4 24,02 84,63 0,32 96 37,44 523,21 0,25 89 0,57 61 no N 

1982 2 15 37,64 148,44 0,55 18 1,31 13,81 0,01 1217 0,56 62 no IB 

1980 3 21 41,57 140,76 0,52 23 5,85 69,06 0,03 610 0,56 63 no IB 

2016 1 4 25,83 94,11 0,35 68 32,59 419,86 0,20 121 0,55 64 yes H 

1989 11 19 34,61 122,1 0,45 33 15,74 190,06 0,09 282 0,55 65 no W 

1995 12 25 33,4 119,57 0,45 37 17,56 196,03 0,09 274 0,54 67 yes IB 

1996 1 6 20,08 51,71 0,19 218 51,97 718,14 0,34 50 0,54 68 no W 

1986 2 14 41,68 126,68 0,47 31 11,50 134,07 0,06 385 0,54 69 no N 

1985 2 11 14,53 38,86 0,14 342 58,32 786,57 0,38 37 0,52 71 no N 

2012 12 14 28,76 92,39 0,34 74 29,97 369,31 0,18 144 0,52 72 yes H 

2017 2 3 15,34 48,57 0,18 250 44,10 704,08 0,34 53 0,52 73 no W 

2003 3 27 40,87 137,31 0,51 25 0,81 9,75 0,00 1355 0,52 74 no IB 

2018 3 17 28,46 93,5 0,35 70 25,43 349,43 0,17 150 0,52 75 no IB 

1996 2 6 14,23 41,3 0,15 309 55,10 751,79 0,36 44 0,51 76 no N 

2017 3 13 18,77 110,96 0,41 42 16,04 201,10 0,10 264 0,51 77 no H 

2009 12 24 24,22 76,86 0,29 113 34,51 443,84 0,21 108 0,50 78 yes IB 

1999 12 27 2,02 5,51 0,02 1275 58,22 995,15 0,48 21 0,50 79 yes N 

2016 2 12 28,76 98,08 0,37 62 20,79 260,40 0,12 206 0,49 80 yes H 

1997 11 25 36,63 113,39 0,42 40 10,90 139,62 0,07 366 0,49 81 no IB 

2007 11 20 39,46 125,1 0,47 32 3,43 38,76 0,02 825 0,48 82 no N 

2013 3 31 35,02 120,26 0,45 34 6,16 74,16 0,04 577 0,48 83 no W 
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2014 11 29 26,24 129,34 0,48 28 0,20 2,19 0,00 1899 0,48 84 no W 

2002 11 13 5,45 14,28 0,05 807 57,21 893,17 0,43 28 0,48 85 no H 

1996 12 5 30,27 127,96 0,48 30 0,20 2,28 0,00 1878 0,48 87 no IB 

1979 2 14 13,52 31,25 0,12 432 46,42 754,49 0,36 43 0,48 88 no IB 

1979 2 2 34,11 120 0,45 36 4,14 45,96 0,02 754 0,47 89 no IB 

1998 12 31 26,44 72,31 0,27 127 18,37 413,35 0,20 122 0,47 90 no IB 

1990 1 27 28,96 98,49 0,37 59 18,16 208,83 0,10 252 0,47 91 no N 

2010 12 7 30,68 98,26 0,37 61 17,56 207,62 0,10 255 0,47 92 no IB 

1994 12 31 22,7 68,14 0,25 143 32,90 437,47 0,21 113 0,46 94 no IB 

2007 2 8 37,34 109,8 0,41 45 8,48 109,33 0,05 440 0,46 96 no IB 

2006 2 18 15,14 38,51 0,14 345 46,01 634,66 0,30 64 0,45 97 no N 

2005 12 2 31,28 90,4 0,34 79 17,86 225,49 0,11 235 0,44 98 no N 

1984 11 13 27,25 109,93 0,41 43 6,26 71,41 0,03 598 0,44 99 no IB 

1986 2 16 11,5 27,67 0,10 482 53,68 699,88 0,33 55 0,44 100 no IB 

1986 11 14 36,73 95,48 0,36 66 14,23 169,21 0,08 316 0,44 101 no W 

2016 11 23 25,93 114,98 0,43 39 0,61 6,93 0,00 1485 0,43 102 no H 

2006 3 5 3,13 8,39 0,03 1066 48,13 833,36 0,40 31 0,43 103 no H 

2014 2 6 0,81 1,76 0,01 1784 57,72 884,68 0,42 29 0,43 104 no W 

2002 1 23 33,5 80,14 0,30 103 19,88 267,65 0,13 200 0,43 105 no N 

1984 11 30 35,62 105,43 0,39 48 4,84 67,50 0,03 617 0,42 106 no W 

2018 3 24 7,06 20,08 0,07 629 53,48 730,85 0,35 46 0,42 107 no IB 

1989 12 18 15,94 42,53 0,16 294 37,94 554,48 0,27 79 0,42 109 no W 

2006 10 25 21,19 70,1 0,26 134 21,39 338,23 0,16 155 0,42 110 no W 

2006 3 23 24,82 85,43 0,32 93 18,26 209,41 0,10 251 0,42 111 no W 

2018 3 9 28,56 87,58 0,33 88 14,23 178,18 0,09 305 0,41 112 no W 

2000 12 30 0,2 0,49 0,00 2226 58,83 845,77 0,40 30 0,41 114 no IB 
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Table 3.2.S. Frequencies (%) of cyclone trajectories for top100 and top20 (in brackets) extreme concurrent events, 

including potential sub-categories. The categories are: IB (Iberia), IBsw (Iberia southwest), N (north), W (West), 

Wslow (West slow-moving), H (Hybrid), Hmed (Mediterranean Hybrid). 

 

Traj IP SP PT Minho Douro Tejo Guad Guadalq Ebro NW NE SW SE 

IB 41 (45) 42 (50) 40 (45) 22 (35) 30 (45) 38 (55) 45 (45) 49 (65) 31 (35) 28 (30) 34 (50) 47 (65) 
37 

(30) 

IBsw 2 (0) 4 (0) 0 (0) 0 (0) 1 (0) 1 (0) 5 (0) 3 (0) 3 (5) 0 (0) 3 (10) 1 (0) 6 (10) 

N 18 (5) 17 (15) 17 (15) 35 (35) 23 (25) 15 (5) 14 (10) 14 (15) 12 (15) 30 (25) 14 (5) 14 (10) 
14 

(25) 

W 20 (35) 17 (30) 32 (30) 30 (15) 27 (30) 26 (35) 20 (30) 19 (10) 6 (5) 29 (30) 7 (5) 28 (20) 6 (0) 

Wslow 5 (0) 4 (0) 4 (0) 1 (0) 3 (0) 7 (0) 5 (5) 6 (10) 1 (0) 2 (0) 2 (5) 6 (5) 3 (5) 

H 14 (15) 16 (5) 7 (10) 12 (15) 16 (0) 11 (5) 10 (10) 8 (0) 34 (40) 11 (15) 29 (25) 4 (0) 
16 

(25) 

Hmed 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 2 (0) 1 (0) 1 (0) 13 (0) 0 (0) 11 (0) 0 (0) 18 (5) 

 

In addition to the four recurrent patterns for the cyclones’ trajectories (Fig. 3.4 in Section 

3.3.3), the following sub-categories have been identified: 

● IB from the SW (included in the IB category): a small percentage (around 5%) of the 

events that affect the southern river basins (Guadiana, Guadalquivir) and Ebro is related 

to situations where a strong high-pressure ridge extends in the Central Atlantic Ocean 

blocking the westerly flow, and a typically weak low approaches the IP from the SW 

(Madeira Island), making landfall on its Mediterranean coastline. Because of its 

exposition to the Mediterranean Sea, events belonging to this category are also found 

in the SE sector's top events. 

● W slow systems (included in W category): these events are associated with a very slow-

moving low-pressure system located to the west of the IP, embedded in between a high-

pressure ridge on its western side and an extended and strong high pressure to the East, 

over Central Europe. The trajectories associated with those cyclones extend 

meridionally without even making landfall. This specific configuration of the W class 

shows overall frequencies of 5%, 6% and 7%, for the Guadiana, Guadalquivir and Tejo 

river basins, respectively. A similar frequency is thus observed in the SW sector.  

● H med (included in H category): this sub-category mainly affects the Ebro river basin 

(13% of the total number of events, more than one-third of the H occurrences for the 

basin). For these events, it still holds that a pronounced pressure gradient develops 

across the IP, as prescribed in Karremann et al. (2016), but its axis is rather latitudinally 
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oriented, eventually enhanced by the Pyrenees mountain chain. This is due to the 

presence of a Mediterranean low on the eastern side of IP and a high-pressure ridge to 

the West. Events characterized by cut-off lows in the Mediterranean also fall into this 

category. This explains the strong signal of Hmed configurations in both the SW and 

SE sectors (11% and 18% of the top100 events, respectively). 

However, it is worth noting that very few instances of the top20 most extreme concurrent 

events rankings are associated with the patterns described above, as for two (one) occurrences 

of W slow, for the Guadalquivir (Guadiana) river basin. Therefore, despite the importance of 

each recurrent pattern for the local weather and climatology, we conclude that the 4-class 

scheme suggested in Karremann et al. (2016) is robust enough to characterize properly the most 

extreme precipitation and wind concurrent events affecting the IP.
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4 
Assigning precipitation to fronts 

on the North Atlantic and 

European Sector 
 

 

 

 

 

 

 

 

This chapter is based on a manuscript that is an original contribution of this thesis published in the 

International Journal of Climatology, in 2018, under the title “Assigning precipitation to mid-latitudes 

fronts on sub-daily scales in the North Atlantic and European sector: Climatology and trends”, with 

the DOI: 10.1002/joc.5808. 
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Highlights 

➢ Context and motivation 

 

Atmospheric fronts are fundamental features of the weather variability in the mid-latitudes and 

are typically associated with high-impact weather events such as extreme precipitation, hail 

and wind gusts. In gridded data, it is not straightforward to assign a spatial quantity as 

precipitation to pointy or stingy objects as cyclones or fronts. Most of the studies in the 

literature evaluate the precipitation amount that is systematically relatable to the cyclones as a 

whole and only a few explore the finer structure of precipitation bands in the neighborhood of 

fronts.  

 

➢ Data (period considered: 1979-2016) 

 

- Precipitation from ECMWF ERA-Interim reanalysis; 

- Fronts database (Schemm et al., 2015). 

 

➢ Methods 

A search-box approach to co-locate precipitation and fronts on a sub-daily time scale is 

described. The procedure includes criteria to distinguish cold and warm fronts and their 

respective associated precipitation. A sensitivity test based on a random sampling technique is 

performed to search for the optimal box size.  

 

 

➢ Results 

 

The methodology is demonstrated with a real case study that affected Western Europe. Annual 

and seasonal cycles of frontal precipitation are presented and confirm, in agreement with 

previous studies, that a large fraction of all precipitation (up to 80% in the North Atlantic mid-

latitudes, up to 60% in western European extremities) can be objectively associated to fronts, 

especially during autumn and winter. A negative trend in frontal precipitation, mainly driven 

by cold fronts, is identified over the Gulf Stream region.  

 

__________________________________________________________________________________ 

Keywords: frontal climatology, frontal precipitation, fronts, midlatitudes, North Atlantic storm track. 
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4.1 Introduction 

High impact weather events in the North Atlantic and European sector include wind and 

precipitation extremes causing flooding, landslides, human casualties and extensive property 

damage (e.g., Ulbrich et al., 2003; Pitt, 2008; Swiss Re, 2008; Papagiannaki et al., 2013; 

Liberato and Trigo, 2014). Over the Iberian Peninsula (IP), extreme precipitation events have 

been extensively studied through case studies (e.g., Fragoso et al., 2010; Vicente-Serrano et 

al., 2011; Liberato et al., 2011; Trigo et al., 2016) on daily (Ramos et al., 2014a) and multi-

daily scales (2 to 10 accumulated days as defined in Ramos et al., 2017). These events are 

usually associated with low-pressure systems over the North Atlantic propagating eastward 

towards Europe (e.g., Hodges et al., 2003; Karremann et al., 2012; Pfahl, 2014; Liberato, 2014).  

It is known that extratropical cyclones are often attended by atmospheric fronts (Schemm 

et al., 2018). It is therefore not surprising that in parts of the midlatitudes storm track regions, 

more than 90% of all precipitation extremes are associated with fronts (Catto and Pfahl 2013). 

Indeed, fronts have been recognized as a potential driver behind precipitation trends (Catto et 

al., 2012), in particular since their intensity scales with frontal precipitation rates (Schemm et 

al., 2017). Hence, atmospheric fronts are important weather components as they are frequently 

associated with significant weather changes. 

Methodologies for automated objective frontal analysis (comprehensive reviews are 

provided by Simmonds et al., 2012 and Schemm et al., 2018) often rely on the definition of a 

thermal frontal parameter as defined by Clarke and Renard (1966) and Renard and Clarke 

(1965). Later, further improvements have been introduced to apply these earlier concepts to 

gridded data (Hewson, 1997; Hewson 1998). Several regional, as well as global, climatologies 

rely on the refined thermal-front-parameter approach (Berry et al., 2011a; Jenker et al., 2010; 

Schemm et al., 2015), along with analysis of trends for the recent past and for future projections 

(e.g., Berry et al., 2011b; Catto et al., 2014; Schemm et al., 2017). Berry et al. (2011a) and 

Berry et al. (2011b) showed that the midlatitude storm track regions are associated with the 

highest frequencies of fronts worldwide. Studies suggest that fronts will become less frequent 

in the storm track region under global warming scenarios (Catto et al., 2014). However, over 

the land, Schemm et al. (2017) found that the number of extremely strong fronts over Europe 

has increased in recent decades. A trend that is not observed over North America.  

While many previous studies linked precipitation with extratropical cyclones (e.g., 

Hawcroft et al., 2012; Neu et al., 2013; Pfahl and Wernli, 2012; Lombardo et al., 2015), the 
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number of studies that specifically link precipitation with fronts is low and exists only for daily 

precipitation sums (e.g., Catto et al., 2012; Catto and Pfahl, 2013).  To the authors' knowledge, 

a more regional analysis of frontal precipitation on sub-daily time scales (i.e., 6-hourly 

precipitation sums) is missing for the North Atlantic storm track region. 

The present study aims at exploring the relationship between fronts and 6-hourly 

precipitation sums over the North Atlantic and European sectors. The main purposes are:    

(i) develop a method for objectively associating, in time and space, precipitation 

with synoptic-scale fronts (warm and cold fronts separately) along with 

sensitivity analysis on the spatial criteria for their co-location; 

(ii) test the method using a real case study, selected among the most intense that 

occurred over Western Europe; 

(iii) compute and discuss seasonal and annual climatological means; 

(iv) identify trends in frontal precipitation over the North Atlantic and European 

sectors. 

Data and methods are presented in Section 4.2. The data sets for fronts and for the precipitation 

field are described in subsections 4.2.1 and 4.2.2. The technique to associate fronts and 

precipitation is explained and discussed in subsection 4.2.3. Results, including a detailed case 

study, annual and seasonal cycles and trend analysis, are discussed in section 4.3. Finally, 

conclusions are presented in section 4.4.  

 

4.2 Data and Methods 

4.2.1 Precipitation Dataset 

The ERA-Interim reanalysis by the European Centre for Medium-Range Weather Forecast 

(ECMWF; Dee et al., 2011a) is used for the period 1979-2016 over the North Atlantic and 

European sector (20°N-60°N and 90°W-25°E). ERA-Interim provides accumulated 

precipitation on a 1º latitude-longitude grid at 6-hour intervals, based on the forecast model. In 

this study, both the 00 UTC and 12 UTC forecast times are used along with the accumulated 

precipitation given by all the forecast steps (00 UTC+3h to 00 UTC+12h and 12 UTC+3h to 

12 UTC+12h).  At first, the accumulated precipitation over 3-hour intervals are computed, as 

follows:  

- 00 UTC to 03 UTC:  equal to time step 00 UTC+3h; 
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- 03 UTC to 06 UTC: 00 UTC+6h - 00 UTC+3h; 

- 06 UTC to 09 UTC: 00 UTC+9h - 00 UTC+6h; 

- 09 UTC to 12 UTC: 00 UTC+12h - 00 UTC+9h; 

- 12 UTC to 15 UTC: equal to time step 12 UTC+3h; 

- 15 UTC to 18 UTC: 12 UTC+6h - 12 UTC+3h; 

- 18 UTC to 21 UTC: 12 UTC+9h - 12 UTC+6h; 

- 21 UTC to 00 UTC: 12 UTC+12h - 12 UTC+9h. 

Then, the 3-hour values are aggregated in four intervals, centered in the middle of the 

accumulation period. For day n it follows: 

- 00 UTC: from 21 UTC (day n-1) to 03 UTC (day n); 

- 06 UTC: 03 UTC (day n) to 09 UTC (day n);  

- 12 UTC: 09 UTC (day n) to 15 UTC (day n);  

- 18 UTC: 15 UTC (day n) to 21 UTC (day n).  

It is known that reanalysis data sets are affected by inaccuracies and by spin-up and spin-

down effects of the associated forecast model (Dee et al., 2011a). For example, Kållberg (2011) 

analyzed the forecast drift for the precipitation field in the ERA-Interim product and found that 

the storm track regions are prone to the spin-up effect. Also, as moist processes are 

considerably approximated in the representation of the hydrological cycle of the forecast 

model, the humidity field may be inaccurate, leading to erroneous precipitation estimates 

(Uppala et al., 2005). Despite the above-mentioned limitations, good agreement has been found 

among ERA-Interim, ground-based observations and gridded records from different sources 

on both global and regional scales (e.g., Simmons et al., 2010; Donat et al., 2014; de Leeuw et 

al., 2014). Some literature is still critical about the suitability of reanalysis data for 

characterizing the long-term climate trends (e.g., Bengtsson et al., 2004; Thorne and Vose, 

2010; Dee et al., 2011b; Cornes and Jones, 2013). For example, Thorne and Vose (2010) argue 

that current reanalysis account for many non-climatic behaviors and biases caused by changes 

in the observing system and they empathize with the need for a new “climate quality” reanalysis 

product. However, as Dee et al. (2011b) point out, concrete proposals about how to further 

improve the quality of reanalysis at climate scale have not been implemented yet. As the debate 

is still open, the here reported trends in frontal precipitation must be interpreted with caution.  
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4.2.2 Frontal system dataset 

The front dataset is similar to that by Schemm et al. (2015). It is designed to identify 

synoptic-scale mobile fronts in the lower troposphere. Cold and warm fronts are distinguished 

using an advection criterion. Occluded fronts are detected if they are stronger than a pre-defined 

front threshold. Occluded fronts are categorized either as a cold or warm front and not classified 

into a distinct category. More specifically, the procedure is based on a thermal field of choice, 

following the suggestions outlined in Hewson (1998). The method locates fronts where the 

Thermal Front Parameter (TFP) is zero. The TFP is defined as follows 

    𝑇𝐹𝑃 = -∇|∇τ|∙
∇τ

|∇τ|
                                                                  (4.1) 

where τ is the thermal field chosen. The method requires the a priori definition of a minimum 

threshold for the thermal gradient. Schemm et al. (2015) suggest, in agreement with earlier 

studies, using equivalent potential temperature at 850 hPa as the underlying thermal field and 

a minimum front threshold of 4K/100km for the thermal gradient. The criteria to distinguish 

warm from cold fronts is  

    vf = v ∙
∇TFP

|∇TFP|
                (4.2) 

where v is the vector representing the horizontal wind and vf > 0 (vf < 0) is associated with cold 

(warm) fronts. With this formulation, a front is treated as an object advected by the flow 

(Jenkner et al., 2010) and hence the sign of vf depends on whether the wind has the same 

direction of the temperature gradient or not. The focus of this method lies on the detection of 

mobile fronts as they are typically associated with extratropical cyclone development. Thermal 

methods are often flawed outside midlatitudes, along the steep topography or coastlines, where 

strong thermal gradients can develop during the daily radiation cycle (e.g., land-sea breezes or 

valley winds - see Schemm et al., 2015). For these reasons, a minimum threshold for the 

advection speed (3 ms-1) and a minimum length criterion (500 km) are applied. However, 

depending on the chosen domain and on its typical weather features, the method can be made 

more effective by tuning these thresholds. In this study, quasi-stationary fronts are considered 

for comparison with the solely-mobile fronts dataset and a lowered threshold for the thermal 

gradient is also used. The length criterion is maintained throughout the analysis to avoid the 

detection of non-synoptic fronts.  
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4.2.3 Assigning precipitation to fronts 

In the following, the method to link fronts with precipitation is discussed and the precipitation 

assigned to a front is hereafter referred to as frontal precipitation. The assignment is formerly based on 

a procedure that parallels that of Catto et al. (2012). In the present study, however, different 

precipitation data on a sub-daily scale is used and a sensitivity test is performed. Firstly, grid 

points with 6-hourly accumulated precipitation below 1mm are excluded. Secondly, for the 

remaining grid points, a predefined front-search box is set (Fig. 4.1a). This front-search box is 

centered on the grid point, consistently with parallels and meridians arcs that is, it extends by 

1 degree-steps on either side of the grid point under consideration. Hence, the smallest feasible 

box is a 2°x2°, which corresponds to 3x3 grid points (dark green box represented in Fig. 4.1a). 

The next box is a 4°x4°, which corresponds to 5x5 grid points (light green box represented in 

Fig. 4.1a) and similarly for the larger boxes. Then, if a front is identified inside the front-search 

box, the 6-hourly accumulated precipitation at the grid point is tagged as frontal. The 6-hourly 

accumulation period is centered in time, that is, for a front at time t, the associated precipitation 

is taken from a t±3h time interval. The simplest situation occurs when only one front type is 

co-located with a precipitation spot, as shown in Fig. 4.1b. In this case, the assignment of 

frontal precipitation is straightforward as all the precipitation of the grid point under 

consideration is assigned to the only front type that is detected within the box, according to Eq. 

4.2 (red solid circles in Fig. 4.1c). On the contrary, ambiguity may arise if different front types 

are detected, as shown in Fig. 4.1d. In those cases, the precipitation is attributed to the fronts 

according to the lengths of the fronts inside the search box. For example, if in a 2°x2° (3x3 grid 

points) search box a warm front is detected at 4 grid points (solid red circles in Fig. 4.1e) and 

a cold front is detected at 2 grid points (solid blue circles in Fig. 4.1e), then 66.6% of the 

precipitation of the grid point is associated with the cold front and 33.3% with the warm front. 

This ad-hock approach is efficient and assumes that inside the search box all front grid points 

contributed equally to the precipitation, i.e., precipitation is not varying strongly along the 

fronts. However, because it is known that frontal intensity scales with frontal precipitation 

(Schemm et al., 2017) and that warm and cold fronts produce different amounts of 

precipitation, more sophisticated approaches could attribute precipitation according to front 

intensity or front type. However, as both variants add new uncertainty, e.g., a front-type 

classification according to temperature advection can change the front type from warm to cold 

front along the same front, we prefer for the purpose of this study the ad-hoc approach.  
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Figure 4.1. Sketch of the assigning method for frontal precipitation. (a) shows how the search box is defined. The 

black solid circles represent 1° evenly spaced grid points. The light blue spot represents precipitation. The orange 

dot is the considered grid point at time t, tagged for precipitation over a certain threshold (1mm over t±3h). The 

squares represent a 2°x2° (dark green) and a 4°x4° (light green) search boxes (3x3 and 5x5 grid points, 

respectively). The search continues similarly for the following grid points. (b) shows the idealized case of one 

warm front (red line) co-located with precipitation and (c) shows the related assignment of precipitation to the 

detected front type (warm front - red solid circles) within the search box. (d) shows the idealized case of both a 

cold and a warm front co-located with precipitation (blue and red lines, respectively) and (e) shows the related 

weighting of precipitation between the detected front types (blue and red solid circles for cold and warm fronts, 

respectively) within the search box. In this example, one-third of precipitation is assigned to cold fronts and two-

thirds are assigned to warm fronts. 

 

To define the search box optimally, a sensitivity analysis is performed, where the box size 

is increased in steps of 2° (one degree on either side of the grid point considered) from 2°x2° 

to 10°x10° that is, from 3x3 to 11x11 grid points (hereinafter, only the notation in degrees is 

used). An undersized search box may not catch the 6-hourly motion of a front and miss frontal 

precipitation which often covers large parts of the pre- and post-frontal areas. In this case, a 

certain underestimation of the precipitation can be expected as the front may pass through the 

box without being detected and the precipitation would not be tagged as frontal. Fig. 4.2 shows 
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this inaccuracy for two well-defined frontal systems, both originated by the splitting of a large 

Atlantic low, on 26th October 2004: the northern secondary low is approaching Ireland whereas 

the southern one just made landfall over central Portugal. In both cases, the warm front is 

slightly ahead of the cold one. The precipitation associated with the warm front decreases with 

increasing box size (from 2°x2° box in panels a-b to 10°x10° box in panels e-f) as larger 

amounts of rainfall are associated with the nearby cold front. On the other hand, it is important 

that the search box is not so large as to catch precipitation unrelated to the front. 

 

 

Figure 4.2. Example of application of the method for assigning precipitation to warm (left column) and cold (right 

column) fronts. Red (blue) dots correspond to warm (cold) fronts. Color shading corresponds to assigned 

precipitation for boxes of different sizes: (a-b) 2ºx2º; (c-d) 6ºx6º; (e-f) 10ºx10º. Event of the 27th October 2004, 

00 UTC. 
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In order to evaluate more systematically the influence of the search box size on the results, 

the 1979-2016 mean of annual frontal precipitation is calculated for increasing search box sizes 

(2°x2° to 10°x10°) at every grid point. Therefore, five values of climatological mean frontal 

precipitation are obtained. Then, the interquartile range of the obtained values is computed 

(Fig. 4.3). The spread ranges up to 600 mm over the North Atlantic storm track region and up 

to 300 mm all over the rest of the domain except for North Africa where, however, frontal 

precipitation is negligible. This result calls for a more objective way to identify the optimal box 

size, besides any hypothesis that can be drawn from empirical experience. 

 

Figure 4.3. Interquartile range of mean climatological (1979-2016) frontal precipitation for five increasing search 

box sizes (2°x2° to 10°x10°). 

A first choice to define an optimal search box could be based on the typical propagation 

speed that characterizes a synoptic-scale front. The maximum propagation speed of a front in 

the North Atlantic midlatitudes has been estimated to be 50/60 km/h (Anderson, 1990), which 

corresponds to approximately 300/360 km over a 6-hourly interval. This suggests a maximum 

box size with a width of 5°. Alternatively, an optimal front-search box could be based on the 

synoptic length scale of approximately 1000 km (Holton, 1972). Assuming that an extratropical 

cyclone typically has two fronts, it appears plausible to start with half of the synoptic length 

scale in order to associate half of the total precipitation to each of the two fronts: that is a 6° 

long box. Indeed, for the case studies performed throughout this analysis, a 6°x6° search box 

always yielded qualitatively good results.  

However, a more consistent approach to identify an optimal box size is to test every box 

size with a randomized precipitation field and to see whether the added precipitation 

(precipitation is always added when increasing the box size) is still physically meaningful. The 
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new precipitation dataset is generated by mixing and randomly reassigning all the available 6-

hourly accumulated values all over time and space. The attribution is then applied to both the 

real and the randomized precipitation dataset and, for each search-box size, the average amount 

of precipitation associated with all fronts is evaluated. The stepwise increase in frontal 

precipitation, that is the difference between a box size and a 2°x2° smaller box, is shown in 

Fig. 4.4.  The threshold beyond which the added precipitation is not physically justifiable and 

deviates from noise corresponds to the point where the two curves intersect. The thereby 

identified optimal box size is 6°x6°, which is half the synoptic length scale (see the previous 

discussion). Consequently, we use a 6°x6° front-search box. 

 

Figure 4.4. Relative increase in frontal precipitation (mm) with increasing search box. This quantity is evaluated 

stepwise by comparing the frontal precipitation obtained with an N°xN °and an N-2°xN-2° search box, 

respectively. The solid line indicates the relative increase based on ERA-Interim dataset and the dashed line the 

relative increase using a random sampling technique (see text for details).  

The described method is applied to the domain 20°N-60°N and 90°W-25°E, an area that 

encompasses the North Atlantic storm track region and the western European coast. Areas 

north of 60° N are not considered, as the distortion of the box due to the poleward convergence 

of the meridians would be too large (e.g. Catto et al., 2012). Actually, the distortion might be 

overcome by using a dynamic search box defined by metric units (km). However, the fronts 

frequency beyond this latitude is relatively small compared to the extra-tropics (Schemm et al., 

2015) and it is partly due to non-synoptic fronts (Berry et al., 2011a). Furthermore, the frontal 

activity at the synoptic scale beyond 60° N is more properly related to high-latitude (polar) 

cyclones, which are not the focus of this study, rather than extratropical cyclones (Tilinina et 

al., 2014). A couple of further technical notes complement this section. The method is 

independent of the direction the search box scans the grid. Precipitation is measured at the 
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surface whereas fronts are detected at 850 hPa. Therefore, it is possible, especially in strong 

baroclinic conditions, that the ground-based precipitation is not matched with the 

corresponding front. The front detection is not reliable in the vicinity of steep topography or 

where the topography intersects the 850-hPa surface.  

 

4.3 Results and Discussion 

4.3.1 Application of the method to a case study 

A case study that illustrates the method to relate fronts with precipitation is presented 

below. The episode between 26th-27th October 2004 is characterized by distinct low-pressure 

systems attended by a warm and a cold front located over the eastern Atlantic. Fig. 4.5a-c 

shows the manual surface analysis of the German Weather Service (DWD) for comparison 

with the automated front detection shown in Fig. 4.5d-i. In Fig. 4.1.S figures are provided for 

warm and cold fronts separately. 

 

Figure 4.5. Case study 26th-27th October 2004. Left, central and right columns correspond respectively to 18 UTC, 

00 UTC and 06 UTC on 26th-27th October 2004. (a-c) Synoptic analysis of surface pressure by German 

Meteorological Office (DWD). Color shading refers to (d-f) total precipitation and (g-i) frontal precipitation. 

Fronts are detected if they exceed a minimum thermal gradient threshold for θe of 4K [100km]-1. Red (blue) dots 

correspond to warm (cold) fronts. 

At 18 UTC on 26th October 2004, an extratropical cyclone is propagating eastwards across 

the North Atlantic and is heading towards the English Channel (cf. Figs. 4.5a and 4.5d).  Six 
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hours later, at 00 UTC on 27th on October 2004, the low splits into two different frontal 

structures: the first one propagates towards the British Islands and the second one, south of the 

low near the front triple point, is moving towards Portugal (cf Figs. 4.5b and 4.5e). At 06 UTC 

on 27th October 2004, the northernmost frontal structure disappears in the automated front 

detection, and the one affecting Portugal turns into a rather complex pattern, reflecting an 

occlusion (cf Figs. 4.5c and 4.5f). Further south, a zonally elongated front extends over the 

ocean west of the African coastline. At 18 UTC on 26th October 2004, the frontal precipitation 

affects a wide area ahead of the low and an elongated area in the cyclone’s warm sector (Fig. 

4.5g). As the low splits, precipitation also separates into two distinct maxima (Fig. 4.5h). From 

00 to 06 UTC on 27th October 2004, the precipitation maximum over Portugal is almost 

stationary, with values exceeding 60mm/12h. On the other hand, as the northernmost frontal 

system is no longer detected, the related precipitation pattern between France and Ireland is not 

tagged as frontal precipitation (cf. Figs. 4.5f and 4.5i). Further, the manual DWD analysis 

indicates a front over central Europe connected to a low over the Alps which, however, is not 

detected by the automated front identification. Consequently, the precipitation over the Alps is 

not identified as frontal. Those fronts are likely filtered by the constraints of the method, mainly 

the minimum thermal gradient and the minimum advection speed, as described in Sec. 2.2.  

Indeed, Fig. 4.6 shows how the results are sensitive to the specific setting of the fronts 

detection method. The fronts over the English Channel that were missing in the front dataset 

(Fig. 4.5i) are eventually identified when the threshold of the thermal gradient is lowered from 

4K [100km]-1 to 3.5K [100km]-1 (Fig. 4.6c). Additionally, a cold front is identified also over 

Italy, in agreement with the manual DWD analysis. The number of frontal grid points rather 

increases when quasi-stationary fronts are included in the dataset, either with the stricter 

threshold for the thermal gradient (Fig. 4.6d-f) or with the more lenient one (Fig. 4.6g-i). The 

identified frontal systems are more likely zonally-elongated in these cases, especially over the 

ocean. On the contrary, in the neighborhood of the main precipitation spots, ambiguity arises 

as to whether the detected fronts are cold or warm (e.g., Figs. 4.5f and 4.5i). In the case of 

stationary fronts and a low threshold for the thermal gradient, a fraction of precipitation west 

to Ireland is also missed (Fig. 4.6h-i). As pointed out in previous studies (Jenker et al., 2009; 

Schemm et al., 2015; Schemm et al., 2016), the rules for the tuning of the thresholds strictly 

depend on the spatial resolution and, eventually, on the needs of the end-users. 

 

 



4.  Assigning precipitation to fronts on the North Atlantic and European Sector 

 

89 
 

 

 

Figure 4.6. Case study 26th-27th October 2004. Red (blue) dots correspond to warm (cold) fronts. Left, central 

and right columns correspond respectively to 18 UTC, 00 UTC and 06 UTC on 26 th-27th October 2004. Color 

shading corresponds to precipitation assigned to all fronts. In (a-c) mobile fronts are detected if they exceed a 

minimum thermal gradient threshold for θe of 3.5K [100km]-1. Quasi-stationary fronts are included in the dataset 

with a threshold of (d-f) 4K [100km]-1 and (g-i) 3.5K [100km]-1. 

 

4.3.2 Annual cycle of frontal precipitation 

The long-term mean for annual frontal precipitation is shown and discussed in this section 

(Fig. 4.7). Both the 4K [100km]-1 and the 3.5K [100km]-1 thresholds are considered for mobile 

fronts whereas the results for the data sets including quasi-stationary fronts are shown in the 

Supplementary Material (Fig. 4.2.S). Over the North Atlantic, frontal precipitation peaks over 

the Gulf Stream region, with values exceeding 1500 mm/year, which is approximately 80% of 

total precipitation (Fig. 4.7a-b). Maximum frontal precipitation follows the center of the North 

Atlantic storm track region towards higher latitudes, in agreement with Berry et al. (2011a). 

The overall pattern is consistent with other measures of storm track activity such as heat flux 

or cyclone tracks (Pfahl 2014; Hodges et al., 2003). Over Western Europe, frontal precipitation 

accounts for around 400 mm/year, corresponding to a fraction of 40% of the total precipitation.   

The front types contribute differently to the total amount of frontal precipitation. Over the 

ocean, maximum cold-front precipitation is more zonally oriented and shifted equatorward 

relative to warm-front precipitation (cf. Figs 4.7c and 4.7e). This pattern is consistent with 

previous studies (Berry et al., 2011a; Catto et al., 2012). Overall, annual cold-front precipitation 
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(up to 900 mm/year) exceeds warm-front precipitation (up to 700 mm/year). The difference of 

approximately 200 mm/year corresponds to 3 times the year-to-year standard deviation. 

Over the land, approximately 60% of total precipitation is identified as frontal precipitation, in 

particular over the northern United States, southern Canada and at the western domain 

boundary. Major contributions for inland precipitation come from cold fronts as they are 

associated with up to 500mm/year and 40% of total precipitation. Warm fronts affect coastal 

areas and the Great Lakes region (cf. Figs. 4.7c-e and 4.7d-f).  Continental Europe is less 

affected by frontal precipitation than North America, but precipitation associated with cold 

fronts is still prevailing. Cold-front precipitation is even larger along the European western 

coast compared to central Europe, due to the frequent landfall of deep low-pressure systems. 

The prevalence of cold-front precipitation is likely due to the fact that cold fronts are sharper, 

hence more frequently detected by the scheme, and because they often trigger strong 

convection along their leading edge.  

The estimates on a sub-daily scale presented here expand the findings of Catto et al. (2012). 

According to their results, precipitation associated with cold and warm fronts accounts for 57% 

of total precipitation over the northern midlatitudes, with values up to 60% over Western 

Europe and peaks of up to 90% over the storm track regions. The differences with our findings 

are likely related to: 

● different precipitation data. Their study on frontal precipitation used daily Global 

Precipitation Climatology Project (GPCP) precipitation sums at 2.5° horizontal 

resolution for the period 1997-2008; 

● different settings in the front detection;  

● different attribution boxes (5° instead of 6° used here).  

Therefore, our findings highlight how attribution studies are sensitive to the underlying 

definition of fronts and precipitation data. 

When the front threshold is lowered from 4K [100km]-1 to 3.5K [100km]-1 more 

precipitation is attributed to fronts (Fig. 4.7 – right column) because more real fronts are 

detected, as shown for the case study. The increase is strongest over North America, where 

more than 60% of total precipitation is labeled as frontal, compared to 50% observed with the 

stricter threshold. Based on the reduced threshold, more than 40% of precipitation is associated 

with fronts over Western Europe. Maximum precipitation associated with fronts increases from 

80% to 90% over the Gulf Stream.  The increase equally affects warm and cold fronts. 



4.  Assigning precipitation to fronts on the North Atlantic and European Sector 

 

91 
 

 

Figure 4.7.  Annual cycle of frontal precipitation. Precipitation assigned to (a-b) all fronts, (c-d) warm fronts and 

(e-f) cold fronts in mm/year (left column) and fraction of frontal over total precipitation (right column). Color 

shading for percentages corresponds to a threshold of 4K [100km]-1 for the minimum thermal gradient used to 

detect fronts. White contours correspond to the lower threshold 3.5K [100km]-1 (only values over 20%). 

 

4.3.3 Seasonal cycle of frontal precipitation 

The seasonal cycle of frontal precipitation is shown in Fig. 4.8 for December to February 

(DJF), March to May (MAM), June to August (JJA) and September to November (SON). The 

largest fraction of front-related precipitation is located over the North Atlantic midlatitudes 

during all the seasons, but maxima shift towards the north (south) during autumn (summer) for 

both warm and cold fronts (consistent with the seasonal cycle in other storm track measures). 

Winter (Fig. 4.8a-b) and autumn (Fig. 4.8g-h) are the seasons that contribute mostly to the 

annual amount of frontal precipitation. During winter, the 3-month accumulated values exceed 

200 mm and 300 mm for precipitation assigned to warm and cold fronts respectively, which 

corresponds to almost 90% of the total precipitation (Fig. 4.3.S). During half of the year, from 

September to February, the belt of maximum precipitation over the Atlantic Ocean is less  
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Figure 4.8. Seasonal cycle of frontal precipitation. Assigned precipitation to warm (left) and cold (right) fronts 

for (a-b) December to February; (c-d) March to May; (e-f) June to August and (g-h) September to November.  

 

zonally oriented and tilts towards the northeast. Notable amounts of frontal precipitation are 

spread out to western Europe (almost 50% and 60% of total precipitation in front of 

northwestern Spain during autumn and winter respectively). On the contrary, during spring 

(Fig. 4.8c-d) and summer (Fig. 4.8e-f), the belt is restricted to the western side of the North 
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Atlantic. Spring accounts also for a local maximum of cold-front precipitation over the 

continent in North America whereas summer exhibits a local maximum over the Alps and 

Central Europe that tends to smooth in autumn. The Alpine region is known to be affected by 

several thermal local fronts that originate from orographic lifting and from the diurnal evolution 

of the planetary boundary layer (Jenkner et al., 2010; Schemm et al., 2016). Indeed, cold fronts 

globally account for more precipitation than warm fronts and this gap is higher in winter. 

 

4.3.4 Trends in frontal precipitation 

The annual trend for frontal precipitation (all fronts, warm fronts and cold fronts) is 

extracted from the 38-year ERA-Interim climatology. Berry et al. (2011b) found an overall 

decrease of fronts in the Northern Hemisphere during the period 1989-2009, along with a 

poleward shift of the frequency maxima. Schemm et al. (2017) showed that extremely strong 

fronts over Europe have increased in number during the last decades.  

Trends are estimated using linear regression with a least-square fit and the trend probability 

is estimated using a Mann-Kendall (MK) test that accounts for serial auto-correlation (Wilks, 

2006). To account for field significance, a control level of 10% is set for the false discovery 

rate (FDR), following Wilks (2016). The control level indicates the maximum fraction of 

locally significant grid points that are erroneously rejected in the domain: in addition to the 

several independent hypothesis tests for the grid points, a new field significance level is defined 

by acting on the collection of p-values and depending on a control level for the false discovery 

rate. The FDR procedure yields a global p-value threshold (p* = 0.009) based on the 

distribution of p values obtained from the MK test. Given the above, a decreasing trend is found 

south of the main Gulf Stream Sea Surface Temperature (SST) zone, partially driven by 

changes in frontal precipitation (cf. Figs. 4.9a and 4.9b). The trend estimates a decrease in 

precipitation by 8mm/year, which corresponds to almost a net loss of 300mm during the 38-

year period from 1979 to 2016.  Localized negative trends also affect southern Canada and 

France where frontal precipitation decreases more slowly but still up to 5 mm/year.  The trend 

estimates a weaker decrease of frontal precipitation, up to 4 mm/year in the Gulf Stream SST 

zone where changes are significant only according to the Mann-Kendall test not taking into 

account the field significance constraint (Fig. 4.9b). Cold fronts explain most of the above-

mentioned variations whereas warm fronts have an overall weaker impact (cf. Figs. 4.9c and 

4.9d). Only southeastern Europe and northern Canada are characterized by some areas of 

significant increasing trends, up to 4mm/year and up to 6mm/year for total and frontal 
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precipitation respectively.  Both warm-front and cold-front precipitation are driving these 

changes.  

Along the storm track region (30°N-35° N and 80°W-70°W) there is a weak but significant 

signal for a poleward displacement of frontal precipitation (Fig. 4.9b). Past studies showed this 

tendency for front frequencies (Berry et al., 2011b; Catto et al., 2014), as well as for the path 

of extratropical cyclones (Zappa et al., 2013). Our findings suggest that the decrease of 

precipitation over this area is mainly associated with a significant decrease of cold-front 

precipitation, whereas the warm fronts are driving the northward increase. The trend for the 

number of hours a front covers each grid point is also calculated and no significant changes are 

found over the Gulf Stream SST zone. That is, frontal precipitation is decreasing even though 

the number of frontal grid points detected by the method is not changing. This means that less 

precipitation is associated, on average, to the fronts. Considering the full domain, frontal 

precipitation can be considered as the main driver for most precipitation trends, except for the 

decrease over the Gulf of Mexico and France.  

A separate analysis shows that the trends are significant mostly for convective frontal 

precipitation (Fig. 4.10). It is worth pointing out that our results are entirely based on 

precipitation taken from ERA-Interim reanalysis data and it is not clear whether these trends 

are also seen in observation or satellite estimates. 

 

Figure 4.9. Annual trend for (a) total precipitation and for precipitation assigned to (b) all front, (c) warm fronts 

and (d) cold front. Only regions with statistical significance higher than 10% are plotted (modified Mann-Kendall 

test). Contoured regions are statistically significant according to the criterion for field significance of Wilks et al. 

(2016). 
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Figure 4.10. Annual trend for (a) large-scale frontal precipitation and (b) convective frontal precipitation. Only 

regions with statistical significance higher than 10% are plotted (modified Mann-Kendall test). Contoured regions 

are statistically significant according to the criterion for field significance of Wilks et al. (2016). 

  

4.4 Summary and conclusions 

In this study, a method to relate fronts with precipitation on 6-hourly time scales was 

developed, tested and discussed. Fronts are identified through an automated objective method 

based on a thermal approach as presented by Schemm et al. (2015). For consistency, 

precipitation, as well as the front detection, are based on ERA-Interim data (Dee et al., 2011a). 

The method to relate fronts with precipitation is based on the co-location of 6-hourly 

accumulated precipitation, centered at each time step, and fronts inside a search box. 

Precipitation is assigned to the specific front type (cold and warm front) according to the length 

each front covers inside the search box. The optimal size for the search box is identified using 

random sampling techniques. A 6°x6° search box was found to be optimal because beyond this 

size, which corresponds approximately to half the synoptic length scale, the amount of added 

frontal precipitation is no longer distinguishable from added noise. The case of an extreme 

event illustrates that the presented method is capable of linking fronts with precipitation even 

in rapidly evolving situations. Further, based on a separation of cold and warm fronts according 

to temperature advection, the method allows for distinguishing warm-front from cold-front 

precipitation. 

Analyses of annual and seasonal cycles show that the fraction of frontal precipitation is up 

to 80% (1500 mm/year) relative to the total amount of precipitation over the North Atlantic 

storm track region. High relative fractions of frontal precipitation (approximately 40%; 400 

mm/year) extend all over the North Atlantic up to Western Europe, especially during autumn 

(circa 50%; 160 mm/3 months) and winter (circa 70%; 200 mm/3 months). This is not 

surprising because autumn and winter correspond to those seasons with the most active storms. 
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Finally, a trend analysis of frontal precipitation shows a statistically significant decrease of 

frontal precipitation over the past 38 years for the Gulf Stream region, mostly driven by cold 

fronts and owing to a poleward shift of fronts and related storms in this region (Berry et al., 

2011b).  

However, it remains unclear whether the trends in frontal precipitation are also seen in 

observation or if they are a result of the model-derived precipitation in the reanalysis data.  

For the study of midlatitudes weather variability, the capacity to objectively link precipitation 

to the specific weather pattern or flow features is becoming increasingly useful (Hawcroft et 

al., 2012). The here described approach can be adapted and applied to extratropical cyclones, 

fronts, or any other objectively identified flow feature (e.g., atmospheric rivers). This has the 

potentiality to improve risk assessments of extreme weather events. Therefore, priority for 

future work will be given to the dynamics of specific case studies occurring over the North 

Atlantic storm track region, the area that accounts for the main identified climatological 

patterns. Further observational data sets will be used for precipitation as reanalysis may not 

represent properly extreme and localized events.  
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4.5 Supplementary Material 

 

F
ig

u
re

 4
.1

.S
. 

C
as

e 
st

u
d

y
 2

6
th

-2
7

th
 O

ct
o

b
er

 2
0
0

4
. 

R
ed

 (
b

lu
e)

 d
o

ts
 c

o
rr

es
p

o
n
d

 t
o

 w
ar

m
 (

co
ld

) 
fr

o
n

ts
. 

L
ef

t,
 c

en
tr

al
 a

n
d

 r
ig

h
t 

co
lu

m
n

s 
co

rr
es

p
o
n

d
 

re
sp

ec
ti

v
el

y
 t

o
 1

8
 U

T
C

, 
0

0
 U

T
C

 a
n

d
 0

6
 U

T
C

 o
n

 2
6

th
-2

7
th

 O
ct

o
b

er
 2

0
0
4

. 
C

o
lo

r 
sh

ad
in

g
 c

o
rr

es
p

o
n

d
s 

to
 a

ss
ig

n
ed

 p
re

ci
p

it
at

io
n

 t
o
 w

ar
m

 (
a
-c

) 
an

d
 t

o
 c

o
ld

 

(d
-f

) 
fr

o
n

ts
. 

 



4.  Assigning precipitation to fronts on the North Atlantic and European Sector 

 

98 
 

  

 

 

 

 

 
 

Figure 4.2.S. Annual cycle of frontal precipitation. In the left column color shading corresponds to fractions of 

frontal over total precipitation with a 4K [100km]-1 threshold for the minimum thermal gradient used to detect 

fronts. White contours correspond to a dataset that includes quasi-stationary fronts (only values over 20%). In the 

right column same as for the left column but with a 3.5K [100km]-1 threshold. 
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Figure 4.3.S. Seasonal climatology of assigned precipitation based on 34-year ERA-Interim dataset. Percentage 

of total precipitation assigned to all fronts for (a-b) December to February; (c-d) March to May; (e-f) June to 

August and (g-h) September to November. 

 

 

 



4.  Assigning precipitation to fronts on the North Atlantic and European Sector 

 

100 
 



 

101 
 

5 
Final Remarks and 

Conclusions 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



5.  Conclusions 

102 
 

5.1 Outlook of the main results 

The motivation behind this thesis was the characterization of high-impact weather events 

affecting the Iberian Peninsula (IP). To do so, this thesis analyses the North-Atlantic storms 

variability, its link to large-scale frontal system variability and how it affects the local weather 

of the IP.  In addition, the relationship between storms, precipitation and wind extremes, in a 

compound weather extreme perspective producing multiple hazards was also established.   

The results of this thesis are presented in three main chapters that characterize the North-

Atlantic storms variability and its impacts. This section highlights the main findings for these 

chapters, and it answers the research questions mentioned in Chapter 1.  

 

Chapter 2. Precipitation data sets and extreme events on the IP  

This chapter is focused on the reliability of several precipitation data sets (from reanalysis 

to satellite observations) for the Iberian Peninsula (IP).  The precipitation data sets considered 

include both reanalysis (from ECMWF) and satellite products (from TRMM mission). Data 

was aggregated in daily sum and days were also grouped in classes of precipitation to analyze 

the extreme events. The first research question for this topic is whether the most widely used 

precipitation data sets are adequate to represent extreme precipitation events on the IP. In fact, 

for the days characterized by very large anomalies of accumulated precipitation, most of the 

data sets showed large biases and errors, especially those satellite-based. In general, 

precipitation is underestimated, and extreme precipitation is even greatly underestimated. 

Among the satellite products, the near-real-time version of the TRMM 3B42 series 

outperformed the post-real-time version for the most extreme classes, although the latter is 

commonly considered more suited for research purposes. In this regard, another important 

question concerns the added value of ERA5, especially if compared to ERA-Interim. Indeed, 

ERA5 showed massive improvements in all the metrics with respect to its predecessor (larger 

correlation, lower bias and notably reduction of the error metrics) and turned out as the best 

choice to study precipitation extremes in the IP. The third research question for this chapter 

was about the main error sources that still affect precipitation data sets on the IP. Through bias 

decomposition, it was shown that the false negatives (false positives) still represent a 

considerable limitation in the accuracy of satellite (reanalysis) products, although ERA5 clearly 

outperforms all the other data sets also from this perspective. Whereas there are no noticeable 

differences in bias error sources between the TRMM 3B42 near-real-time and post-real-time 
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products, it is striking how ERA5 improved with respect to ERA-Interim, mostly in the hit bias 

error.  

 

Chapter 3. A ranking of concurrent precipitation and wind extreme events for the IP  

In Chapter 3, a ranking of concurrent precipitation and wind events is computed for the IP 

during the period 1979-2019. Given the results of the previous chapter, ERA5 data is used. The 

meteorological extremes, namely daily precipitation and daily maximum wind speed are 

ranked according to magnitude indices. For precipitation, the index considers both the extent 

of the anomaly and the area affected by the anomaly. For wind, the index is based on the 

exceedance of a percentile threshold for the maximum daily wind speed. By summing and 

normalizing, a new index is computed for concurrent events. The top100 concurrent extreme 

events are detailed in terms of cyclone properties, Atmospheric Rivers (ARs) and the spatial 

pattern of meteorological extremes. The first research question for this chapter is about how 

often concurrent extreme precipitation and wind events affect the IP. A novel insight that 

emerged in this study is that wind events are more independent from precipitation than the 

contrary. The frequency of both as that of concurrent events is higher during the canonical 

winter months even though a slight shift in time towards late winter/early spring is observed 

over the very last years. Secondly, we want to know which are the cyclones’ properties 

associated with such events. This study clearly showed that around 85 out of the top100 

concurrent extreme events in this region do have associated cyclones. Of these, half do have a 

trajectory that directly crosses the IP whereas all the others affect the IP while passing over the 

ocean. The last question addresses the existence of any potential regional variability or trend 

of concurrent precipitation and wind events. In this study, a specific sector of the northwestern 

IP, roughly corresponding to the Minho and Douro river basins, emerged as the top affected 

area by concurrent precipitation and wind extremes. The co-occurrence of Atmospheric Rivers 

(ARs) with precipitation and wind extremes is higher here than anywhere else in the IP (up to 

40%). 

 

Chapter 4. Assigning precipitation to atmospheric fronts on the North-Atlantic and 

European Sector 

In the IP, precipitation and wind extremes are very often driven by a clear cyclonic feature, 

as shown in the abovementioned ranking. Moreover, the meteorological impacts do follow the 

cyclone's trajectory. Indeed, the cyclone lifecycle is typically described employing frontal 



5.  Conclusions 

104 
 

structures, along which precipitation develops and wind intensifies. This close connection is 

further investigated here through a methodology to objectively relate atmospheric fronts and 

precipitation at a sub-daily basis. The main research question addressed here is about the 

existence and robustness of such a methodology. Precipitation is related to fronts according to 

a spatial and temporal criterion. A random sampling technique is applied to determine the 

optimal dimension of the search box used to spatially relate frontal grid points and the 6h-

accumulated precipitation at the same point, in the framework of gridded products such as 

reanalysis. It is found that for search boxes larger than 6°x6° (ERA-Interim data) it is no more 

possible to distinguish if the added precipitation is due to the vicinity of the fronts or to random 

noise instead, answering the main research question addressed about the existence and 

robustness of such a methodology. Given this approach, the next question is about the fraction 

of total precipitation associated with fronts, and about any potential regional difference and/or 

trend in frontal-related precipitation. A higher ratio of frontal to total precipitation (up to 80%) 

is found along the storm track region where a poleward shift of frontal precipitation is also 

observed. This tendency is mainly driven by cold fronts. Focusing on land areas, frontal 

precipitation mainly affects the western extremities of the IP (in consensus with previous 

chapters) and the historical trend is more contrasting. 

 

5.2 Discussion and Future work 

The general aim of the thesis was to explore the variability and mechanisms of 

precipitation and wind extreme events, focusing on a pre-defined geographical domain that 

includes the North Atlantic (NA) Ocean and the continental IP. Despite the quite broad subject, 

the thesis deals specifically with extratropical cyclones leading to weather extremes and 

extreme impacts. On one side, the outcomes of this thesis represent a novel characterization of 

extreme events on the IP, to consider in further studies on the region. On the other side, this 

thesis provides for a suite of research tools that can be easily adapted to other studies in the 

context of weather extremes, or to other domains.  

 

In Chapter 2 it was assessed if ERA5 is the best gridded product for estimating 

precipitation on the IP and if this holds also for extreme precipitation events. It is known that 

extreme precipitation events, as for convective storms, are typically localized and of short 

duration. Therefore, a certain benefit from the ERA5 improvements in grid spacing and the 
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hourly reporting of accumulated precipitation was expected. The recent ERA5 reanalysis was 

released in 2019 (Hersbach et al., 2020) and this work was among the firsts to assess its 

potential over the IP.  Despite it ranked best among the data sets considered, ERA5 still 

accounts for some caveats, as shown for the contribution of false alarms to the total bias. 

Increasing attention is given to false alarms in the literature (Tang G et al., 2020), in the context 

of future projections and usage of precipitation prediction for risk assessment. This comes 

especially true over complex terrain such as over the Alpine region (Sharifi et al., 2019). Tang 

G et al. (2020) have performed a comparison of several precipitation products, ranging from 

TMPA TRMM mission to the new Global Precipitation Measurement (GPM) mission, towards 

reanalysis, and false alarms are the main source of error, indeed. Moreover, the reanalysis 

scored worse than satellite products in their study.  

In this regard, two satellite precipitation products from the TMPA TRMM mission, which 

have been largely studied worldwide at tropical latitudes, are examined in this thesis. The 

exploration of similar products to such a high latitudinal band as for the IP is quite a novelty in 

the literature. Most of the previous studies, as referred to in Chapter 2, assume that the post-

real-time version (TRMM) is more suited for research purposes than the near-real-time 

(TRMM RT). However, according to the results of this thesis, it rather depends on which events 

are considered: for example, when dealing with extreme events or with extreme beyond-

average anomalies, TRMM RT equals or even outperforms its counterpart version (and also 

ERA-Interim) in terms of both precipitation bias and error metrics. An increasing number of 

studies are now showing that the near-real-time products, as for any other satellite product, do 

have their strengths and limitations and that they are not better or worse than post-real-time 

products in absolute terms (e.g., Palharini et al, 2020; Mossaffa, 2020; Huang et al., 2021). 

Their performance strictly depends on the domain of interest instead, with the orography 

playing a key role (Derin et al., 2019). This is a vivid branch of research, for which extensive 

studies are missing, especially at the extratropical latitudes and for the European domain.  

Currently, the TMPA TRMM mission is not active anymore and its products have been 

incorporated under the new GPM umbrella (Huffman et al., 2020), with the Integrated Multi-

satellitE Retrievals for GPM (IMERG) algorithm. In the framework of GPM, an IMERG early 

run and an IMERG final run are still released, following the TRMM scheme. Therefore, the 

findings of this work easily extend to the new series. Indeed, the first (and very recent) 

published studies on GPM products also suggest that the early-released product has better 

timeliness, making it appealing to flood forecast, early warning and monitoring (e.g., Tang S 

et al., 2020; Arshad et al., 2021; Ramos et al., 2020). 
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Even though Chapter 2 dealt exclusively with precipitation, it is acknowledged that 

weather extremes do not always occur independently, conversely, they are often associated 

with the same large-scale feature, as for extratropical cyclones in the IP. The research pursued 

in Chapter 3 is part of the bigger picture of “compound events”, a multi-hazard approach to 

extreme events that emerged in the scientific community over the last decade. This approach 

considers the interdependence and the co-occurrence of several potential meteorological 

extremes within the very same episode (e.g., Leonard et al., 2014; Zscheischler et al., 2018; 

Ridder et al, 2020).  

 

A  characterization of concurrent precipitation and wind events, classified as a compound 

event,  is addressed in terms of common temporal and spatial patterns in chapter 3. According 

to the new classification typology suggested in Zscheischler et al. (2020a), these events are 

considered as “temporally and spatially compounding”, to distinguish from the multivariate 

and preconditioned ones for which a statistical dependency is assessed.  

Through the analysis of concurrent precipitation and wind events, several aspects of IP 

climatology also emerged. For example, it was shown that over the very last years extreme 

concurrent precipitation and wind events are shifting in time towards late winter/early spring. 

This was referred to as evidence of changes in the seasonal cycle, as for the intensification of 

heatwaves and persistence of drought conditions (e.g., Pereira et al., 2017; Ribeiro et al., 2020b, 

Páscoa et al., 2021; Liberato et al., 2021) that often overrun the canonical summer thus delaying 

the establishment of the autumn and winter typical atmospheric circulation patterns. Another 

novel insight of this study is that wind events are more independent from precipitation than the 

contrary. There was no previous evidence of this, but indeed it is known that wind extremes 

might be caused by external forcings other than cyclones, including large-scale pressure 

gradients (Karremann et al., 2016) or local steep topography (Durran, 2003; Huang et al., 

2019). In this study, a specific sector of the northwestern IP, roughly corresponding to the 

Minho and Douro river basins, emerged as the top affected area by concurrent precipitation 

and wind extremes. This sector of the IP is well known for its high annual precipitation total 

and also for being often hit by NA extratropical cyclones (Gómez-Gesteira et al., 2011; Saez 

de Cámara et al., 2015; Lavers et al., 2018). This study clearly showed that almost all cyclones 

that approach Iberia, regardless of their specific trajectories, do have meteorological impacts 

on this region. In a recent study from Martins et al. (2020), wind extreme events are projected 

to increase during the century, especially in NW Iberia. In the same study, projected wind-
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shear and wind helicity will also increase, mainly in SW Iberia. It is exactly where most of the 

exclusive wind extremes were observed in this thesis. These similarities deserve more in-depth 

analysis as they might indicate a different nature of wind events and their drivers among 

neighboring IP regions.  

Another crucial aspect that emerged from this study is the presence of Atmospheric Rivers 

(Ars) attending the concurrent precipitation and wind events (up to 40% of the top100 

concurrent events in NW Iberia do have an attended AR). This opens up new perspectives for 

future research, namely on (1) the potential broadening of compound events studies in the IP 

to ARs and other weather features, (2) the study of ARs as potential drivers for the 

intensification of extratropical cyclones and (3) the necessity to better characterize and classify 

the ARs occurrences, as they are becoming important players in impact and risk assessment 

studies. Whereas there is vivid research regarding the last argument, including studies on future 

projections (e.g., Gimeno et al., 2021; Eiras-Barca et al., 2021), the other topics are not yet 

fully addressed in the literature, and they represent a compelling line of research for the near 

future. For example, ARs have been considered so far as proxies for the precipitation 

enhancement; on the other side, it is demonstrated that a lack of ARs does produce the opposite 

effect, that is it strengthens drought conditions on the IP (e.g., Payne et al., 2020; Sousa et al., 

2020; Sorì et al., 2020). Eventually, back to the compound events theoretical framework, 

further analysis can be pursued to define the statistical dependency between the probabilities 

of extreme rain and extreme wind. This is similar to what Bevacqua et al. (2020b) have recently 

done for precipitation and storm surges, to study compound coastal flooding. Linking the 

weather extremes to exposure and vulnerability analysis would also meet that demand for 

causal interconnections studies and bottom-up approaches that are strongly recommended by 

the compound events scientific community (Zscheischler et al., 2020b). 

In Chapter 3 it was shown that at least 80% of concurrent precipitation and wind extreme 

events in the IP are clearly associated with an extratropical cyclone. The spatial patterns of 

precipitation and wind extremes were derived from reanalysis data, independently from the 

location of the potential leading cyclone. To define the relationship between meteorological 

extremes and larger-scale weather features as for precipitation and cyclones, objective criteria 

are needed. The cyclone lifecycle is typically described employing frontal structures, along 

which precipitation develops (Field and Wood, 2007). Several studies (e.g., Hawcroft et al., 

2012; Neu et al., 2013; Lombardo et al., 2015) have quantified the total amount of precipitation 

and extreme precipitation associated with cyclones, typically by defining a radius of influence 

around the cyclone center, tracking its path and the corresponding precipitation falling inside. 
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However, only a few (Catto et al., 2012; Catto and Pfhal, 2013), including this thesis, tried to 

separate the frontal contributions.  

 

The analysis pursued in chapter 4 represents a step forward in this context. The added 

value of using a random sampling technique to obtain the optimal box size for the allocation 

of precipitation to fronts potentially applies to other recent studies. In Dowdy and Catto (2017) 

precipitation is associated with the mutual fronts, cyclones and thunderstorms: this study is an 

interesting systematic analysis of all potential severe precipitation events, but it is based on a-

priori established thresholds for the spatial association. Another recent work, by Rüdisühli et 

al. (2020) makes use of subjective thresholds, in this case to distinguish near-frontal and far-

frontal precipitation. Nevertheless, it presents new potential skills derived from this 

methodology, as for the distinction between cold and warm frontal precipitation and between 

frontal and cyclonic precipitation.  

In chapter 4 a long-term climatology of frontal precipitation is explored for the NA North 

Atlantic and European domains. New insights are provided for the historical trend of the 

amount of frontal to total precipitation: not only frontal precipitation is shifting poleward, but 

this tendency is shown to be mostly driven by cold fronts. The poleward shift of the North 

Atlantic storm track region is being discussed in the literature for both tropical (Shan and Yu, 

2020) and extratropical cyclones (Tamarin-Brodsky and Kaspi, 2017), mainly based on 

cyclones tracking techniques. In this thesis, it is observed also for frontal-related precipitation. 

However, this still leaves room for different hypotheses regarding the underlying mechanisms: 

whether this trend is due to global circulation patterns, SST changes, or rather to the 

precipitation cycle itself whose variability is revealed through fronts-related analysis. These 

aspects represent a priority for future studies. On one side, the analysis can be improved by 

using ERA5 data. This would increase both the spatial and temporal accuracy of the 

methodology as for the sensitivity analysis for the search box. Moreover, new insights will be 

found while extending the trend analysis back in time, as soon as ERA5 will be definitely 

released back to 1950. On the other side, the main limitation of this analysis is that it is able to 

label a certain amount of precipitation as frontal precipitation, but it does not provide 

information on the specific front. While this is enough for the long-term assessment of frontal 

precipitation, it represents a caveat for short-term applications and case studies analysis: as the 

methodology applies to each time-step independently, there is no tracking over time.  
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Within this framework, Artificial Intelligence (AI) and Machine Learning (ML) 

approaches represent an enormous potential for improvement. Potentially, this refers to all 

kinds of association routines, involving a range of atmospheric flow features and/or weather 

variables, such as precipitation and cyclones, fronts and cyclones and so on. As described 

above, these routines typically rely on (1) the detection and tracking methods (iterative 

identification procedures) of the weather features to associate and (2) the definition of the 

spatial and temporal frame for the association to be straightforward. Regarding detection and 

tracking, novel approaches include, for example, deep learning neural networks for the 

automated detection of weather fronts (Biard and Kunkel, 2019), deep learning for explicit 

prediction of synoptic-scale fronts (Lagerquist et al., 2019) and machine learning-based 

cyclones labeling from satellite data (Bonfanti et al., 2018). Eventually, further efforts are 

needed towards integrating the detection and tracking techniques for the weather features with 

the association procedure. 

In summary, this thesis highlighted how the occurrence of precipitation and wind extremes 

is tidily related to extratropical cyclones in the Iberian Peninsula. This analysis leads to a novel 

characterization of these events by investigating the temporal and spatial common patterns of 

both the meteorological extremes and the associated larger-scale weather features such as 

cyclones and atmospheric fronts. The Atlantic coast and specifically the northwestern Iberia 

emerged as hotspots for these events. This thesis presented novel and portable routines to 

objectively describe and classify these relationships, based on the most common gridded 

available data sets for the region. It is expected that some of these results will serve as 

benchmarks for future studies on weather extremes in the IP. 
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