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Abstract. Compound flooding arises when multiple hydrometeorological drivers co-occur and interact, amplifying 10 

risk beyond that expected from individual hazards. from the interaction of multiple hydrometeorological drivers, 

producing impacts that exceed those expected from individual hazards. Although different types of compound 

events have been widely described, they may also occur simultaneously during exceptional meteorological episodes 

affecting large regions. Storm Gloria, which struck the Spanish Mediterranean coast between 19 and 25 January 

2020, provides a paradigmatic example, as multivariate, spatially compound, and temporarily compound events 15 

developed concurrently across the region. This work analyses Storm Gloria (19–25 January 2020, E Spain) as a 

paradigmatic compound event in the Mediterranean region.  The coastal strip considered here extends for 1,609 

km (from the French border to Málaga) and includes 8.4 million inhabitants in 12,167 km2. The event affected 770 

municipalities, caused 14 fatalities and three missing persons and generated about EUR2022 204 million in Spain’s 

Insurance Compensation (CCS) payouts. The analysis combines daily precipitation (P₍₂₄ₕ₎; 662 AEMET rain 20 

gauges), maximum wind gusts (140 AEMET stations), and significant wave height (Hₛ; 50 SIMAR/CoExMed 

points) with municipality-level CCS compensation data associated with floods, windstorms (identified by CCS as 

"atypical cyclonic storms", ( TCA) and coastal flooding, respectively. The event window is objectively defined (≥ 

40 mm day⁻¹ at ≥ 2 stations), and hazard severity is mapped using operational thresholds (P₂₄ₕ = 40/100/200 mm; 

Hₛ = 2/5/7 m; wind gusts ≈ 70/90/100 km h⁻¹). Multivariate (river and sea flooding at the Tordera River mouth) 25 

and spatially compounding (flooding in the Júcar basin and sea storm in the Gulf of Jávea) cases are quantified 

through a two-sided conditional framework and copulas in two areas located in the northern and central part of the 

study region, respectively. The probability of multivariate and spatially compound events was quantified using a 

two-sided conditional framework and copula models, while the temporally compounding case was assessed 

empirically from a sequence of heavy-rainfall episodes. The results show that accounting for the dependence 30 
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between hazards substantially reduces the estimated return periods of multivariate and spatially compound 

compared with an assumption of independence., whereas the temporally compounding case is evaluated empirically 

from heavy-rainfall episodes in the Segura basin, located in the southern part. Results indicate that, for the first 

case, the return period of the maximum recorded precipitation is estimated at 24 years; however, when the 

compound event —where wave action hindered the discharge of the Tordera River into the sea—is taken into 35 

account, the estimated return period increases to 85 years. In the second case, it goes from 1.5 years to 72 years, 

while in the third, the return period corresponding to the time sequence of three heavy rainfall events in the same 

basin, becomes 22 years. Overall, if the spatial distribution of damages is considered throughout the region, the 

largest compensation values tend to occur where hazard levels are the highest, although exposure (including 

insurance coverage) and, vulnerability , and insurance coverage modulate the final impacts. In this event, flooding 40 

accounts for the largest share of compensation payments. Theis integrated workflow showed in this contribution 

(objective event definition, threshold‑based hazard mapping, copula‑based joint recurrence, and impact linkage) 

provides a transferable, practice‑ready template for compound‑aware coastal risk assessment in Mediterranean 

settings and other coastal regions. Beyond documenting an exceptional storm, this study demonstrates how 

different types of compound events can coexist within a single atmospheric episode and presents an integrated 45 

framework linking hazard characterisation, joint probability analysis, and observed impacts that can support 

compound-aware coastal flood risk assessment in Mediterranean and other coastal regions. 

 

1 Introduction 

Between 19 and 25 January 2020, Storm Gloria severely impacted affected eastern Spain. This storm developed 50 

south of the Iberian Peninsula (IP) and was the seventh named storm of the 2019–2020 season (AEMET, 2025). 

Owing to its spatial extent and its intensity, the unusual time of year it occurred, and the multiple diversity of 

associated hazards recorded, Gloria is widely regarded as one of the most remarkable Mediterranean storms in 

recent decades (Khodayar et al., 2025)an exceptional event. It affected wide large areas of Catalonia, the Valencian 

Community, the Region of Murcia, parts of Andalusia, Aragon, and the Balearic Islands.  55 

 

The episode was characterised by persistent heavy rainfall, high river floodingdischarges, energetic wave 

conditions, elevated coastal water levels,flash floods, strong winds, severe maritime conditions, coastal erosion, 

thunderstorms, hail and, snowfalls. The interaction of these drivers generated pluvial and fluvial flooding, flash 

floods, coastal flooding, coastal erosion, and numerous landslides. According to the Insurance Compensation 60 

Consortium (“Consorcio de Compensación de Seguros”, CCS), total economic losses across Spain exceeded 
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EUR2022 204 million (EUR2022 is the monetary value expressed in constant 2022 eurosexpresses the economic 

amount adjusted to the value it would have in 2022). In total, more than 900 approximately 770 municipalities were 

affected, and the event caused 14 confirmed fatalities and three missing persons (AEMET, 2025; Luján López, 

2022; Gobierno de España, 2020). 65 

 

The Gloria event is widely considered as a paradigmatic compound event. The analysis of such these types of 

events from a “compound” perspective is not new. The report “Managing the Risks of Extreme Events and Disasters 

to Advance Climate Change Adaptation” (IPCC, 2012) was one of the first to consolidate the concept of “compound 

events”. , defining them as: “(1) two or more extreme events occurring simultaneously or successively, (2) 70 

combinations of extreme events with underlying conditions that amplify the impact of the events, or (3) 

combinations of events that are not themselves extremes but lead to an extreme event or impact when combined. 

Contributing events can be similar (clustered multiple events) or of different types”. Shortly thereafter, Leonard et 

al. (2014) proposed a framework for the systematic analysis of such events using influence diagrams for defining, 

mapping, analysing, modelling, and communicating the risk of the compound event. Since then, interest in this 75 

topic has grown significantly within the scientific community due to the substantial socio-economic impacts of 

compound events and their potential increase under climate change (Moftakhari et al., 2017; Bevacqua et al., 2019 

). Compound events are broadly defined as the combination of weather or climate events and/or hazards that jointly 

contribute to societal or environmental risk (Seneviratne et al., 2012; Zscheischler et al., 2020; Green et al., 2025). 

Although these event combinations all have the potential to amplify impacts, they differ in their physical 80 

mechanisms and in their implications for risk and emergency management (Zscheischler et al., 2020). Well-

documented examples include floods driven by the occurrence of intense coastal rainfall and maritime storms, 

known as compound coastal flood events (Sanuy et al., 2021; Romero-Martín et al., 2025), compound drought-

heatwave events (Shan et al., 2024), and co-occurrence of extreme weather conditions in geographically distinct 

regions (Leeding et al., 2022). In the European context, the Mediterranean coast is considered a hotspot for 85 

compound events both because of their high frequency and because of the high population density and assets along 

the coastline (MedECC, 2024; Camus et al., 2021; Sanuy et al., 2021; Aguilera-Vidal et al., 2025; del Rosal Salido 

et al., 2025).  

 

In this study, we consider three principal types of compound events. Multivariate compound events involve the 90 

simultaneous occurrence of two or more drivers and/or hazards at the same location, producing impacts greater 

than those generated by each driver individually. Spatially compound events arise when hazards occur 
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simultaneously, or within a short time window, at different locations, thereby spreading impacts over a wider 

geographical area. Temporarily compound events consist of a sequence of drivers and/or hazards affecting the same 

geographical area over a relatively short period, such that recovery between events is incomplete and the cumulative 95 

impacts exceed those expected from the individual events considered in isolation. 

 

Cascading events are a different category. A fifth category can be added to the four types of compound events: 

cascading events. A cascading hazard refers to a primary event that triggers a chain of consequences, which may 

range from moderate to severe (NASEM, 2022). In such cases, the “hazards” are causally linked as one or more 100 

occur because of previous hazards. For example, the interruption of railway traffic due to the collapse of a bridge 

over a river, or an industrial chemical spill resulting from river flooding, would both be considered cascading 

events. Thus, the recent fall of a wall on a train that produced one fatality on 20 January 2026, was a direct 

consequence of the large accumulation of water in the subsoil after an anomalous period of continuous heavy rains 

in Catalonia (NE Spain). 105 

 

The study of Storm Gloria across the entire affected region is a particularly suitable case because, despite having 

already been analysed from several disciplinary perspectives, most studies have focused on Catalonia or on a single 

hazard of the event. Given these characteristics, Storm Gloria provides an ideal case study for examining how 

different types of compound flood events can coexist within a single atmospheric episode. Previous studiesworks 110 

have investigated the storm from several disciplinary perspectives including its addressed the hydrometeorological 

characteristics of the storm (SMC, 2020; OCCC, 2020; Palau et al., 2022; Iglesias et al., 2023), socio-economic 

and emergency-management aspects (Llasat et al., 2023), and specific geological, coastal, and environmental 

effects or social effects (González, 2020; Santasusagna Riu and Tort Donada, 2020; Canals and Miranda, 2020; 

Pintó et al., 2020) and . Other studies have examined the marine processes, component and forecasting performance 115 

and coastal flooding in greater detail (Amores et al., 2020; De Alfonso et al., 2021; Sotillo et al., 2021; Pérez-

Gómez et al., 2021). More recently, Pantaleoni Reluy et al. (2025) adopted a multihazard perspective by integrating 

hazard magnitudes and economic losses, although their analysis was restricted to Catalonia. Despite these important 

contributions, However, no previous study has jointly analysed the full coastal sector affected by Gloria, over more 

than 1,600 km of coastline, from an explicit compound-event perspective.has examined Storm Gloria as a multi-120 

type compound event by integrating the evolution of hazards and impacts across the entire Spanish Mediterranean 

coast (more than 1,600 km of coastline) within an explicit compound-events framework. 
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In this context, the present study analyses the evolution and impacts of Storm Gloria as a compound flood event 

affecting the western Mediterranean coast of the IP. Within the overall episode, the three proposed types of 125 

compound events will be analysed together with cascading sequences. The remainder of this paper is organised as 

follows. Section 2 describes the study area and the datasets used. Section 3 outlines the methodology. Section 4 

presents the temporal evolution of the storm and its associated hazards. Section 5 illustrates the different types of 

compound flood events identified during Storm Gloria. Section 6 analyses the interactions among the different 

hazards and their socio-economic consequences, and . Section 78 presents the conclusions. 130 

 

2 Study area and data sources  

2.1 Study area 

The geographical scope area of this study comprises the following provinces of the peninsular Spanish 

Mediterranean coast of the IP (Fig. 1): Girona, Barcelona and Tarragona in Catalonia (CAT); Castellón, Valencia 135 

and Alicante in the Valencian Community (CVAL); the Region of Murcia (MU) and Almería, Granada and Málaga 

in Andalusia (AND). Together, these ten provinces account for 83,239 km2, about 16% of the Spanish peninsular 

land area, and concentrate 39% of its population (17.2 million inhabitants). The coastal strip itself includes 174 

municipalities distributed along 1,609 km of coastline and covers 12,167 km2 (approximately 15% of the total area 

of the ten provinces), hosting 48% of their population. This underlines the high population concentration in coastal 140 

areas (Table 1).  

 
 

 

 145 

 

 

 

 

 150 

 
Table 1: Characteristics of the study region, both for the provinces as a whole and only for the coastal part: area (km²), population 

(2022), number of municipalities (N mun.)  and number of littoral municipalities (N lit.mun.). The GDP per capita at the provincial 

level in EUR2022 is also indicated, as is the value as well as at the Spanish level.  
  Provinces Coastal municipalities  
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Autonomous 

Community 

Provinces Area 

(km2) 

Population 

(2022) 

GDP/capita 

(EUR2022) 

N 

mun. 

N lit. 

mun. 

Area 

(km2) 

Population 

(2022) 

Catalonia Girona 5,910 793,478 32,829 221 22 662 253,166  

Barcelona 7,728 5,727,615 33,369 311 27 474 2,637,967 

Tarragona 6,303 830,075 32,150 184 21 1,009 434,519 

         

Valencian 

Community 

Castellón 6,632 590,616 29,198 135 16 919 375,642 

Valencia 10,806 2,605,757 26,009 266 24 707 1,164,545 

Alicante 5,817 1,901,594 21,622 141 19 1,658 1,124,539 

         

Murcia 

Region 

Murcia 11,313 1,531,878 24,334 45 8 2,946 483,769 

         

Andalusia Almería 8,775 740,534 21,999 103 13 1,959 519,445 

Granada 12,647 921,987 20,349 174 10 448 116,824 

Málaga 7,308 1,717,504 21,444 103 14 1,385 1,326,398 

TOTAL  83,239 17,361,038 28,748 

(Spain) 

1,683 174 12,167 8,436,814 

 155 

The Spanish Mediterranean region of the Iberian Peninsula is characterised by the presence of mountain ranges 

running roughly parallel to the coastline. These include the Cordilleras Litoral and Prelitoral in Catalonia, the 

Sistema Ibérico in the Valencian Community, and the Sistema Bético in Murcia and Mediterranean Andalusia (Fig. 

1). In some areas, such as the Valencian Community, these mountain systems extend almost directly to the coast, 

resulting in narrow coastal plains. The region’s hydrographic network is dominated by a high density of ephemeral 160 

and torrential watercourses (locally known as “rieres” or “ramblas”), which respond rapidly to intense rainfall. 
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Figure 11: Localisation and main geographical features of the study area (a) and the provinces in the autonomous communities (b, 
c and d). Coastal municipalities are shaded in green. Locations of the three compound typessub- of events are shown: multivariate 165 
in the Tordera River mouth (1); spatially compounding on the coast of Valencia (2); and temporally compound in Llos Alcázares 
(3).  

The most important economic sectors are tourism and construction, both of which contribute to strong urban 

pressure along the coast (CGRD, 2019). Other relevant sectors are agriculture (for example, intensive greenhouse 

cultivation in Almería), industry and logistics (particularly around Valencia and Tarragona), and major business 170 

and innovation hubs (notably in Barcelona). A clear territorial gradient in GDP per capita is observed along the the 

peninsular Spanish Mediterranean coastMediterranean coast of the IP: values exceed the national average in the 

northern provinces (Barcelona, Girona, Tarragona, and Castellón), but tend to decrease towards the south. This 

decline begins in Valencia, where GDP per capita already falls below the national average. 

 175 

2.2 Data sources 

To analyse and quantify the precipitation and wind conditions during the period from 19 to 25 January 2020, 

observational data were obtained from automatic weather stations operated by the Spanish Meteorological Agency 

(AEMET, Agencia Estatal de Meteorología) within the study area. For precipitation, daily accumulated rainfall 
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(P24h) was collected from 662 stations. For wind, maximum daily wind gusts were analysed using data from 140 180 

automatic stations. Wave conditions were characterized using two complementary datasets. The first consisted of 

hourly significant wave heigh (Hs) time series from the SIMAR wave reanalysis produced by Puertos del Estado 

(http://www.puertos.es/es-es/oceanografia), extracted at 50 nodes distributed along the Spanish Mediterranean 

coast. For the spatial analysis, each SIMAR node was associated with its nearest coastal municipalities. To estimate 

the probability of multivariate and spatially compound events, Hs time series from the CoExMed wave reanalysis 185 

(Toomey et al., 2022) were used at two offshore locations near Tordera (Barcelona) and Jávea (Alicante). Unlike 

SIMAR, CoExMed provides a long-term wave hindcast (1950-2021) generated using a consistent modelling 

framework (i.e. same wave model, computational grid, and atmospheric forcing throughout the entire period), 

making it more suitable for statistical analysis of extremes. However, it should be noted that CoExMed 

systematically underestimates storm wave heights relative to SIMAR. 190 

 

To identify the impacts and phenomena associated with the episode, a wide range of official sources were consulted, 

including official reports, press releases, approved government decrees, and technical studies, as well as newspaper 

archives (e.g. La Vanguardia, MyNews, EFE Prensa, and regional and local pressnewspapers). Social media 

platforms and specialised weather websites managed by meteorology enthusiasts were used only as complementary 195 

sources to support the reconstruction of the event. 

 

To assess the economic impact, data provided by the Insurance Compensation Consortium (CCS) were used. These 

data include compensation payments associated with extraordinary flooding, sea stormscoastal flooding (wave-

driven coastal flooding), and aAtypical cCyclonic sStorms (TCA). This latter term is used by the CCS to encompass 200 

all phenomena of atmospheric origin that have caused economic damage and does not refer to either flooding or 

coastal flooding. It mainly includes windstorms, and tornadoes. In this article, it refers exclusively to, the latter 

defined as events involving wind gusts above 120 km h-1. 

 

3 Methodology 205 

3.1 Event definition and threshold selection 

Figure 2 shows the atmospheric configuration at the surface and at 500 hPa (a, c, e) and the mean wind velocity (b, 

d, f), respectively, on the central days of the episode. On January 17, 2020, AEMET identified a small upper-level 

vortex in the North Atlantic as "Gloria." This vortex moved rapidly north of the Iberian Peninsula, where it 

developed into a small surface low-pressure system (AEMET, 2020b). On the afternoon of January 18, it moved 210 
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into the Mediterranean, strengthening and becoming centered over the southern Balearic Islands, east of the Spanish 

mainland coast on January 19. On the 20th, Storm Gloria was absorbed by a larger low-pressure system located in 

north Africa (Fig. 2a). That didn't stop the entire episode, up to the 25th, from being known as Gloria Storm. The 

powerful anticyclone centered over the British Isles, with a pressure near 1050 hPa, and the low-pressure system 

resulted in a northward-directed pressure gradient of more than 40 hPa in less than 1500 km, which explains the 215 

strong easterly winds (gusts above 100 km/h) that produced the rough seas and the continuous influx of moist 

Mediterranean air in low levels (Fig. 2d). In addition to the strong winds and associated waves, precipitation was 

persistent and intense in eastern Spain. Snow fell at very low elevations (down to 300 meters in some areas). Due 

to the arrival of a very cold air mass in the preceding days, located over the Iberian Peninsula, snowfall continued 

at very low elevations (even down to 300 meters). 220 

 

The cold upper-level disturbance enhanced instability and ascent, while the low-level flow encountered coastal 

mountain ranges, especially from Valencia to Catalonia, that triggered intense orographic precipitation. As seen in 

Figure 2, the strong anticyclone and the Mediterranean low formed a Rex Block system (a stagnant atmospheric 

pattern where a high-pressure system sits directly north of a low-pressure system). This type of weather is 225 

characterized by its ability to remain unchanged for days or even weeks. Figure 2b shows the strong easterly winds 

that advected very warm and humid air over the coast.Between 19 and 25 January 2020, a low-pressure system 

south of the IP (Gloria) remained blocked by a strong anticyclone extending from the British Isles towards France 

(Fig. 2). This synoptic configuration produced persistent easterly flow over the eastern Iberian Peninsula, a strong 

pressure gradient, and sustained onshore advection of warm, moisture-laden Mediterranean air. A loft, a cold upper-230 

level disturbance enhanced instability and ascent. Where this flow encountered coastal mountain ranges, especially 

from Valencia to Catalonia, it triggered intense orographic precipitation. In other sectors, the cold air also favoured 

snowfall. The same pressure gradient generated severe winds and high waves along large parts of the coast. 

Together, these ingredients explain both the exceptional intensity and the unusually broad spatial footprint of the 

event. 235 



10 
 

 

 

(a) 

 

(b) 
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(c) 

 

(d) 

 

(e) 

 

(f) 

 
Figure 2: Sea level pressure and 500 hPa geopotential (a, c, e) and mean wind speed (b, d, f) for January 20, 21 and 22, 

2020.Reanalysis of sea level pressure on January 20, 2020. Source: NCEP/NCAR Reanalysis, Boulder, Colorado, USA, 

www.esrl.noaa.gov/psd/ 240 
 

The initial and final dates of the event were first identified from previous reports and analyses (SMC, 2020; 

González, 2020; AEMET, 2020a, b). However, discrepancies were noted among the different sources regarding 

the exact temporal limits of the episode. To ensure consistency, the event window used in this paper was defined 

objectively as the period during which daily precipitation exceeded 40 mm in at least two stations within the study 245 

area. Under this criterion, theStorm Gloria event lasted from 19 to 25 January 2020. This definition was further 

supported by thea review of synoptic reanalysis maps, which confirmed that the rainfall observed on 25 January 
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was associated withcan be attributed to the same meteorological system and, should therefore be considered part 

of thus, included within the event. 

 250 

To characterise the event from a meteorological perspective, the observations recorded between 19 and 25 January 

2020 were classified into three severity categories based on previous studies and on operational thresholds used by 

AEMET and SMC (Servei Meteorològic de Catalunya or Meteorological Service of Catalonia) (Table 2). This 

framework allows moderate, significant, and extreme values to be distinguished consistently across the study area. 

 255 

For 24 h precipitation (P24h), thresholds of 40, 100, and 200 mm were adopted. The minimum threshold of 40 mm 

has been widely used in studies of intense rainfall and flooding in the Mediterranean region (Cortès et al., 2019; 

Sanuy et al., 2021), while the 100 and 200 mm thresholds are also commonly used as operational reference levels 

for heavy-rainfall warnings in the study region. For maximum wind gusts, thresholds of about 70, 90, and 100 km 

h-1 were selected from AEMET warning criteria and previous studies (Amaro et al., 2010; Romero-Martín et al., 260 

2024). Wave severity was characterised using the daily maximum significant wave height (Hs), computed from 

hourly values between 00:00 and 24:00 UTC. Hs is defined as the average height of the highest one-third of the 

waves. For spatial attribution, each SIMAR station was associated with its nearest coastal municipalities, allowing 

daily wave-height values to be assigned to the 174 coastal municipalities in the study area. For consistency across 

the whole study area, thresholds of 2, 5, and 7 m were adopted. The first threshold is consistent with storm 265 

conditions along the Catalan coast and is conservative for sectors where lower operational thresholds are sometimes 

used, such as 1–1.5 m in the Andalusia–Valencia sector (ROM, 1991). The higher thresholds are consistent with 

values commonly used in the literature to distinguish severe and extreme wave conditions (Del Río et al., 2012; 

Mendoza et al., 2011; Romero-Martín et al., 2024), thereby providing three robust and spatially consistent 

categories of wave severity. 270 

 
 Table 2: Hazard intensity thresholds Thresholds for each category 

Category Precipitation (24h, mm, 24h) Max. wind gust (km h-1) Wave height (daily Hs, m) 
1 40 70 2 
2 100 90 5 
3 200 100 7 

 

3.2 Impact assessment 
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To assess the damage caused by the event, the total compensation paid by the CCS for insured property was 275 

calculated for each municipality within the study area. CCS data provide a useful proxy for economic impact and 

have already been used in previous studies (e.g. Cortès et al., 2018; Rivas et al., 2022). Since CCS provides records 

at the postal code level, the data were aggregated to municipality level following the approach of Cortès et al. 

(2018): (1) selecting claims dated between the first day of the event and 7 days after its end, and (2) summing the 

selected claims within each municipality. All monetary values were converted to constant EUR2022 using the 280 

Consumer Price Index, unless otherwise stated.  

 

3.3 Probabilistic analysis of selected compound sub-events  

Storm Gloria was a long-lasting, spatially extensive episode involving interacting hazards such as heavy rainfall, 

high waves, strong winds, snowfall, hail, and local landslides. Although the episode as a whole can be described 285 

as a compound event, its internal structure can also be decomposed into sub-events representative of different 

compound-event typologies. Three sub-events were selected for detailed analysis based on their representativeness, 

data availability, and impact relevance: a multivariate case at the Tordera mouth, a spatially compounding inland–

coastal case linking the Júcar basin and the Gulf of Jávea, and a temporally compounding case associated with 

repeated impacts in Los Alcázares. 290 

 

To quantify the probability of multivariate and spatially compound events, their joint occurrence wasFor the 

multivariate and spatially compounding cases, the probability of the selected configurations was  assessed using 

the two-sided conditional framework proposed byof Wahl et al. (2015) to estimate joint return periods. Two event 

types were defined: (i) wave-dominated events, denoted (HsCoExMedHs_99.5, P24h), in which an extreme 295 

HsCoExMedHs  event was paired with the maximum concurrenthighest co-occurring P24h within the selected 

subregion; and (ii) rainfall-dominated events, denoted (P24h_98, HsCoExMed), in which an extreme P24h event was 

paired with the highest co-occurring HsCoExMedHs. For the multivariate analysis, both variables correspond to the 

same location (the Tordera coastal sector and its corresponding river basin), whereas for the spatially compound 

analysis, wave conditions were represented by the offshore node near Jávea and precipitation by the Júcar river 300 

basin.  

 

Extremes of the conditioning variable were individually modelled with using a peaks-over-threshold Generaliszed 

Pareto Ddistribution. For the paired variable, several candidate distributions (exponential, two-parameter gamma, 
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lognormal, Weibull, and Tweedie) were fitted, with the optimal distribution selected according to the and the best 305 

one was selected using the Akaike Information Criterion (AIC). The dDependence structure between variables was 

modelled with using copulas (Coles and Tawn, 1991; Coles et al., 1999; Genest and Favre, 2007), implemented 

throughusing the VineCopula R package (Nagler et al., 2025). Joint return periods were then estimated by 

combining the two conditional bivariate models following the methodology of Wahl et al. (2015).  

Although CoExMed underestimates storm Hs relative to the SIMAR reanalysis, the estimated probabilities are 310 

considered representative of Storm Gloria because the analysis assumes that this bias affects to the magnitude of 

wave heights but not the temporal occurrence of extreme events or their dependence with precipitation. 

Finally, for the temporarily compound event case, the probability of occurrence of the observed sequence of rainfall 

events was estimated empirically using the available precipitation time series from the Los Alcázares area. 
 315 

4 Results. Overall characterisation and temporal evolution of Storm Gloria Global characterisation of the 

event and daily evolution 

4.1 Spatial distribution of maximum hazard intensityMaximum values of the event 

Storm Gloria produced exceptionally widespread hydrometeorological conditions across the Spanish 

Mediterranean coast. During the period 19-25 January 2020 almost 90% of the analysed raingauges recorded more 320 

than 40 mm of accumulated precipitation, with 37% recording between 100 and 200 mm and 22% exceeding 200 

mm. The highest totals occurred in northern Catalonia and in the Valencian Community (Fig. 3). Eleven stations, 

from Alicante to northern Girona, recorded more than 400 mm, reaching a maximum of 527.5 mm at L’Orxa 

(Alicante; Table 3). Such a large number of stations exceeding 200 mm confirms the exceptional character of the 

episode.  325 

 

Maximum wind gusts showed a similar regional pattern, although their spatial variability was lower than that of 

precipitation. Nineteen AEMET stations recorded wind gusts above 90 km h-1 with the highest values measured in 

the province of Valencia (108 km h-1 on 19 January and 115 km h-1 on the 20th, respectively) (Table A1, in the 

Appendix). The wave field was even more spatially extensive, affecting almost the entire Mediterranean coastline. 330 

Offshore significant wave height exceeded 8 m in several locations, reaching a maximum of 8.75 m, whereas lower 

values were observed along the Andalusian coast owing to its south-facing orientation, which reduced exposure to 

the dominant easterly wave conditions. When the three hazard variables are considered jointly, clear spatial 
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differences emerge. Valencia was the only province where precipitation, wind gusts, and wave height 

simultaneously reached the highest category for all three hazards, while Girona, Barcelona, Alicante, and Murcia 335 

reached the highest category for two of the three variables. Conversely, Granada experienced only low precipitation 

levels and comparatively weak marine forcing. These regional contrasts illustrate that, although Gloria affected the 

entire Spanish Mediterranean coast, the relative contribution of each hazard varied substantially alongshore. Table 

6 summarises the category reached by each variable in at least two stations in the province. 

 340 

The observed distribution of hazards largely reflects the interaction between the synoptic circulation and regional 

physiography. Maximum rainfall occurred where coastal mountain ranges lie close to the shoreline, particularly 

between Valencia and Catalonia, where persistent easterly winds enhanced orographic uplift. In contrast, the wave 

field was primarily controlled by the pressure gradient over the western Mediterranean, producing energetic sea 

states along almost the entire eastern Spanish coastline irrespective of local topography.  345 
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Figure 3: Map of the maximum thresholds exceeded at some point during the Gloria episode in the study area. Selected types of 
compound sub-events are highlighted with boxes and photographs: (1) multivariate in the Tordera River mouth; (2) spatially 
compounding on the coast of Valencia; and (3) temporally compound in Los Alcázares. 350 
 
Table 3: Stations that recorded a total precipitation above 400 mm. *Coordinates are in decimal degrees (WGS84; EPSG:4326)  

Coordinates  
(lat, lon)* 

Station name  
(altitude in m) 

Province Ptotal 
(19/1-25/1) 

P24h max 
(day) 

38.84º N, 0.31º W Lorxa (in L’Orxa) (270) Alicante 527.5  266.5 (19) 

42.29º N, 2.68º E Albanyà-Lliurona (732) Girona 515.2  208 (21) 

39.00º N, 0.29º W Barx-la Drova (372) Valencia 471.5  273.6 (19) 

38.81º N, 0.40º W Gaianes (454) Alicante 432.5  220.6 (19) 

39.01º N, 0.30º W Barx (340) Valencia 432  242 (20) 

41.81º N, 2.33º E La Morera (in El Brull) (882) Barcelona 424.5  236 (20) 

38.74º N, 0.29º W Benimassot (725) Alicante 423  227.5 (20) 

42.14º N, 2.53º E Santa Pau-Sacot (609) Girona 410.4  225 (21) 

41.89º N, 2.43º E Vilanova de Sau-El Tortades (818) Barcelona 409.2  194.5 (21) 

42.12º N, 2.63º E Mieres (271) Girona 408.7  150.5 (22) 

42.26º N, 2.36º E Sant Pau de Segúries-La Barquera 
(872) 

Girona 403.5  220.5 (22) 

 

 

4.2 Temporal evolution 355 

Daily precipitation, maximum wind gust and significant wave height were analysed for the whole event (19-25 

January). However, after 23 January, wave heights had fallen below the adopted thresholds, so the final two days 

were relevant mainly for rainfall.  

  

The first day of the event, 19 January, was characterised by values above the highest threshold for all three variables 360 

(precipitation, wind gusts and wave height) in the province of Valencia. Notably, 277 mm were recorded in Barx 

(Valencia), accompanied by a wind gust of 108 km h-1. Significant wave heights over 7 m (with a maximum of 

7.67 m) were observed offshore, particularly in front of the coasts of Valencia and Alicante, including the area near 

Jávea. 
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 365 
Figure 4: Stations where the significant wave height, maximum wind gusts and precipitation thresholds were exceeded on 20 January 
2020. Appendix A contains maps for the other days of the event. 
 

The storm reached its maximum intensity and geographical extent on 20 January. On the 20th, tThe heaviest rainfall 

was again recorded in the provinces of Valencia and Alicante, with peaks of 242 mm in Barx and Xàtiva (Fig. 4). 370 

Wind gusts were more widespread and slightly stronger than the previous day, reaching a maximum of 115 km h-1 

in Oliva (Valencia), followed by 104 km h-1 in San Javier (Murcia) and 103 km h-1 in the Fabra Observatory 

(Barcelona) and Cabo de Gata (Almería). Wave heights remained high, with the most extreme values again 

concentrated off the coasts of Valencia and Alicante, and locally in Girona and Tarragona. The highest recorded 

significant wave height was 10.1 m offshore from Jávea. On the 21st, the focus of maximum intensity shifted to the 375 

provinces of Barcelona and Girona, which recorded the highest across all three variables. Precipitation exceeded 

200 mm at several locations, with a peak of 236 mm in El Brull (Barcelona). The maximum wind gust was 106 km 

h-1, recorded at the Barcelona AEMET station. Significant wave heights above 5 m were observed along the Catalan 

coast, particularly in Barcelona and Girona, with a maximum of 7.46 m in the northern coastal sector of Girona. 

On the 22nd, the intensity decreased compared to the previous day. Nevertheless, medium-level thresholds (level 380 
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2) were exceeded simultaneously for all three variables in the province of Girona, with the highest wave values 

still concentrated along the Catalan coast.  

 

On the 23rd, the most notable rainfall occurred in the province of Málaga, with 202 mm recorded in Coín. Although 

heavy rainfall persisted in Málaga on 24 and 25 January, exceeding 100 mm on both days, no significant wind gusts 385 

or wave heights were recorded during this final phase of the event.  

 

5 Analysis of the Selected Compound EventsAnalysis of sub-events 

Storm Gloria generated multiple types of compound flood events that developed simultaneously across the Spanish 

Mediterranean coast. To illustrate the diversity of mechanisms involved, three representative examples are 390 

analysed, corresponding to multivariate, spatially compound and temporarily compound events (Table 4). 

Together, these case studies demonstrate how different combinations of hazard drivers produced distinct impact 

pathways and management challenges during a single atmospheric episode. In addition, the event generated 

cascading impacts, such as the collapse of the Tordera bridges, and was influenced by preconditioning factors, 

including antecedent beach erosion, which further amplified storm impactsAmong the many sub-events embedded 395 

within Storm Gloria, three of them were selected for probabilistic analysis (Table 4). Other processes that occurred 

during the episode are also relevant from a compound perspective. For example, the collapse of the road and railway 

bridges across the Tordera River illustrates a cascading sequence in which primary flood damage triggered 

secondary transport disruption. Likewise, the vulnerability of several beaches had already been increased by earlier 

storms, which acted as a preconditioning factor before Gloria. 400 

 
Table 4: Main characteristics of the selected types of compound sub-events and their estimated return periods 

Type Description Selected data Return period  

Multivariate (1) Simultaneous heavy 

precipitation High rainfall 

intensity in the Tordera River 

basin + High sea waves in the 

river mouth. 

Weather stations in the Tordera 

River basin and waves (SIMAR 

and CoExMed) nodes CoExMed 

node in front of the mouth of the 

Tordera River. 

85 years 

Spatially 

compounding (2) 

High waves off Maximum 

swell on the Jávea coast 

(Alicante) concurrent with 

Weather stations in the Júcar 

River basin and waves (SIMAR 

72 years 
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and heavy rainfall and 

flooding in the Júcar river 

basin (Valencia), 

simultaneously. 

and CoExMed) node CoExMed 

node in front of Jávea. 

Temporally 

compounding (3) 

Three consecutive flood 

events between 11 

September 2019 and 25 

January 2020 in Los 

Alcázares (Murcia). 

Weather stations in the Segura 

River basin and surrounding 

municipalities.  

22 years 

 

 

5.1 Multivariate event: flooding of the Tordera delta floods in the mouth of Tordera River 405 

5.1.1 Event description 

The flooding of the Tordera delta (Barcelona) provides a representative example of a multivariate compound flood, 

in which fluvial and coastal processes interact simultaneously at the same location (Fig. 3). During Storm Gloria, 

intense rainfall over the Tordera River basin generated exceptionally high river discharge, while energetic wave 

conditions at the river mouth impeded drainage to the sea. The resulting backwater effect increased water levels 410 

within the lower river reach and enhanced flooding across the delta plain. At the same time, wave overtopping 

contributed to inundation of the seaward part of the delta, further increasing flood extent. The severity of the event 

was enhanced by the geomorphological evolution of the delta. The Tordera coastline has undergone persistent 

shoreline retreat as a consequence of reduced sediment supply, resulting in progressive erosion of the beach system 

(Jiménez et al., 2018). This loss of the natural coastal buffer has increased the exposure of low-lying areas to marine 415 

flooding during severe storms. Consequently, the Tordera delta has been identified as one of the principal hotspots 

of compound flooding along the Catalan coast (Sanuy et al., 2021). Exposure within the delta is also particularly 

high owing to the presence of transport infrastructure, agricultural land and numerous campsites located 

immediately behind the beach. Although campsite occupancy peaks during summer, when the probability of severe 

storms is comparatively low (Sanuy and Jiménez, 2021; Aguilera-Vidal et al., 2025), their location within low-420 

lying flood-prone areas makes them particularly vulnerable to compound flooding. One of the most significant 

consequences of the event was the collapse of the railway bridge crossing the Tordera River after one of its piers 

was undermined by the flood flow. The subsequent failure of the adjacent road bridge produced major disruption 

to regional transport (González, 2020), illustrating how a compound flood can trigger cascading failures in 

interconnected infrastructure systems. 425 
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5.1.2 Probabilistic characterization 

The probability of occurrence of this compound event was evaluated using P24h recorded at meteorological stations 

within the Tordera river basin and Hs from the offshore CoExMed node located seaward of the river mouth (Fig. 

5), representing the fluvial and marine drivers, respectively.  430 

 

 
Figure 5: AEMET AWS (operative automatic weather stations) in the Tordera River basin and surrounding areas, and CoExMed 
wave node off the river mouth (yellow triangle). The stations are coloured according to the maximum recorded P24h value following 
the criteria described in 3.1 (Map data © 2025 Google). 435 

 

During Storm Gloria, the maximum precipitation recorded within the basin reached 225 mm, while offshore Hs 

attained 4.5 m, equivalent to approximately 5.9 m in the SIMAR reanalysis. Considered independently, these values 

correspond to return periods of approximately 24 years for precipitation and 60 years for wave height. Assuming 

statistical independence between both drivers, their simultaneous occurrence would therefore correspond to an 440 

estimated return period of approximately 1,440 years. Copula modelling, however, revealed a positive dependence 

between rainfall and wave extremes. Rainfall-conditioned events were best represented by a survival BB7 copula 

(Kendall's τ = 0.20), whereas wave-conditioned events followed a Tawn Type I copula with a similar degree of 

dependence. Accounting for this dependence substantially increased the likelihood of joint occurrence, reducing 

the estimated return period from 1,440 years to approximately 85 years (Fig. 6). This result demonstrates the 445 
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importance of explicitly considering dependence between flood-generating processes, as assuming independence 

would considerably overestimate the rarity of the event. 

 
Figure 6: Estimated joint return period of the Gloria storm at the Tordera River mouth. Red crosses denote events with Hs exceeding 
the local storm threshold, blue circles denote events with P24 exceeding the local precipitation threshold, and grey symbols represent 450 
non-extreme conditions. The overlap of red crosses and blue circles denotes compound extreme events. Curves indicate joint return 
periods of 50 years (inner curve) and 85 years (outer curve), the latter corresponding to Storm Gloria (black filled circle). 

 

5.1.3 Implications 

Beyond its statistical rarity, the Tordera case illustrates the distinctive characteristics of multivariate compound 455 

flooding. The interaction between fluvial discharge and coastal processes generated impacts considerably greater 

than those expected from either driver acting in isolation. Moreover, the concentration of critical infrastructure, 

tourism facilities, and agricultural land within the delta transformed a hydrometeorological event into a complex 

societal disruption. The collapse of the road and railway bridges demonstrates how multivariate compound events 

may initiate cascading failures that propagate well beyond the directly flooded area. Recovery was further 460 

complicated by the involvement of multiple administrative authorities responsible for transport infrastructure, 

coastal management, and flood protection. Six years after the storm, adaptation measures combining nature-based 

solutions, shoreline restoration, land-use planning, and structural interventions are still being implemented within 

the Tordera delta, illustrating the long-term challenges associated with recovering from compound flood disasters. 

 465 

5.2 Spatially compounding event: heavy rainfall in the Júcar basin and severe wave conditions along the 

Jávea coast 

5.2.1 Event description 
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This case illustrates a spatially compound flood event, in which the principal flood-generating hazards occurred 

simultaneously but at geographically distinct locations (Fig. 3). During Storm Gloria, intense rainfall affected the 470 

Júcar River basin, generating widespread pluvial and fluvial flooding, while exceptional wave conditions developed 

along the Gulf of Jávea, producing severe coastal flooding and erosion. Although these hazards were hydrologically 

independent, their concurrent occurrence substantially increased the complexity of emergency response and 

recovery. The example presented here is representative of a much broader regional pattern. Throughout the storm, 

heavy rainfall and energetic wave conditions affected multiple sectors of the Valencian Community 475 

simultaneously. The region covers approximately 23,300 km², includes more than 470 km of densely urbanised 

coastline, and is crossed by numerous torrential rivers and ephemeral streams. Consequently, emergency 

management authorities were required to respond simultaneously to inland flooding, coastal inundation, 

infrastructure damage, and transport disruption occurring at different locations but within the same administrative 

jurisdiction. 480 

 

Along the Jávea coastline, significant wave heights reached between 7 and 10 m, producing widespread damage to 

beaches, promenades, ports, and seafront properties. At the same time, heavy rainfall within the Júcar basin caused 

extensive pluvial and fluvial flooding, resulting in road closures, transport disruption, and temporary airport 

operational restrictions. Unlike the multivariate event described for the Tordera delta, the principal challenge here 485 

did not arise from the interaction of hazards at the same location but from their simultaneous occurrence across a 

large geographical area, which substantially complicated emergency coordination and resource allocation. 

 

5.2.2 Probabilistic characterization 

The probability of occurrence of this spatially compound event was estimated using P24h recorded within the Júcar 490 

river basin together with Hs from the CoExMed node located in the Gulf of Jávea (Fig. 7), representing the fluvial 

and marine drivers, respectively.  
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Figure 7: Location of the AEMET AWS (automatic weather stations) inside the Júcar River basin and surrounding area, and the 495 
node CoExMed located in the Gulf of Jávea (yellow triangle). The stations are coloured according to the maximum recorded P24h 
value following the criteria described in 3.1 (Map data © 2025 Google). 

During Storm Gloria, maximum daily precipitation within the basin reached 274 mm, whereas Hs attained 7 m 

(equivalent to approximately 10 m in the SIMAR reanalysis). Considered independently, these values correspond 

to return periods of approximately 1.5 years for precipitation and 100 years for wave height. Assuming statistical 500 

independence, the simultaneous occurrence of both extremes would therefore correspond to a return period of 

approximately 150 years. Copula analysis identified a positive dependence between rainfall and wave extremes. 

Rainfall-conditioned events were best represented by a survival Tawn Type II copula (Kendall's τ = 0.12), whereas 

wave-conditioned events followed a Tawn Type I copula with a similar dependence structure. Accounting for this 

dependence reduced the estimated joint return period from approximately 150 years to 72 years (Fig. 8). Although 505 

the dependence between both drivers is weaker than in the multivariate Tordera case, it still substantially increases 

the probability of joint occurrence. This result illustrates that even relatively modest statistical dependence can 

significantly influence estimates of the likelihood of spatially compound flood events. 
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 510 
Figure 8: Estimated joint return period of the Gloria storm at the Júcar river basin and the Jávea coast. Red crosses denote events 
with Hs exceeding the storm threshold at Jávea, blue circles denote events with P24 exceeding the precipitation threshold at the 
Júcar river basin, and grey symbols represent non-extreme conditions. The overlap of red crosses and blue circles denotes compound 
extreme events. Curves indicate joint return periods of 50 years (inner curve) and 72 years (outer curve), the latter corresponding 
to Storm Gloria (black filled circle). 515 

5.2.3 Implications 

Unlike multivariate compound floods, whose impacts arise from the physical interaction of coincident hazard 

drivers, spatially compound events primarily increase the complexity of emergency management. Simultaneous 

flooding at multiple locations forces emergency services to distribute personnel, equipment, and logistical resources 

across large geographical areas, reducing operational flexibility and increasing the potential for resource shortages. 520 

Storm Gloria clearly illustrates these challenges. During the peak of the event, inland flooding, coastal inundation, 

infrastructure damage, and transport disruption occurred simultaneously throughout the Valencian Community, 

requiring coordinated response by a single regional authority across widely separated locations. This type of event 

therefore places exceptional demands on emergency planning, interagency coordination, and resource allocation. 

More broadly, the case demonstrates that the severity of spatially compound events depends not only on the 525 

magnitude of individual hazards but also on their geographical footprint. As recently shown for the Spanish 

Mediterranean coast by Aguilera-Vidal et al. (2026), certain atmospheric circulation patterns promote strong spatial 

connectivity between rainfall and coastal storms, increasing the probability that multiple flood emergencies will 

occur simultaneously over large regions. Consequently, incorporating spatial connectivity into hazard assessments 

is essential for realistic emergency planning and regional flood-risk management. 530 

 

5.3 Temporally compounding event: successive flood episodes in Los Alcázares 

5.3.1 Event description 
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The flooding of Los Alcázares (Murcia) illustrates a temporally compound flood event, in which the impacts of 

Storm Gloria were amplified by the occurrence of previous damaging floods before recovery had been completed 535 

(Fig. 3). Unlike the multivariate and spatially compound examples presented above, the defining characteristic of 

this event is therefore not the magnitude of any individual storm but the clustering of damaging events before 

recovery from previous floods had been completed. Los Alcázares is located on the western shore of the Mar 

Menor, within the lower Segura River basin (Fig. 9). The municipality is intersected by several ephemeral channels, 

including the Rambla del Albujón and the Rambla de la Maraña, which produce a diffuse flood response as runoff 540 

reaches the urban area through multiple drainage pathways. Extensive urban development within flood-prone areas, 

together with the modification of natural drainage channels and the presence of transport and utility infrastructure 

across flow paths, has substantially increased both exposure and flood vulnerability (MITECO, 2020). 

 

 545 

Figure 9: Map of the municipality of Los Alcázares and neighbouring municipalities in Murcia mentioned in the text, showing rivers 
and the location of AEMET AWS (automatic weather stations). The stations are coloured according to the maximum recorded P24h 
value during the Storm Gloria 2020 following the criteria described in 3.1 (Map data © 2025 Google).  

The first event in the sequence occurred between 11 and 15 September 2019, when exceptionally intense rainfall 

generated widespread flooding throughout the Segura basin. Maximum P24h reached 321 mm in San Javier and 550 

257 mm in Molina de Segura (Northwest of San Javier, 35 km from the sea) causing extensive damage to buildings, 

public infrastructure, and municipal services in Los Alcázares (Fig. 10). The severity of the event led the 
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municipality to be officially declared an “area seriously affected by a civil protection emergency”. For this episode 

alone, the CCS paid more than EUR2022 24 million in Los Alcázares, accounting for 74% of the total compensation 

disbursed in the municipality between 1996 and 2020.  555 

 

Approximately three months later, on 2-3 December 2019, a second heavy-rainfall episode affected the basin. 

Although less intense than the September event, with a maximum P24h of 145 mm (while San Javier registered 

115 mm in 24 hours), it caused renewed flooding while recovery operations from the previous disaster were still 

underway. Roads were inundated, around one hundred residents were evacuated, and infrastructure that had only 560 

partially been repaired suffered additional damage.  

 

Storm Gloria constituted the third event in the sequence. On 20-21 January 2020, maximum P24h again reached 

approximately 145 mm within the Segura basin. Although the direct physical damage was less severe than that 

produced by the September flood, the social consequences were substantially greater because the municipality had 565 

not yet recovered from the previous two events. The repeated occurrence of flooding generated widespread public 

dissatisfaction and culminated in a large demonstration in Los Alcázares on 26 January 2020 demanding more 

effective mitigation measures. 

 

Taken together, these three events exemplify the concept of a temporally compounding. The severity of the January 570 

2020 disaster resulted not only from the meteorological conditions associated with Storm Gloria but also the 

persistence of physical damage, accumulated economic losses, and declining social resilience following the 

preceding floods. 
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(a) (b) 

Figure 10: Floods in Los Alcázares: (a) September 2019, during the DANA event (source: Confederación Hidrográfica del Segura); 575 
and (b) January 2020 (source: Government of the Region of Murcia). 

 

5.3.2 Probabilistic characterization  

The probability of this temporally compound event was estimated using daily precipitation records from the Segura 

River basin, which were considered representative of the regional hydrometeorological forcing responsible for the 580 

repeated flooding of Los Alcázares (Fig. 9). Consequently, the estimated return period refers to the recurrence of a 

sequence of basin-scale rainfall extremes rather than to flood losses in the municipality itself. During Storm Gloria, 

maximum P24h reached 145 mm within the basin. This event occurred under exceptionally wet antecedent 

conditions, with accumulated precipitation of 115 mm during the preceding month and 257 mm over the previous 

three months, indicating that Gloria formed part of an unusually persistent period of heavy rainfall. The defining 585 

characteristic of this case is therefore not the magnitude of an individual storm but the temporal clustering of 

successive extremes (e.g. Haigh et al., 2016). Within less than five months, the basin experienced three major 

rainfall episodes, one exceeding 300 mm and two exceeding 140 mm in 24 hours. A comparable sequence occurred 

only twice during the available 43-year observational record, corresponding to an empirical return period of 

approximately 22 years. Although this estimate provides a useful indication of the rarity of the event sequence, it 590 

should be interpreted with caution because of the limited length of the observational record and the uncertainty 

associated with estimating the recurrence of clustered extreme events from empirical observations alone. 

 

5.3.3 Implications 

The Los Alcázares case demonstrates that the impacts of compound events depend not only on hazard magnitude 595 

but also on recovery dynamics. Although the January 2020 flood was considerably less severe than the September 

2019 event from a hydrometeorological perspective, its occurrence before complete recovery had been achieved 

substantially amplified its societal consequences. This amplification operated through several mechanisms. 

Physically, previously damaged infrastructure remained more vulnerable to subsequent flooding. Economically, 

repeated losses imposed an increasing burden on households, businesses, and public administrations. Socially, the 600 

succession of disasters progressively reduced community resilience and increased public dissatisfaction regarding 

flood management and recovery measures. Consequently, the disaster was defined not by the intensity of the final 

event alone but by the cumulative effects of the entire event sequence. 
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The case also highlights an aspect that is frequently overlooked in conventional flood-risk assessments. Return 605 

periods are generally calculated for individual events, implicitly assuming that each event occurs under independent 

antecedent conditions. However, when recovery times exceed the interval between successive extremes, disaster 

severity becomes strongly conditioned by event sequencing rather than by the magnitude of any single event (de 

Ruiter et al., 2020). Recovery time should therefore be regarded as an integral component of compound flood risk 

assessment, particularly in regions where climate change is expected to increase the frequency of extreme 610 

precipitation events and reduce the time available for recovery. 

 

Taken together, the three case studies illustrate that compound flood events differ not only in their physical 

mechanisms but also in the scales at which they operate and in the management challenges they generate. 

Multivariate events amplify hazard intensity through the interaction of coincident drivers, spatially compound 615 

events increase the complexity of emergency response by simultaneously affecting multiple locations, and 

temporally compound events amplify impacts through incomplete recovery between successive disasters. Storm 

Gloria demonstrates that all three mechanisms may coexist within a single atmospheric episode, producing a level 

of societal disruption that cannot be understood from any individual event type alone. 

5.1.1 Type 620 

Multivariate: flooding caused by simultaneous fluvial overflow and severe wave conditions at the same site. In this 

case, intense rainfall in the Tordera River basin coincided with high-energy wave conditions near the river mouth, 

hindering drainage and aggravating flooding in the delta plain. The compound configuration does not modify the 

marginal return period of each hazard separately; rather, it changes the joint probability and return period of their 

co-occurrence and associated impacts. 625 

 

5.1.2 Description 

Previous studies have already analysed the high complexity and risks of this area (e.g. Jiménez et al., 2018). 

Extensive urban and infrastructure development along the coastline has made the region particularly vulnerable to 

extreme marine events which have already caused significant damage in the past. The delta at the mouth of the 630 

Tordera River (Fig. 1b) is retreating largely because of reduced sediment supply, and the adjacent beaches are 

therefore suffering intense erosion. Part of the area is occupied by campsites that are highly exposed to marine 

hazards, as the beach is the only protective barrier against sea storms. Moreover, the typical structures in these 

campsites (tents, caravans, and lightweight bungalows) offer limited protection, increasing the vulnerability of 

occupants, particularly during holiday periods when occupancy is high. Additionally, there are currently no specific 635 
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evacuation plans for campsites in the case of flood or storm warnings, further amplifying their potential impact. 

Also, the flood-prone area includes a major logistics hub and extensive agricultural land, both of which are also 

highly exposed. This combination of factors makes the area one of the most susceptible along the Catalan coast to 

multivariate compound flood events (Sanuy et al., 2021). 

 640 

5.1.3 Probabilistic analysis 

The data used to create the time series in this multivariate scenario were obtained by considering all the rain stations 

within the Tordera River basin and the wave series from the CoExMed node closest to the river mouth (Fig. 5). 

 
Figure 5: AEMET AWS (operative automatic weather stations, white circles) inside the Tordera River basin and surrounding area, 645 
and the node CoExMed nearest to the river mouth (red circle) (Map data © 2025 Google) 

 

The maximum wave height and the maximum P24h registered in this subregion during the Gloria storm were 4.46 

m and 225 mm respectively. From a univariate perspective, and by fitting a Generalized Pareto Distribution (GPD) 

to the data, the estimated return periods for the wave storm and the rainstorm are approximately 60 years and 24 650 

years, respectively. 

 

To adopt a bivariate perspective, the joint return period of the co-occurring wave and rainfall extremes was 

estimated. Assuming independence between the two variables, the joint return period would simply be the product 

of their individual return periods, yielding 60 × 24 = 1,440 years. However, since dependence exists, this 655 

relationship is modelled using copulas. Specifically, the dependence structure in the rainfall-conditioned analysis 
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(P24h_98, Hs) is captured using a survival BB7 copula with a Kendall’s tau of 0.2, while the wave-conditioned 

analysis (Hs_99.5, P24h) is modelled using a Tawn type 1 copula with a Kendall’s tau of 0.1. Accounting for this 

dependence, the resulting joint return period is estimated to be 85 years (Fig. 6). 

 660 
Figure 6: Estimated joint return period of the Gloria storm at Tordera River mouth, modelled as a multivariate event. 

 

5.2 Spatially compounding inland–coastal event: heavy rainfall in the Júcar basin and high waves in the Gulf 

of Jávea 

5.2.1 Type 665 

Spatial compounding: it refers to situations in which the same hazard (or different hazards) occur simultaneously 

in different locations. These events can make emergency management and early-warning coordination more 

challenging when the affected areas fall under the responsibility of the same administration (e.g. civil protection 

authorities). While spatial compounding does not alter the return period of the hazard at each individual location, 

it does affect the return period of the event at the regional level. The event considered here combines the highest 670 

wave of the entire Gloria event, recorded off the coast of Jávea, with heavy rainfall and floods in the Júcar River 

basin (Fig. 7). Although impacts occurred in different areas, their simultaneity in the same autonomous community 

meant they had to be managed by the same administrations. 

 

5.2.2 Description 675 

The Valencian Community covers an area of 23,255 km2 and includes a densely urbanised coastal margin 

intersected by numerous torrential, non-permanent streams (Fig. 1c). Within this setting, Jávea (68.59 km2 in area, 

with 28,731 inhabitants) depends strongly on tourism as its main source of income. Its mountainous relief, the 

presence of ephemeral channels, and the intense occupation of the coastal fringe by housing, hotels, and other 

infrastructure make the municipality highly exposed to marine storms and flooding. 680 
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On 20 January, the Valencian coast experienced the most severe wave conditions of the event, with significant 

wave heights ranging from 7 to 10 m. The highest values were recorded off the coast of Alicante province, 

particularly in front of Jávea, where severe damage occurred along the seafront promenade, and affected shops and 

residences. A campsite in the area had to be evacuated, and additional impacts included road closures in other 685 

sectors of the province, partly aggravated by concurrent snowfall inland. Also, most airports across the Valencian 

Community were forced to suspend operations. To assess the extent of coastal inundation in Jávea and other 

affected areas (including Dénia, Xàbia, south of Valencia, south of Castellón, the Ebro Delta, Maresme, Júcar–

Gandía, and Mallorca), the Copernicus Emergency Management Service was activated. Subsequent coastal-repair 

measures approved by the Spanish administration exceeded EUR2022 9 million. 690 

 

5.2.3 Probabilistic analysis 

The data series for this spatially compound scenario were obtained by considering all the precipitation records from 

all the stations within the Júcar River basin and wave data from the CoExMed node located in the Gulf of Jávea 

(Fig. 7). 695 

 
Figure 7: AEMET AWS (automatic weather stations, white circles) inside the Júcar River basin and surrounding area, and the node 

CoExMed located in the Gulf of Jávea (red circle) (Map data © 2025 Google) 

 

During Storm Gloria, the maximum values recorded in this case-study domain were a significant wave height of 7 700 

m and a daily precipitation total (P24h) of 274 mm. From a univariate perspective, the estimated return periods are 
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about 1.5 years for the rainfall event. Thus, the wave conditions were exceptional, whereas rainfall totals of this 

order are not unusual within the climatology of the Júcar basin. 

 

To capture the compound nature of the event, a bivariate analysis was used to estimate the joint return period of 705 

concurrent rainfall and wave extremes. Under an independence assumption, the product of the marginal return 

period would simply be the product of their individual return periods, yielding 100 × 1.5 = 1,500 years. However, 

since the variables are not independent, this relationship is modelled with copulas. Specifically, the dependence 

structure in the rainfall-conditioned analysis (P24h_98, Hs) is captured using a survival Tawn T2 copula with a 

Kendall’s tau of 0.12, while the wave-conditioned analysis (Hs_99.5, P24h) is modelled using a Tawn type 1 copula 710 

with a Kendall’s tau of 0.11. Accounting for this dependence, the resulting joint return period is estimated to be 72 

years. 

 

5.3 Temporally compounding event: repeated impacts in Los Alcázares associated with temporally clustered 

episodes of heavy rainfall 715 

5.3.1 Type 

Temporally compounding: a sequence of distinct events occurring within a relatively short period of time, such 

that recovery from one episode is incomplete before the next one occurs. The key issue here is not a change in the 

marginal return period of a single hazard, but the probability of repeated damaging conditions within a short time 

window. In the present case, Los Alcázares experienced repeated flood impacts between 19 September 2019 and 720 

25 January 2020. 

 

5.3.2 Description 

Los Alcázares is a municipality in the Region of Murcia, located in the Segura River basin and extending along 

approximately 9 km of the Mar Menor coastline (Fig. 1d). In 2022, it had a resident population of 17,603 within 725 

an area of 19.82 km², although this figure increases markedly during the summer season due to tourism. The 

municipality is bordered to the south by the Rambla del Albujón, while the historic urban centre is situated at the 

confluence of the Rambla de la Maraña and several smaller ravines (Fig. 8). This configuration favours a diffuse 

and spatially distributed flood response, with water entering the urban area through multiple drainage paths rather 

than a single well-defined channel. Although the immediate surroundings are relatively flat, the area is influenced 730 

by nearby medium-altitude mountain ranges with steep slopes, drained by numerous ephemeral streams flowing 

towards the Mar Menor. In this context, extensive urban development in flood-prone areas, the sealing and 
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alteration of watercourses, and the presence of transport and utility infrastructure across drainage paths have 

contributed to high flood exposure and risk (Tragsatec and MITECO, 2020). Nearby municipalities such as San 

Javier and San Pedro del Pinatar are affected by similar hydrometeorological conditions. The severity of this 735 

exposure is reflected in the associated economic losses: between 1996 and 2020, the Consorcio de Compensación 

de Seguros (CCS) paid EUR2022 45.7 million in compensation in Los Alcázares, placing it among the municipalities 

with the highest cumulative flood-related compensation losses in the Spanish Mediterranean region. The recurrence 

of the three flood events within such a short period significantly increased this local vulnerability, since the 

consequences of one episode had not yet been fully addressed when the next one occurred (Fig. 9). 740 

 
Figure 8: Map of the municipality of Los Alcázares and neighbouring municipalities in Murcia mentioned in the text, showing rivers 

and AEMET AWS (automatic weather stations) (Map data © 2025 Google) 

 

The first event, which occurred between 11 and 15 September 2019, was triggered by exceptionally intense rainfall 745 

across the Segura basin. Daily accumulations reached 257 mm in Molina de Segura on 12 September 2019, while 

San Javier recorded 321 mm in 24 hours on 13 September 2019. Total rainfall exceeded 450 mm in some parts of 

the region, and local short-duration intensities were also extreme, surpassing 30 mm in 10 minutes at some 

locations. Los Alcázares was among the municipalities most severely affected, largely as a result of the overflow 

of the Rambla del Albujón, which inundated large sectors of the town and caused serious damage to infrastructure, 750 

including the Town Hall (Fig. 9). The magnitude of the impacts led to the official declaration of the municipality 

as a Zona afectada gravemente por una emergencia de protección civil (area seriously affected by a civil protection 
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emergency). For this episode alone, the CCS paid more than EUR2022 24 million in Los Alcázares, accounting for 

74% of the total compensation disbursed in the municipality between 1996 and 2020. By contrast, its location on 

the shores of the Mar Menor, which is separated from the open Mediterranean by the narrow barrier of La Manga, 755 

explains the absence of documented damage associated with storm surge, including during Storm Gloria. 

  
Figure 9: Floods in Los Alcázares in September 2019 (DANA 2019) and January 2020 (Source: Press) 

 

Just under three months later, on 2–3 December 2019, the area was affected by a second episode of heavy rainfall. 

The highest daily accumulation, 145 mm, was recorded in Benizar, in the northern sector of the Segura River basin, 760 

while San Javier registered 115 mm in 24 hours. The event caused widespread flooding of major roads and led to 

the evacuation of around 100 residents from the most exposed areas. Although shorter and less severe than the 

September episode, this second event compounded previous losses and exposed the fragility of infrastructure that 

was still under repair. In Los Alcázares, CCS compensation for this flood exceeded EUR2022 400,000. 

 765 

The third episode was Gloria, which affected the region mainly between 20 and 21 January 2020. On 22 January, 

the Municipal Emergency Plan was activated at Level 1 in both San Pedro del Pinatar and San Javier (neighbouring 

municipalities to Los Alcázares), reflecting the seriousness of the situation. Numerous flooding incidents were 

reported, and CCS estimated the associated losses at around EUR2022 26,000. However, the distinctive feature of 

this event was not the scale of the material damage, which was comparatively moderate, but the strength of the 770 

social response. Dissatisfaction with the authorities’ management generated numerous citizen complaints and 

culminated in a public demonstration in Los Alcázares on 26 January. 

 

Taken together, these three episodes illustrate not only the high hydrometeorological hazard affecting the region, 

but also the cumulative character of vulnerability. Recurrent impacts within a short period, incomplete recovery 775 
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processes, and perceived limitations in institutional response amplified both the economic and the social 

consequences of the events. 

 

5.3.3 Probabilistic analysis 

For this case, the analysis uses daily precipitation records from the official Segura basin network as a proxy for the 780 

regional hydrometeorological forcing associated with the repeated impacts in Los Alcázares (Fig. 9). The resulting 

return period therefore refers to a sequence of basin-scale rainfall extremes, not to the recurrence of flooding losses 

in Los Alcázares itself. 

 

During Storm Gloria, the Segura River basin recorded a maximum 24-hour precipitation total (P24h) of 145 mm. 785 

As noted above, this event occurred under already exceptional antecedent wetness, with 115 mm accumulated over 

the previous month and 257 mm over the preceding three months, highlighting that Gloria formed part of a short 

sequence of unusually intense rainfall episodes. In this case, the key issue is not the magnitude of an individual 

storm, but the temporal clustering of extremes. Within less than five months, the basin experienced three high-

magnitude events, one of which exceeded 200 mm. This recurrence appears only once in the 43-year observational 790 

record, corresponding to an empirical return period of approximately 22 years. Although this estimate provides a 

useful reference for risk assessment, it should be interpreted with caution given the limited length of the 

observational record and the uncertainty inherent in empirical recurrence estimates for clustered extreme events. 

 

6 Main impacts and economic lossesdamage and economic compensation 795 

6.1 Societal and environmental impactsImpacts  

Storm Gloria produced widespread disruption throughout the Spanish Mediterranean coast. According to CCS 

records, 770 municipalities were affected, representing 46% of all municipalities within the analysed provinces and 

82% of those located along the coast (Table 5). The event resulted in ten confirmed fatalities in the study region: 

four deaths (two in a car swept away by floodwaters, two by waves) and one missing person in Catalonia; five 800 

deaths in the Valencian Community (two homeless people swept away by floodwaters while sleeping and another 

one from hypothermia, and two from unknown causes); and one death in Andalusia. Across all of Spain, Storm 

Gloria resulted in 14 deaths and three missing persons.  
 

 805 
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Table 5: Number of municipalities affected by flooding,, storm surge coastal flooding, or and TCA (Atypical Cyclonic Storms), 

following the CCS classification, by coastal provinces in every autonomous community and for the study area as a whole. *In the 

total figure for each region, each municipality is counted only once, even if it has been affected by one, two or three hazards. The 810 
total number of municipalities in each province is provided in Appendix A. 

 Catalan 
prov. 

Valencian 
prov. 

Murcia 
prov. 

Andalucia 
prov. 

Total 

Floods 422 224 15 31 692 
Sea 

stormCoastal 
floods 

55 45 2 0 102 

TCA 194 56 4 2 256 
Total* 474 249 15 32 770 

 

The storm affected virtually every socioeconomic sector. Along the coast, the most severe impacts occurred in 

Catalonia and the Valencian Community, where extensive beach erosion, coastal flooding, and substantial damage 

to promenades, ports, marinas, and other coastal infrastructure were reported. Inland, the overflow of rivers and 815 

ephemeral streams caused widespread flooding of residential areas, commercial premises, industrial facilities, 

hotels, and thousands of vehicles. Strong winds also damaged buildings, urban furniture, and public infrastructure, 

particularly within the Barcelona metropolitan area.  

 

Transport infrastructure was severely disrupted throughout the region. Numerous roads and railway lines were 820 

closed because of flooding, landslides, fallen trees, and snow accumulation. Particularly significant was the collapse 

of the railway and adjacent road bridges across the Tordera River, which interrupted one of the principal transport 

corridors along the Catalan coast. Rail services were not fully restored for approximately ten months. Airport 

operations in the Valencian Community and Andalusia were also temporarily affected. 

 825 

Primary economic activities sustained substantial losses. Agricultural damage was particularly severe in the Ebro 

Delta, where extensive rice fields were flooded, and in Níjar (Almería), where numerous greenhouses were 

damaged. The Union of Small Farmers and Ranchers estimated agricultural losses throughout Spain at 

approximately EUR2022 24.1 million. Fishing activity ceased during the storm and remained interrupted for more 

than a week owing to the large quantities of sediment and debris transported to the coast by rivers. Additional losses 830 
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resulted from damage to fishing vessels, gear, and offshore tuna-fattening facilities near l'Ametlla de Mar 

(Tarragona), where thousands of fish died. 

 

From an ecological perspective, the storm had substantial impacts on several natural environments, including the 

Ebro Delta (Catalonia) and l’Albufera of Valencia. Particularly severe damage was reported in Posidonia 835 

oceanica meadows, which were strongly affected by the marine storm, while intense winds also caused widespread 

tree uprooting (Marco-Méndez et al., 2024). At the same time, some positive effects were identified, such as the 

regeneration of the Tordera delta through sediment input and the recharge of aquifers and reservoirs. Daily life was 

also seriously disrupted, with school closures, interruptions to electricity and drinking water supply, and damage 

to collectors, water treatment plants, and sewage systems in multiple localities. Beyond these direct effects, the 840 

event generated significant indirect impacts, including travel delays and the temporary suspension of economic 

activity. Intangible damage should likewise be acknowledged, following the classifications proposed by Petrucci 

and Llasat (2013) and Messner and Meyer (2006), particularly anxiety and stress among affected populations. 

 

6.2 Economic cCompensation  845 

The total amount of compensation paid across the study area reached EUR2022 204 million, of which EUR2022 106.5 

million was associated with flooding, EUR2022 40.3 million with sea stormscoastal flooding, and EUR2022 57.2 

million with windstorms (TCA following the nomenclature of CCS). Figure 110 shows the distribution of these 

payments by hazard type: 52% corresponded to floods, 28% to TCA, and 20% to sea stormscoastal flooding. A 

similar pattern is observed when only coastal municipalities are considered. In these municipalities, 43% of 850 

compensation was associated with floods, while TCA and sea stormscoastal floods each accounted for 

29%.However, restricting the analysis to coastal municipalities substantially changes this distribution. In these 

municipalities, flooding represented 43% of total compensation, whereas coastal flooding and wind-related claims 

each accounted for 29%, highlighting the increasing economic importance of marine hazards in coastal 

environments. 855 
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Figure 110: Map of the total compensation for sum of floods, coastal floodingsea storm and windstorm (TCA) by municipality, with 

pie charts showing the distribution of compensation by cause at the province level. with indication of the distribution of quantities 

according to the causes 860 

 

Flood-related compensation dominated in most provinces, In most provinces, the largest share of compensation 

was associated with flooding, either alone or in combination with sea storms. This pattern was particularly marked 

in the Andalusian provinces, where compensation was almost entirely flood-related: 100% in Granada, 99.9% in 

Málaga, and 98% in Almería, with only 0.03% and 2%, respectively, attributable to TCA (windstorms). Given that 865 

rainfall totals were lower in the southern sector and that GDP levels were not among the highest, the comparatively 

large flood-related compensation suggests a stronger role of exposure, particularly the occupation of flood-prone 

areas, and the high value of the insured assets, given that the region is home to some luxury residences. In contrast, 

coastal flooding accounted for a much larger proportion of total compensation in Catalonia and the Valencian 

Community (Fig. 11), reflecting the stronger influence of marine storm impacts along these coastlines. 870 
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At the municipal scale, more than half of all affected municipalities received compensation exclusively for 

flooding, whereas 18% experienced both flooding and wind-related damage, and 5% received compensation 

associated with all three hazard types. The pattern differs markedly for coastal municipalities, where compound 875 

impacts became considerably more common. Only 20% of coastal municipalities received compensation 

exclusively for flooding, whereas 42% were simultaneously affected by flooding and coastal flooding, 7% by floods 

and windstorms and 29% received compensation associated with flooding, coastal flooding, and wind-related 

damage. These results illustrate the widespread occurrence of multiple hazard impacts within coastal environments 

during Storm Gloria.  880 

 

The municipalities receiving the highest total compensation were Barcelona (EUR2022 24 million), Málaga (EUR2022 

13 million) and Malgrat de Mar (EUR2022 10 million). In the case of Malgrat de Mar, this result is unsurprising 

given its location near the mouth of the Tordera River. For Barcelona, the high compensation is consistent with the 

intensity of rainfall and wind, the large exposed population, and the high value of exposed assets. Málaga, however, 885 

reflects a different configuration: although average GDP is lower, the presence of numerous high-value second 

homes in flood prone areas increased insured losses substantially. Overall, these results illustrate the complexity 

involved in interpreting impact patterns, which depend not only on hazard intensity but also on the spatial 

distribution and value of exposed elements. 

 890 
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Figure 121: Distribution of total compensation paid to municipalities within each province. The y-axis is shown on a log10 scale with 

values expressed in EUR2022 million. 

 

Figure 12 further shows substantial variability in compensation among municipalities within the same province. 895 

Málaga exhibits both the highest median compensation and the greatest dispersion of values, whereas Granada and 

Almería contain comparatively few municipalities with significant compensation payments This pattern reinforces 

the complexity of the hazard–impact relationship, which cannot be explained by hazard intensity alone but must 

also consider multiple factors related to exposure and vulnerability. Likewise, Figure 13 indicates that no single 

geographical pattern characterises the distribution of compensation among the three hazard categories. 900 

 

 

 
Figure 132: Distribution of compensation paid to each municipality located in each province, by hazard. In the case of Murcia, only 

two municipalities received compensation for sea floodscoastal flooding, while in the Andalusian provinces, compensation was only 905 
related to floods, except in Almería and Málaga, where one municipality in each province received compensation for TCA (Atypical 

Cyclonic Storms).  

 

 

To further examine the relationship between hazard intensity and economic losses, provinces were classified 910 

according to both meteorological severity and compensation level (Table 6). Hazard categories were derived from 

the maximum threshold exceeded by each meteorological variable, whereas compensation values were classified 

into terciles for each hazard type. Hazard categories are indicated as H1, H2 and H3, while compensation categories 

are indicated as C1, C2 and C3, corresponding respectively to low, intermediate and high levels. For each province 
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and hazard type, the hazard category was then compared with the corresponding compensation category. Overall, 915 

a broadly consistent relationship emerges: provinces with the highest CCS payments generally correspond to 

category H3 in the hazard classification, indicating that at least two measurement points exceeded the highest 

threshold. One notable exception is Barcelona, where compensation related to coastal flooding sea storms reached 

the highest category, C3, even though the corresponding hazard was not classified at that level. This result, 

however, coincided with maximum-category values for the other two hazards and their associated CCS payments. 920 

Conversely, some provinces, such as Tarragona and Valencia, reached the highest hazard category without showing 

equally high compensation values. These discrepancies may reflect contextual factors that limited the resulting 

damage, including lower exposure or lower vulnerability in the affected areas. 
 
Table 6: Hazard categories attained in each province according to the maximum threshold exceeded at a minimum of two stations 925 
or one station and onetwo SIMAR points for coastal flooding, and total compensation paid by hazard type and province, expressed 
in EUR2022 million (M). Ptotal: total precipitation, Wmax: maximum wind gust, SHHs: sea wave height; CCS-Floods: compensation 
related to flooding; CCS-Sea floods: compensation related to sea floods; CCS-TCA: compensation related to wind-related claims.  

Province Ptotal CCS-Floods (M) SHHs CCS-Sea floods (M) Wmax CCS-TCA (M) 

Girona H3 35.13 (C3) H3 7.59 (C3) H1 3.20 (C2) 

Barcelona H3 33.84 (C3) H2 14.89 (C3) H3 43.04 (C3) 

Tarragona H3 5.01 (C2) H3 5.29 (C2) H1 0.81 (C1) 

Castellón H3 6.16 (C2) H1 5.23 (C2) H2 0.03 (C1) 

Valencia H3 6.98 (C3) H3 2.07 (C2) H3 6.66 (C2) 

Alicante H3 3.81 (C2) H3 5.32 (C2) H2 2.60 (C2) 

Murcia H2 0.63 (C1) H1 0.25 (C1) H2 0.81 (C1) 

Almería H1 0.05 (C1) H1 - H2 0.001 (C1) 

Granada H1 0.009 (C1) H1 - - - 

Málaga H3 14.93 (C3) H1 - - 0.005 (C1) 
 

 930 

7 Conclusions 

Storm Gloria represents one of the most remarkable recent examples of compound flooding affecting the Spanish 

Mediterranean coast. Between 19 and 25 January precipitation was widespread, exceeding 500 mm at numerous 

stations (maximum of 527.5 mm). The event reached its peak between 19 and 21 January, when several stations 

recorded daily precipitation totals exceeding 250 mm, wind gusts above 110 km h-1 and maximum significant wave 935 

height above 8 m.  
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By combining meteorological observations, probabilistic analyses, documented impacts, and economic-loss data, 

this study provides an integrated assessment of how a single atmospheric episode generated multiple types of 

compound flood events and the consequences that followed. The results demonstrate that Storm Gloria 940 

simultaneously produced multivariate, spatially compound, and temporally compound flood events, each 

characterised by different physical mechanisms and distinct implications for emergency management. Multivariate 

events amplified impacts through the interaction of coincident fluvial and coastal processes at the same location, 

spatially compound events increased the geographical footprint of the emergency by simultaneously affecting 

different sectors of the coast, and temporally compound events intensified impacts because recovery from previous 945 

floods had not been completed. Together, these examples show that different compound-event types may coexist 

within a single storm and jointly contribute to the overall severity of the disaster. 

 

The probabilistic analyses further demonstrate the importance of explicitly accounting for dependence between 

hazard drivers. For both the multivariate and spatially compound examples, considering statistical dependence 950 

substantially reduced the estimated joint return periods compared with the assumption of independence, confirming 

that conventional univariate approaches may considerably underestimate the likelihood of compound extremes. 

 

The comparison between meteorological severity and economic compensation also highlights that hazard intensity 

alone is insufficient to explain disaster losses. Although the largest compensation payments generally occurred in 955 

areas experiencing the highest hazard levels, important regional differences emphasise the controlling influence of 

exposure and vulnerability. Moreover, while flooding accounted for most insured losses at the regional scale, 

coastal flooding became nearly as important as wind-related damage when only coastal municipalities were 

considered, underscoring the need to explicitly include marine processes in coastal flood-risk assessments. 

 960 

Beyond direct economic losses, Storm Gloria generated numerous cascading impacts that persisted well beyond 

the meteorological event itself. Damage to transport infrastructure, beaches, ports, and coastal ecosystems required 

recovery periods extending over several years, while reconstruction efforts were further complicated by the onset 

of the COVID-19 pandemic shortly afterwards. At the same time, the event also generated beneficial 

geomorphological responses, including sediment redistribution within the Tordera delta and recharge of aquifers 965 

and reservoirs. These contrasting effects illustrate the dual role of extreme storms as both destructive events and 

natural agents of coastal morphodynamic adjustment, emphasising the need to evaluate both adverse and beneficial 

consequences when assessing coastal resilience. 
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From a management perspective, Storm Gloria exposed important limitations in current approaches to coastal flood 970 

risk. While emergency response was initially coordinated at municipal level, the large geographical footprint of the 

storm rapidly exceeded local response capacity and required increasing regional and national coordination. The 

event also placed considerable pressure on institutional mechanisms, including the Insurance Compensation 

Consortium, whose operational capacity had already been affected by previous flood events during late 2019. These 

observations highlight that compound events should be viewed not only as physical phenomena but also as 975 

governance challenges requiring coordination across administrative boundaries and throughout the entire disaster-

management cycle, from preparedness to long-term recovery. 

More broadly, this study demonstrates that analysing compound events through a single integrated framework 

provides a more realistic representation of coastal flood risk than considering individual hazards independently. 

Combining meteorological observations, probabilistic dependence analysis, and observed impacts allows the links 980 

between hazard generation, impact propagation, and societal consequences to be explicitly established. Such 

integrated approaches are likely to become increasingly important under climate change, as rising sea levels and 

potentially more frequent extreme precipitation events are expected to increase the occurrence and impacts of 

compound coastal flooding (Jiménez et al. 2026). 

 985 

 

Beyond the specific case of Storm Gloria, this study demonstrates the value of integrating hazard characterisation, 

probabilistic dependence analysis, and observed impacts within a common framework for the analysis of compound 

events. Such an approach provides a more realistic representation of coastal flood risk than analysing individual 

hazards independently and offers a practical basis for improving early-warning systems, emergency planning, and 990 

long-term adaptation strategies. The framework presented here provides a practical basis for incorporating 

compound-event thinking into coastal flood-risk assessment and adaptation planning, an increasingly important 

requirement for climate-resilient management of Mediterranean and other vulnerable coastal regions. 

 

Although this episode has been shown to be a paradigmatic case of different types of compound events, it was not 995 

a typical Mediterranean flood event. Such events usually occur in autumn and are mainly characterised by flash 

flooding. The magnitude and uniqueness of the event can be considered aligned with the consequences of climate 

change. This underscores the need to be prepared for unprecedented situations, as proposed by Kreibich et al. 

(2022). 
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Appendix A. Complementary tables and maps 

 1215 

Table A1. Stations that recorded maximum wind gusts above 90 km h-1 between 19 and 21 January *(Coordinates in decimal degrees, 

WGS84 (EPSG:4326)) 

Coordinates  
(Lat, Lon)* 

Station name (altitude in m) Province 19/1 20/1 21/1 

38.28º N, 0.57º W Alicante-Elche aeropuerto (43) Alicante  94  

41.41º N, 2.12º E Barcelona - Fabra (408) Barcelona 91 103 104 

41.39º N, 2.2º E Barcelona - CMT (6) Barcelona 91 106  

41.29º N, 2.07º E Barcelona - Aeropuerto (4) Barcelona  105  

39.01ºN, 0.30º W Barx (340) Valencia 108 96  

36.72º N, 2.19º W Cabo de Gata - Faro (52) Almería  103  

38.78º N, 0.16º E Jávea -Ayuntamiento (15) Alicante 93 94  

37.03º N, 2.91º W Lújar de Andarax (1518) Almería 93   

40.69º N, 0.16º E La Pobla de Benifassà (1168) Castellón   104 

42.38º N, 2.75º E Maçanet de Cabrenys (355) Girona 94   

41.17º N, 0.35º E Massaluca (370) Tarragona  91  

38.95º N, 0.13º W Miramar - semiautomática (12) Valencia 100 93  

40.62º N, 0.10º W Morella - Paseo Alameda (990) Castellón   97 

37.77º N, 0.80º W Murcia - San Javier II (4) Murcia  104  

38.92º N, 0.09º W Oliva (5) Valencia  115  

41.41º N, 1.51º E Pontons (632) Barcelona  91  

37.69º N, 0.73º W San Javier - La Manga (4) Murcia 90 91  

39.48º N, 0.47º W Valencia - Aeropuerto (56) Valencia  96  

41.50º N, 2.36º E Vilassar de Dalt (56) Barcelona 102   
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Table A2. Number of municipalities affected by flooding, storm surgecoastal flooding, or TCA (windstorms), by coastal provinces 

and for the study area as a whole. *In the total figure for each region, each municipality is counted only once, even if it has been 1220 
affected by one, two or three hazards.  

 GI BCN TGN CAST VAL ALIC MURC ALM GRA MAL Total 
Floods 172 182 68 31 127 66 15 7 3 21 692 
Sea 
stormCoastal 
floods 

18 20 17 13 17 15 2 0 0 0 102 

TCA 25 141 28 8 38 10 4 1 0 1 256 
Total* 174 218 82 39 142 68 15 8 3 21 770 

 

 

 
Figure A1. Stations where the wave height, maximum wind gusts and precipitation thresholds were exceeded on 19 January 2020. 1225 
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Figure A2. Stations where the wave height, maximum wind gusts and precipitation thresholds were exceeded on 21 January 2020.  
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Figure A3. Stations where the wave height, maximum wind gusts and precipitation thresholds were exceeded on 22 January 2020. 
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 1230 
Figure A4. Stations where the wave height, maximum wind gusts and precipitation thresholds were exceeded on 23 January 2020. 
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Figure A5. Stations where the wave height, maximum wind gusts and precipitation thresholds were exceeded on 24 January 2020. 
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Figure A6. Stations where the wave height, maximum wind gusts and precipitation thresholds were exceeded on 25 January 2020. 1235 
 


