Hydrol. Earth Syst. Sci., 28, 283-302, 2024
https://doi.org/10.5194/hess-28-283-2024

© Author(s) 2024. This work is distributed under
the Creative Commons Attribution 4.0 License.

Hydrology and
Earth System
Sciences

Synoptic weather patterns conducive to compound extreme
rainfall-wave events in the NW Mediterranean

Marc Sanuy', Juan C. Peiia®, Sotiris Assimenidis?, and José A. Jiménez

1

11 aboratori d’Enginyeria Maritima, Universitat Politecnica de Catalunya, BarcelonaTech, c¢/Jordi Girona 1-3,

Campus Nord ed. D1, Barcelona, 08034, Spain

2Servei Meteorologic de Catalunya, C. Berlin, 38-46, 08029, Barcelona, Spain

Correspondence: Marc Sanuy (marc.sanuy @upc.edu)

Received: 17 April 2023 — Discussion started: 10 May 2023

Revised: 3 October 2023 — Accepted: 19 November 2023 — Published: 18 January 2024

Abstract. The NW Mediterranean coast is highly suscepti-
ble to the impacts of extreme rainstorms and coastal storms,
which often lead to flash floods, coastal erosion, and flooding
across a highly urbanised territory. Often, these storms oc-
cur simultaneously, resulting in compound events that inten-
sify local impacts when they happen in the same location or
spread impacts across the territory when they occur in differ-
ent areas. These multivariate and spatially compound events
present significant challenges for risk management, poten-
tially overwhelming emergency services. In this study, we
analysed the prevailing atmospheric conditions during vari-
ous types of extreme episodes, aiming to create the first clas-
sification of synoptic weather patterns (SWPs) conducive to
compound events involving heavy rainfall and storm waves
in the Spanish NW Mediterranean. To achieve this, we devel-
oped a methodological framework that combines an objec-
tive synoptic classification method based on principal com-
ponent analysis and k-means clustering with a Bayesian net-
work. This methodology was applied to a dataset compris-
ing 562 storm events recorded over 30 years, including 112
compound events. First, we used the framework to determine
the optimal combination of domain size, classification vari-
ables, and number of clusters based on the synoptic skill
to replicate local-scale values of daily rainfall and signifi-
cant wave height. Subsequently, we identified SWPs associ-
ated with extreme compound events, which are often charac-
terised by upper-level lows and trough structures in conjunc-
tion with Mediterranean cyclones, resulting in severe to ex-
treme coastal storms combined with convective systems. The
obtained classification demonstrated strong skill, with scores
exceeding 0.4 when considering factors like seasonality or

the North Atlantic Oscillation. These findings contribute to a
broader understanding of compound terrestrial-maritime ex-
treme events in the study area and have the potential to aid in
the development of effective risk management strategies.

1 Introduction

The NW Mediterranean coast frequently experiences flash
floods during heavy rainfall episodes (Llasat and Puigcerver,
1992; Llasat et al., 2014; Gaume et al., 2016) and coastal
storms when high waves erode and flood the coastal fringe
(Mendoza et al., 2011; Jiménez et al., 2012). When these haz-
ards coincide, they result in compound extreme events that
can have a significant impact regionally. These compound
events increase the local impact where both hazards concur at
the same basin, and they can also distribute the impact widely
across the territory when they occur simultaneously in dif-
ferent areas (Zscheischler et al., 2020). For instance, the re-
cent Storm Gloria in January 2020 had substantial repercus-
sions in Catalonia (NW Mediterranean, Spain). This storm
led to four casualties, structural damage in different break-
waters along the coast, a railway bridge collapse, and im-
pacts associated with extreme waves, rainfall, and wind ac-
tion distributed throughout the territory (Canals and Miranda,
2020). The Spanish national reinsurance company Consor-
cio de Compensacion de Seguros paid EUR 143 million for
storm-induced damage, which was limited to insured prop-
erty (Lujédn-Lopez, 2022). Managing the risk associated with
such events is challenging due to the intensity of the observed
damage and their extensive spatial coverage, which can over-
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whelm protection services (e.g. during Storm Gloria, civil
protection services received approximately 15000 calls and
performed 2510 services in 4 d, as reported by the Ministry
of Home Affairs of the Government of Catalonia).

Compound coastal floods have gained increasing attention
in recent years (Wahl et al., 2015; Wu et al., 2018; Bevac-
qua et al., 2019; Hendry et al., 2019; Camus et al., 2022).
However, despite their high relevance in the NW Mediter-
ranean, these events have predominantly been studied within
large-scale (continental) analyses of the multivariate type,
where different hazards act simultaneously at the same lo-
cation (Paprotny et al., 2018; Zscheischler et al., 2018, Be-
vacqua et al., 2019). A recent analysis of compound events
in the NW Mediterranean found that they occur relatively
frequently, approximately 3.4 times per year, and are often
spatially compound, involving the simultaneous occurrence
of heavy rainfall and storm waves in different parts of the re-
gion, while a few areas show concentrations of multivariate
events (Sanuy et al., 2021). Assessing the magnitude of the
impact and associated risks involves considering the intensity
of the involved hazards and their distribution over the terri-
tory, which need to be combined with the level of exposure
and vulnerability of affected areas (e.g. Kron, 2013).

Since these hazards are influenced by specific weather
conditions, identifying meteorological patterns conducive to
extreme events becomes crucial. This knowledge can be used
to indirectly estimate their probability of occurrence (Catto
and Dowdy, 2021; Camus et al., 2022) and can therefore be-
come a relevant element in risk management. Various meth-
ods have been used for weather classification, ranging from
manual procedures (Hess and Brezowky, 1969; Lamb, 1972)
and correlation-based map typing (Yarnal, 1993; Wu et al.,
2018) to more objective approaches such as principal compo-
nents and clustering (e.g. Huth et al., 2008). The EU COST
733 project (Huth, 2010) has significantly contributed to ad-
vancing scalable classification techniques applicable to var-
ious European regions. Several classification methodologies
were proposed and rigorously compared within this project,
which highlighted that different classification approaches
demonstrate comparable effectiveness (e.g., Philipp et al.,
2010, Beck and Philipp, 2010). Notably, the synoptic skill
of weather classifications, i.e. their capacity to accurately
replicate the magnitudes of key target variables at the local
scale, was identified as being particularly sensitive to vari-
ous methodological aspects inherent to objective approaches.
These encompassed factors such as the predefined number
of classification groups, the selection and number of atmo-
spheric variables, and the spatial dimensions of the classi-
fication domain (see e.g. Philipp et al., 2016; Beck et al.,
2016; Teegavarapu and Goly, 2018; Falkena et al., 2020).
In this context, Bayesian networks (BNs) have been em-
ployed to assess the dependencies between multiple non-
linearly related variables in natural hazard analysis (Beuzen
et al., 2018; Plant et al., 2016; Couasnon et al., 2018), and
they can therefore be used to evaluate the synoptic skill
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of objective weather classification methods in reproducing
local-scale variability in target variables. Additionally, BNs
provide a framework for assessing conditioned probabilities
based on weather patterns, their climatological factors, and
their characteristics at the local scale (e.g. Sanuy et al., 2021).

While the dominant weather patterns during individual
rainfall and coastal storms in the NW Mediterranean have
been comprehensively identified (Martin-Vide et al., 2008;
Mendoza et al., 2011; Gilabert and Llasat, 2017; Gil-Guirado
et al., 2021), synoptic weather patterns (SWPs) conducive
to compound events involving both hazards have not been
thoroughly studied in this region. Recent analysis of concur-
rent intense precipitation and extreme wind events over the
Iberian Peninsula identified their link with cyclones and as-
sociated atmospheric rivers; however, the results suggested
that the climatology of extreme weather events in the NE
sectors (the NW Mediterranean coast) is driven by differ-
ent mechanisms relative to other sectors (Hénin et al., 2021).
Mediterranean cyclones have been highlighted as significant
contributors to extreme precipitation and coastal storm im-
pacts (Flaounas et al., 2022). Inter-annual variations in wave
height during coastal storms are predominantly influenced by
seasonality (Morales-Madrquez et al., 2020), while those in
extreme precipitation are more closely tied to the North At-
lantic Oscillation (NAO) (Casanueva et al., 2014; Krichak et
al., 2014; Criado-Aldeanueva and Soto-Navarro, 2020). The
complex orography of the region influences precipitation and
wind patterns, and the coastal storm climate is characterised
by the more significant role played by waves in erosion and
flooding than surges (Mendoza and Jiménez, 2009; Sanuy et
al., 2020).

To investigate the meteorological conditions under which
compound events involving heavy rainfall and storm waves
occur in the NW Mediterranean and to understand their
impact on contributing hazards and how they vary across
the territory, we classified the weather conditions during
recorded storm events, both univariate and compound, span-
ning 30 years (1990-2020). We utilised principal component
analysis (PCA) in combination with k-means clustering as an
objective classification approach, considering multiple com-
binations of atmospheric variables, domains and number of
clusters. The selected atmospheric variables included mean
sea level pressure (mslp), 500 hPa geopotential height (z500),
850 hPa temperature (t850), and 10 m wind fields («, v). Ini-
tially, the BN prediction skill is used to identify the most
suitable combination of domain, variables, and number of
clusters for individual and compound events. Subsequently,
we relate the obtained patterns to storm characteristics across
the region by calculating BN conditioned probabilities. This
study represents the first classification and characterisation of
weather patterns conducive to compound events on the NW
Mediterranean coast.
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2 Study area and data
2.1 Study area

The study area encompasses the approximately 600 km long
coastline of Catalonia in the NW Mediterranean, including
its river basins (Fig. 1). The presence of many small tor-
rential catchments combined with the orographic forcing of
Mediterranean air masses contribute to convective instabil-
ity, altering pressure fields and causing intense rainfall and
flash floods (Jansa et al., 2014). Hydrological and morpho-
logical factors have been shown to significantly influence
flash flood occurrences (Llasat and Puigcerver, 1992; Llasat
et al., 2014). Coastal storms in the area are dominated by
NE-E extreme waves, with secondary impacts from the S—
SE (Mendoza et al., 2011). Coastal flooding primarily results
from wave-induced run-up, while storm surges play a sec-
ondary role in inundation in this part of the NW Mediter-
ranean (Mendoza and Jiménez, 2009; Sanuy et al., 2020).
Over recent decades, the region has experienced a shoreline
retreat due to reduced sediment supply from rivers and the
presence of numerous obstacles disrupting natural littoral dy-
namics (Jiménez and Valdemoro, 2019). Consequently, wave
action on a progressively narrowing coastline has led to a
significant increase in coastal damage (Jiménez et al., 2012).

The terrestrial part of the study area was divided into seven
sectors of natural river catchments along the coast (hereafter
called basins), based on the literature (Llasat et al., 2016;
Sanuy et al., 2021). This subdivision allowed for a focused
analysis of direct pluvial hazards occurring in the lower parts
of the basins while excluding the upper parts of long and
regulated river catchments, such as the Ter in Girona and the
Llobregat in Barcelona (Fig. 1). Moreover, the marine part
was divided into three large sectors covering the main wave
climate areas of the coast: north, central, and south. Each
wave sector characterised the corresponding waves in more
than one basin (Fig. 1).

2.2 Data
2.2.1 Rain

Rainfall data for the study area were collected by automatic
weather stations (AWSs) from two networks distributed
throughout the study area and covering the coastal basins
of interest (Fig. 1 and Table 1). The datasets included daily
cumulative rainfall for 1990-2015 recorded by the Spanish
State Meteorology Agency (AEMET) and 30 min data for
2015-2020 from the Meteorological Service of Catalonia
(SMC), which were converted to daily cumulative precipi-
tation before merging.

2.2.2 Waves

The wave data consisted of a reconstruction of the signifi-
cant wave height (Hs) and peak period (Tp) for the Palamés,
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Table 1. Number of automatic weather stations (AWSs) per basin
and dataset.

Costal ~ Basin AEMET AWS SMC AWS
sector (1990-2015)  (2015-2020)
North Girl (Girona North) 6 11
Gir2 (Girona South) 9 12
Central M (Maresme) 7 13
B (Barcelona) 5 16
T1 (Tarragona North) 8 12
South T2 (Tarragona South) 5 7
E (Ebro Delta) 14 18
Total 54 86

Barcelona, and Tortosa wave buoys (Fig. 1). The reconstruc-
tion process was based on ERAS data (SMC, 2021) and
utilised a multilinear regression technique employing five
oceanic variables (significant wave height, total wave mean
period, mean wave period based on the first moment, mean
zero-crossing wave period, and total wave peak period) and
three atmospheric variables (mean sea level pressure, wind
speed and wind direction at 10 m) as predictors for the tar-
geted buoy variables (Hs or Tp). To account for the influence
of wind and the morphology of the Catalan coast, the data
was categorised into four groups based on wind direction (0
to 90°, 90 to 180°, 180 to 270°, and 270 to 360°), resulting
in distinct regression coefficients for each group.

2.2.3 Atmospheric variables

The synoptic classifications were based on ERAS5 data (Hers-
bach et al., 2023a, b) and comprised various combinations of
meteorological parameters, including mslp, z500, #1850 , and
both components of the 10 m wind (u and v). These data span
from 1990-2020 and cover a synoptic scale extending from
25° W to 30° E longitude and 30 to 65° N latitude, with a spa-
tial resolution of 0.25° x 0.25° and a temporal resolution of
3h.

Monthly mean NAO time series data for the same pe-
riod were obtained from the NOAA Climate Prediction Cen-
ter (CPC) website (https://www.cpc.ncep.noaa.gov/products/
precip/CWlink/pna/nao.shtml, last access: July 2023).

3 Methods

3.1 General framework

The developed methodology consists of three main steps
(Fig. 2):

a. Event identification. This step involves identifying and
characterising rain and wave storm events as individual
or compound events based on the presence of either or
both meteo-marine drivers.
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Figure 1. Top: location of the study area and a map showing the distribution of dataset nodes in river basins and coastal sectors. Rainfall data
were recorded at automatic weather stations (AWSs; circles and squares), while wave data were recorded by three wave buoys (red squares).
Bottom: topography and main rivers at the study site. Maps were created with ESRI-ArcGIS base maps and elevation data were provided by
Institud Cartografic i Geoldgic de Catalunya.
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b. Weather classifications. Here, synoptic weather patterns
were identified by using a PCA and k-means approach,
utilising multiple atmospheric variables, domains, and
varying cluster sizes.

c. BN analysis. In this step, a BN is employed to select an
appropriate combination of domain, classification vari-
ables, and number of clusters (N). The BN was also em-
ployed to identify critical SWPs and to characterise the
probabilistic spatial distribution of intensity and the lo-
cal simultaneity of compound events.

To evaluate the synoptic classifications, different domains
and variable combinations were defined, as the classifica-
tion skill is sensitive to these factors (Beck et al., 2016). The
largest domain (DO) corresponds to the downloaded synop-
tic scale. Additional regions were defined (Fig. 3 and Ta-
ble 2), and the synoptic skill in estimating basin-scale wave
heights and daily rainfalls across these domains were com-
pared. The k-means approach involved various combinations
of atmospheric variables (Table 2), including the use of each
individual variable as a predictor as well as groups of two
to four selected from those that individually performed the
best. Consequently, Step b (Sect. 3.3) and the BN skill anal-
ysis (Sect. 3.4) were conducted for each of the three event
types identified in Step a. Furthermore, this analysis was per-
formed for each combination of domain, k-means variable
set, and number of clusters (Table 2).

3.2 Event identification

In each basin, rain and coastal storm individual events were
identified using the peak over threshold (POT) method for
all stations within the basin. Rainstorms were identified with
a P24 (daily precipitation) threshold value of 40 mm and a
3d interval to establish independent events. This threshold
has been identified as the lower limit for events that could
potentially lead to flash floods if they are locally convective
(Barberia et al., 2014; Cortes et al., 2018). For each event in
a basin, the maximum P24 at any station and the accumu-
lated P24 at that station were retained, resulting in a single
time series of rainstorms per basin. Wave storms were iden-
tified using a dual-threshold approach (Sanuy et al., 2020)
with a 0.98 quantile, a minimum duration of 6h, and a 3d
lag to identify independent events and define their duration.
The second threshold, set at the 0.995 quantile, was used to
retain only extreme episodes. The absolute thresholds for the
0.995/0.98 quantiles, aggregating data from the three wave
datasets, were 2.9/2.2 m, respectively. Each event was char-
acterised by its maximum Hs and power content, approxi-
mated as the integration of Hs> x Tp over the storm dura-
tion. Also, the season and the monthly average NAO corre-
sponding to each event was saved to be later used in the BN
analysis.

The final dataset of storms included three event types at
the regional scale: (i) compound events in which rain and

https://doi.org/10.5194/hess-28-283-2024

wave events were both present at any of the basins; (ii) rain
events, as characterised by a rainstorm of P24 > 40 mm in at
least one basin without the co-occurrence of a wave storm in
any coastal sector; and (iii) wave events, as characterised by
the absence of a rainfall event in any basin but with a wave
storm in any of the coastal sectors. For the compound events,
further classification at the basin scale was done to distin-
guish between multivariate events (both rain and waves in the
same basin), compounding wave events (basin affected only
by waves), and compounding rain events (basin affected only
by rain). Sanuy et al. (2021) emphasised the importance of
this classification proposed by Zscheischler et al. (2020) for
risk management during compound events in NW Mediter-
ranean conditions.

Storm events, both individual and compound, underwent
basic exploratory analysis to determine their annual and sea-
sonal frequencies and average magnitudes.

3.3 SWP classification

To identify weather patterns, we employed an objective
methodology previously used in the area by Aran et
al. (2011) and Gil-Guirado et al. (2021) and consisting of two
main steps: PCA and cluster analysis (CA). We applied the
PCA + CA approach separately to rain, wave, and compound
events identified in the previous step using the +00:00 UTC
maps corresponding to each event’s peak (maximum P24 for
the rain events and maximum Hs for wave and compound
events). This classification procedure was applied across all
seven domains.

PCA was used to reduce the dimensionality of mslp, z500,
1850, and wind (u,v) data within each domain (Table 2).
Additionally, we applied PCA, separately for each variable,
to the standardised anomalies of the maps. The determina-
tion of the number of principal components aimed for 99 %
explained variance for variables with low variability (mslp,
2500, ¢850) and 90 % for those with high variability (« and
v) (Table 2). Subsequently, CA was employed for the PCA
score matrix to identify the SWPs. We utilised the non-
hierarchical k-means method (McQueen, 1967) and tested
various combinations of atmospheric variables and different
numbers of clusters () as outlined in Table 2. Classifica-
tions yielding clusters with fewer than five members (dates)
were not considered robust.

3.4 Bayesian network

BNs are tools used to analyse complex systems by assess-
ing the interdependence and conditional probability of vari-
ables (Pearl, 1988; Jensen, 1996). They have been effective
when used in descriptive and predictive applications for nat-
ural hazards which differ in how the variables are connected
and discretised (Beuzen et al., 2018). Descriptive BNs were
used to see through the nonlinear relationships between vari-
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Figure 2. General methodological framework. (a) Both compound and individual events are identified and characterised based on their peak
conditions. (b) The PCA + k-means approach is applied to both compound and individual events with varying combinations of domain size,
classification variables, and number of clusters. (¢) The Bayesian network is used to assess the synoptic skill in estimating P24 and Hs at the
local scale. Once the appropriate combination is determined, the BN is used to identify critical SWPs based on their intensity and the spatial

distribution of extreme conditions at the local scale.

Table 2. Number of PCAs included in the k-means approach per variable, event type, and domain. Combinations of variables and the number

of clusters tested per event type and domain are also shown.

Domain PCAs k-means k-means
rain/waves/compound
ID long lat ‘ mslp 2500 u v t850  variable combinations number of clusters (N)
Individual: Rain:
DO [—25,30] [30,65] | 40/22/27 21/19/23  152/42/61  84/28/42 98/50/66  mslp, 2500, u, v, 850 [14,18,26]
D1 [-15,25] [30,55] | 31/16/21 14/14/16 84/25/38  87/27/41 60/42/51  Combined:
D2 [-15,15] [30,55] | 26/14/18 11/12/14 66/20/31  73/23/37  53/40/49  {mslp+u}, {msl+z500}  Waves:
D3 [-10,10] [30,55] | 22/11/15 09/09/11 60/19/29  66/22/33  41/36/42  {z500+u}, [6,10]
D4 [—15,25] [35,50] | 21/12/16  10/11/13 76/22/36  78/23/38  45/37/43  {mslp +z500+u},
D5 [—15,15] [35,50] | 18/11/13  08/09/11 54/16/28  60/19/31  39/35/41  {mslp+z500+u + v} Compound:
D6 [—10,10] [35,50] | 15/09/11 06/07/09 46/14/25  53/16/27  30/31/35  {mslp +z500 +u +1850}  [6, 10, 14]

ables in order to explore specific relationships between pre-
dictors and target variables (Fig. 4).

The BN variables correspond to the essential elements
required for evaluating the performance of classifications
(SWPs) in estimating target variables (Hs and P24) and char-
acterising coastal storm intensities (Power) on a basin scale
(Area) as well as when they are combined with seasonality or
the NAO. The discretisation of the variables was determined
based on expert knowledge by identifying threshold combi-
nations representative of the study site.

Hydrol. Earth Syst. Sci., 28, 283-302, 2024

Regarding hazard intensity, P24 =40mm represents
the local threshold for flash flood potential due to con-
vective events (Barberia et al., 2014; Cortes et al., 2018),
while P24 =100mm and P24 =200 mm are the thresh-
olds for potentially damaging and extreme rainstorms,
respectively, according to the warning criteria of the Mete-
orological Service of Catalonia (as defined at https://www.
meteo.cat/wpweb/divulgacio/la-prediccio-meteorologica/
situacio-meteorologica-de-perill/, last access: April 2023).
The variable P24 was additionally discretised using uni-

https://doi.org/10.5194/hess-28-283-2024
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Figure 3. Domain sizes tested in the classification analysis. The triangle indicates the location of the study area.

form steps between the thresholds. Wave storms were
classified using the local classification system of Mendoza
et al. (2011), which uses storm power content (Power).
Class II (moderate) events are characterised by a mean
Power = 3500 m?hs and peak Hs >3 m, while class IV
(severe) storms exhibit a mean Power =9100m2hs and
mean peak Hs=5m. Energy content class values from
Mendoza et al. (2011) were translated into power content
thresholds by applying a factor of 10, assuming a representa-
tive mean value of Tp of 10 s throughout the entire duration
of wave events. We also considered the warning criteria
established by the Meteorological Service of Catalonia for
coastal storms, which relies solely on significant wave height
(Hs). According to this criterion, hazardous conditions are
categorised as “high level” when Hs reaches or exceeds a
threshold of 4 m. In this study, we classified the results into
three intensity levels: (i) extreme conditions that comprise
individual or compound events with P24 > 200 mm, storm
power content > IV, and Hs > 4 m; (ii) severe conditions
that encompass events that do not meet the extreme criteria
but have P24 > 100 mm, a classification of > II for storm
power content, and Hs > 4 m; and moderate conditions that

https://doi.org/10.5194/hess-28-283-2024

include events that exceed POT thresholds but fall short of
meeting the severe criteria.

We generated five BN to test different values of N (i.e. 6,
10, 14, 18, 26) and created a training dataset for each combi-
nation of event type, domain, and N, resulting in a total of 88
tests. Each training dataset included one vector of variables
for each event and basin, totalling 2632 training vectors for
rain events and 518/784 cases for wave/compound events,
respectively. To assess the SWP system’s predictive capabil-
ity for estimating Hs and P24, known as its synoptic skill,
we calculated the BN skill measure as skill = 1 — msr/msd,
where mrs is the mean square of the residuals of the linear re-
gression between the mean value of the BN-predicted proba-
bility distributions and the data, and msd is the mean square
of the data. The standard deviation of the prediction can be
used as a weight, with less weight given to uncertain pre-
dictions (high standard deviation) and more weight given to
confident outputs (Plant et al., 2016). Consequently, an incor-
rect but uncertain prediction is then considered more skilful
than a confidently incorrect prediction. Both weighted and
unweighted skills were calculated for the BN tests of inter-
est using SWP alone or in combination with seasonality or
the NAO as predictors. In meteorological applications, skill
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Figure 4. Example of a Bayesian network (BN) used to evaluate classifications and analyse SWPs. This example corresponds to the BN for
N =10 groups, which was trained with the k-means classification using z500 and u at DO.

values above 0.2 are generally considered “useful”, those sur-
passing 0.4 are categorised as “good”, and when they achieve
or exceed 0.6, they are regarded as “excellent” (Sutherland et
al., 2004).

The BN was also used to calculate conditioned probabil-
ities, particularly the probability of SWP occurrence at pre-
defined intensity levels. BN training incorporates the values
of the variables for each basin and event, resulting in presen-
tation probabilities that encapsulate both the temporal fre-
quency of SWPs and the number of basins impacted at spec-
ified intensity thresholds. Furthermore, we derived probabil-
ities for intensity levels at the basin scale, conditioned by
SWP, and calculated the probability of the variable “Area”
conditioned by multivariate occurrences of such intensity
levels.

4 Results
4.1 Compound event characterisation

From 1990 to 2020, the study area experienced 112 com-
pound episodes, of which 61 were classified as severe in at
least one component (i.e. with P24 > 100 mm or Hs > 4 m
with storm class > II). Regarding the other two event types,
376 rain and 74 wave episodes were recorded during the
same period, of which 37 rain events were severe and only
three of the wave events reached a class II storm with Hs >
4m. On average, the entire territory experienced 3.7 com-
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pound events per year, 16.3 rain events per year, and 6.2
wave events per year. The frequency of severe storms in these
types averaged at 2, 1.23, and 0.1, respectively. It is worth
noting that no statistically significant trend was detected in
any event category during the analysed period (Fig. 5).

The seasonal distribution of conditions contributing to
compound events exhibit significant differences. Rainstorms
occur year-round, with two peaks occurring in spring and
late summer—autumn. By contrast, wave storms were notably
absent during the summer months, with their main season
spanning from September to April (Fig. 5). The combination
of these distinct temporal patterns conditions the occurrence
of compound events year-round, which reflects the tempo-
ral pattern of wave storms, which — although less frequent
than rainstorms — are the controlling factor. One significant
property of these compound events, in contrast to individ-
ual storms, is their potential for greater damage. This is ev-
ident in the fact that when heavy rain and wave storms co-
incide, the characteristics that determine their intensity, such
as rainfall, wave height, and storm power, are magnified, and
the spatial extent increases (as indicated by the number of
affected basins) compared to when they occur individually
(Fig. 5). During the wave storm season, the maximum accu-
mulated precipitation values at a single station were, on aver-
age, 55 % higher during compound events than during stan-
dalone rainstorms, while the maximum Hs and wave power
were on average 4 % and 20 % higher, respectively, than dur-
ing individual wave storms.
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M. Sanuy et al.: Synoptic weather patterns conducive to compound extreme rainfall-wave events

25 T T T T
—*— P24>40mm 16.27 ev/year
—— Hs>2.90m 6.20 ev/year
—— Compound 3.73 ev/year
20t
2
c 15}
]
B
3]
g 10F
=
5 -
(a)
ol L L L ' . L
1990 1995 2000 2005 2010 2015 2020
Dates (years)
P24 storms Hs storms
350 - = — Compound (rain) — % — Compound (wave)f1 6000
§ 300 15000 _
a =
x 250 ~
2 {4000 T
—
[
E 200 =
© 43000 2
2 u
g 150 %
o 12000 £
& 100 &
: >
o ©
% 50 1000
0

A'S OND

I FMAM] |
Month

Num. events
N
o

291

80

—— P24>40mm
| |—*—Hsz2.90m
—— Compound

~
o

(<))
o
T

(%]
o
T

30F

201

10

L)

] FM A M ] J A S OND
Month
7 7
P24 storms Hs storms

6F — » — Compound (rain) = = — Compound (wave) 16
=
N L
a5t 5w
) c
£ 7]
© a4l 14 3
< -
3 i
g 3 13 u:,J_J
= ©
©2t 12 &
o >
> ©
@

1r 11

0 0

JFMAMJIASOND
Month

Figure 5. (a) Annual number of occurrences of each event type. (b) Monthly number of occurrences of each event type during the period of
study. (c) Monthly average magnitudes of cumulative rainfall and wave power during individual and compound events. (d) Monthly average
number of affected basins during individual and compound events along the Catalonian coast.

Despite the relatively small study area, which comprises
approximately 600 km of coastline, the occurrence and char-
acteristics of these events display regional variations due to
the influence of the orography and coastal configuration con-
ditioning them. Notably, the annual frequency of compound
events was highest in the north, averaging 2.6 events per year,
compared to 1.2 events per year in the central and southern
coastal sectors. It is important to mention that the occurrence
of a compound multivariate event that simultaneously affects
the entire area is “rare” (Sanuy et al., 2021) and has only
happened during some extreme storms (e.g. Gloria). This ex-
treme storm and other four episodes constitute just 0.9 % of
the total number of events and 4.5 % of the compound events.

This spatial variability was also reflected in the magnitude
of the events. The wave storm energy flux was fairly evenly
distributed across the sectors, with the largest Hs observed in
the north. Similarly, rainstorms presented higher average P24
values in the northern sector. These results align with find-
ings from the BN analysis of SWP, as discussed in Sect. 4.3.

https://doi.org/10.5194/hess-28-283-2024

4.2 Selection of the domain, classification variables,
and number of clusters

As previously mentioned, we employed the BN to guide
the selection of the domain used for characterising synop-
tic weather types, the choice of variables, and the determina-
tion of the optimal number of clusters for classifying these
weather types, all of which were based on the BN skill as-
sessment (see Sect. 3.4). The results of the BN skill assess-
ment, including the identification of clusters with fewer than
five events (referred to as “bad clusters”), are presented in
Figs. S1-S3 in the Supplement. A summary of the results is
presented in Table 3, where the best-performing classifica-
tions in groups containing five or more dates are highlighted.

For compound events, skills were calculated as the average
of the Hs and P24 skills, while for wave and rain events, in-
dividual target variables were used to determine their respec-
tive skills. Notably, the most promising classification was ob-
served for N = 10, where z500 and u were used as classifica-
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Table 3. Summary of the top skills within acceptable classifications (i.e. excluding classifications yielding clusters with fewer than 5 d) for
each event type. The optimal combination, based on BN skill, for each event type is highlighted in bold.

Event type Domain N  Variables Skill (swp)  Skill (swp + season)  Skill (swp + NAO)
Compound 0 6 mslp, z500 0.2 0.29 0.31
Avg (Hs, P24) 0 mslp, 2500, u, v 0.2 0.3 0.33
0 z500 0.2 0.28 0.36
1 u 0.2 0.33 0.32
0 10 mslp, z500, u,v 0.22 0.33 0.37
0 z500 0.2 0.31 0.4
0 2500, u 0.24 0.33 0.45
Wave 0 6  mslp, z500, u 0.29 0.38 0.48
(Hs) 2 mslp 0.32 0.34 0.49
4 mslp, z500, u, 1850 0.3 0.35 0.45
0 10 mslu 0.32 0.47 0.51
Rain 1 14 mslp,u 0.13 0.2 0.24
(P24) 4 mslp, 2500, u 0.12 0.2 0.24
4 u 0.12 0.2 0.21
6 mslp, 2500, u 0.12 0.21 0.25
0 18 mslp, z500, u, 850 0.1 0.21 0.22
1 z500 0.12 0.2 0.26
1 2500, u 0.11 0.2 0.26
2 z500 0.12 0.2 0.26
0 26 2z500,u 0.11 0.25 0.31
2 z500 0.13 0.23 0.31
6 2500, u 0.12 0.24 0.33

tion variables at domain DO. This configuration yielded skills
ranging from 0.24 (SWP only) to 0.45 (SWP and NAO com-
bined). Conversely, all classifications with N = 14 resulted
in groups containing a limited number of dates, as depicted
in Fig. S1.

Regarding wave types, only one instance of N = 10 clus-
ters met the requirement of having at least five dates per clus-
ter when utilising mslp and « at DO. This yielded skills rang-
ing from 0.32 (SWP alone) to 0.51 (SWP + NAO). Interest-
ingly, the skills of SWP alone or SWP + NAO were com-
parable for N =6 and N = 10, while SWP + season skills
saw the most benefit at N = 10, reaching a skill value of
0.47, closely approaching the performance of SWP + NAO
for compound events.

In the case of rain events, none of the combinations for N
up to 26 achieved a skill level of 0.2 when relying solely
on SWP. Acceptable skills were obtained when SWP was
combined with season, starting at N = 14. In particular, for
N =18, the skills were nearly equivalent. The best results
were observed within acceptable clusters for N =26 when
utilising the combination of z500 and u at D6, which yielded
a skill of 0.33 when incorporating SWP with NAO as predic-
tors.

An overarching analysis of the entire test set (see Figs. S1—
S3) revealed that, unlike rain and wave events, the highest
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skills for the compound type were achieved with the largest
domain. Furthermore, combining two or more variables con-
sistently led to enhanced skills compared to single-variable
models, especially when applied at larger domains and for
increasing values of N.

Notably, the weighted skills, which account for BN out-
put uncertainty, spanned a range from 0.5 (using only SWP)
to 0.9 (using SWP in conjunction with NAO). This under-
scores the BN’s capacity to effectively capture uncertainty
in its estimations. Specifically, when the BN output deviated
significantly from the measurements, the BN output distri-
bution exhibited a larger standard deviation. Conversely, in-
stances when the BN output exhibited a low standard devi-
ation closely aligned with the measurements. This analysis
highlights the potential for improved prediction accuracy by
introducing additional variables into the BN framework.

For illustrative purposes, we conducted an additional test
using the best classification of compound events, namely
2500 and u at DO with 10 clusters (Fig. 6). In this test, we in-
corporated both the NAO and the season predictors together
with the SWP. However, to prevent overfitting and manage
the complexity of the model, we constrained the NAO vari-
able to three bins: positive NAO(> 0.25), negative NAO(<
—0.25), and approximately neutral NAO(e [—0.25,0.25])=.
The estimation of P24 was carried out in two scenarios: one

https://doi.org/10.5194/hess-28-283-2024
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with the node linked to Hs and Power (Fig. 6a) and another
without this link (Fig. 6b). Notably, allowing the BN to ac-
count for relationships within the SWP between rain and
wave intensity directly impacted the output uncertainty, as
illustrated in Fig. 6. The P24 skill improved to 0.49 when the
nodes were linked, compared to a skill of 0.43 without the
link. Interestingly, the weighted skills reached 0.95 in both
cases, indicating that the advantage of noise reduction was
captured by the conventional measure of skill. Therefore, the
test demonstrates that incorporating knowledge about Hs and
storm energy content can enhance the prediction of P24, as
these variables exhibit partial correlations.

4.3 Synoptic weather patterns conducive to extreme
compound events

The compound SWPs derived from the combination of z500
and u with N = 10 clusters can be classified based on their
conditional presentation probabilities concerning the vari-
ous intensity levels of the key variables P24 and Hs (see
Sect. 3.4). The corresponding probabilities, obtained through
the trained BN, are presented in Table 4.

An initial set of patterns corresponds to extreme con-
ditions in both rainfall and coastal storms; specifically,
P(SWP|P24 > 200 mm) and P(SWP|C > IV and Hs > 4 m).
These patterns, denoted as SWP1, SPW4, and SPWS5, col-
lectively account for 75% of the extreme daily rainfall
and 78.8 % of the extreme coastal storms during compound
events in the study area (Table 4).

SWP1 exhibits the highest probability of occurrence when
conditioned on extreme rain and wave intensities, with prob-
abilities reaching 42 % and 52 %, respectively (Table 4). This
suggests that approximately half of the instances involv-
ing compound events featuring at least one extreme driver
in any basin can be attributed to this specific pattern. It is
worth noting that SWP1 exclusively corresponds to class IV
coastal storms and multivariate severe events across all se-
vere basins (see Fig. 7c and d). Furthermore, the prevalence
of P24 > 100 mm is most pronounced in the northernmost
sectors, followed by Barcelona and the Ebro Delta. Notably,
SWP1 accounts for 67 % of the multivariate extreme occur-
rences and 50 % of the multivariate severe events at the basin
scale (as indicated in Table 4). This pattern is characterised
by a cut-off structure at the z500 level, accompanied by a
high-pressure system centred over the British Isles that ex-
tends eastward and southward. Additionally, a Mediterranean
cyclone is situated south or southwest of the Iberian Penin-
sula (see Fig. 7a and b).

This is followed by SWP4 and SWPS5, in accordance with
intensity (Table 4). SWP4 exhibits a stronger association
with P24 > 200 mm (25 %), whereas SWPS5 is more closely
linked with class IV storms featuring an Hs of over 4m
(15.2 %). SWP4 is characterised by an upper-level trough ex-
tending from eastern Europe to the Iberian Peninsula, cou-
pled with a high-pressure system over the North Sea. At
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lower levels, high pressures extend toward eastern Europe,
accompanied by a Mediterranean cyclone located near Sar-
dinia (see Fig. 7a and b). SWP4 tends to generate class > 4
coastal storms in the northern and central coastal sectors,
with P24 > 100 mm mainly concentrated in the north, where
severe multivariate episodes occur. In contrast, central and
southern basins tend to experience compounding waves or
rainfall, with a higher likelihood of P24 > 100 mm occurring
in Maresme, Barcelona, and the Ebro Delta. On the other
hand, SWPS5 is characterised by an upper-level low-pressure
system over Portugal, coupled with a Mediterranean low sit-
uated near Algiers (see Fig. 7a and b). The distribution of
drivers across the territory differs from that of SWP4, with
class 4 storms reaching the Ebro Delta and severe rainfalls
being more probable in the southern third of the study area.
SWPS5 also tends to concentrate Hs > 4 m more to the north
compared to SWP4.

Moving on, a second set of patterns, represented by SWP7
and SWP2, are linked to extreme levels of rainfall, account-
ing for 16.7 % and 8.3 % respectively (Table 4). However,
these patterns involve moderate to severe coastal storms.
Both SWP7 and SWP2 share common characteristics with
Mediterranean low-pressure systems located either over the
Balearic Islands or to the west. Additionally, they exhibit the
presence of a trough originating from the British Isles.

In the case of SWP7, this trough is accompanied by
high-pressure systems extending towards eastern Europe (see
Fig. 8a and b). Conversely, SWP2 exhibits a similar struc-
ture, but it tends towards a cut-off pattern over the Iberian
Peninsula and features a broader trough extending eastward.
These structural differences influence the distribution of me-
teorological drivers across the territory. SWP7 leads to se-
vere rainfall events across all basins, with higher probabili-
ties in the southern third of the region. However, it does not
result in class II storms with Hs > 4 m, thereby precluding
the occurrence of multivariate episodes. On the other hand,
SWP2 affects the northern and southern regions, albeit with
lower probabilities. In this case, it triggers class II coastal
storms with Hs > 4 m, leading to the observation of multi-
variate events in the northern areas (Fig. 8c and d).

A third group of patterns exhibits distinctive characteris-
tics involving moderate to severe rainfall coupled with ex-
treme coastal storms. Notably, SWP6 is linked to 15.6 % of
the extreme coastal storms across various sectors and con-
tributes to 4.2 % of the severe multivariate events in differ-
ent basins (Table 4). In the case of SWP6, both the cut-
off pattern and the Mediterranean low are centred over the
Balearic Islands and are accompanied by a high-pressure
system located over northern Europe (see Fig. 9a and b).
This atmospheric configuration creates conditions conducive
to extreme coastal storms and severe rainfall events span-
ning from north to south, with Hs > 4 m primarily concen-
trated in the central coastal sectors. However, multivariate
events are observed exclusively in the northernmost basin.
Moving on to SWP9, although it has a slightly lower im-
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Table 4. Probability of occurrence of each SWP either unconditioned (in blue) or conditioned (in red) on different intensities of the variables
of interest. The colour intensity varies from the maximum to the minimum values within each column.

SWP N dates P(SWP) 1 -P(SWP|P24>200mm) 2 - P(SWP|P24>100mm) 3 — P(SWP|C>IV & Hs>4m) 4 — P(SWP|C>II & Hs > 4m) 1+3 Multivariate 2+4 Multivariate

—_
3%}
—_

4 13 11,6% 25,0 % 11,1 % 12,1 % 333 % 16,7 %
5 5 45% 8.3 % 122 % 152 % 4,7% 0,0 % 12,5 %
7 8 1% 16,7 % 122 % 0,0 % 0,0 % 0,0 % 0,0 %
2 14 [125% 8.3 % 8.9 % 0,0 % 8.5 % 0,0 % 12 %
6 10 89% 0,0 % 8.9 % 152 % 142 % 0,0 % 42 %
9 12 107% 0,0 % 5.6 % 6.1 % 7.5 % 0,0 % 12,5%
10 12 1071% 0,00 % 10,00 % 0,00 % 3,77% 0,00 % 0,00 %
8 6 536% 0,00 % 4,44 % 0,00 % 0,00 % 0,00 % 0,00 %
311 982% 0,00 % L11% 0,00 % 2,83 % 0,00 % 0,00 %

pact on extreme waves (6.1 %), it exhibits a higher associa-
tion with multivariate severe events (12.5 %). SWP9 is char-
acterised by an Atlantic low situated close to the northwest
of the Iberian Peninsula alongside a high-pressure system
over Scandinavia. Notably, there is no presence of a Mediter-
ranean low (Fig. 9a and b). This atmospheric configuration
results in coastal storms originating from the southern di-
rection that affect the central and northern sectors with class
> IV storms, accompanied by Hs > 4 m, severe rainfall, and
multivariate episodes in the northern regions (Fig. 9c and d).

The remaining patterns, namely SWP10, SWPS8, and
SWP3 (Fig. 10), correspond to events characterised as mod-
erate to severe in both rain and wave components. No-
tably, there are no instances of severe multivariate episodes
across any of the basins (Table 4). In the case of SWP10,
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it is marked by a northwestern Atlantic trough with a
Mediterranean low positioned over the Balearic Islands, al-
beit with lesser intensity compared to previous patterns (see
Fig. 10a and b). This atmospheric configuration leads to
P24 > 100 mm across the entire territory, accompanied by
waves reaching Hs > 4 m and class II coastal storms primar-
ily in the northern sector (Fig. 10c). SWP8 is characterised
by a cut-off pattern over the Iberian Peninsula, with a corre-
sponding low-pressure system located over the Gulf of Cadiz
(Fig. 10a and b). While winds in the Mediterranean do not
generate severe coastal storms in the study area, severe rain-
fall events may occur in Barcelona and the northern basins
(Fig. 10c). Finally, SWP3 is marked by a Mediterranean low
situated between the Gulf of Lyon and the Ligurian Sea,
accompanied by a configuration of low-pressure systems at
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Figure 7. Compound SWPs associated with P24 > 200 mm and coastal storms of C >1V and Hs > 4 m. (a) z500 anomaly (colour map)
overlaid with the mslp anomaly (contours). (b) Wind anomaly. (¢) Probability of P24 > 100 mm (land) at each basin; probability of a storm
power content of class > IV (internal coastal band) and probability of Hs > 4 m (external coastal band) at each coastal sector. (d) Spatial
distribution of multivariate severe events of P24 > 100 mm with a coastal storm of class > II and Hs > 4 m.

both at the surface and upper levels and extending from the
British Isles to the North Sea and Scandinavia (see Fig. 10a
and b). This atmospheric setup results in winds blowing from
the land toward the Mediterranean Spanish coast, with Hs
reaching 4 m at specific locations in the central and northern
sectors. Severe rainfall events were recorded exclusively in
the northernmost basin Fig. 10c).

5 Discussion

Our integrated framework, which combines an objective
classification method with Bayesian networks, has proven ef-
fective at identifying and characterising extreme compound
SWPs. Notably, the majority of SWPs associated with ex-
treme conditions exhibited upper-level lows or trough for-
mations, often in conjunction with Mediterranean lows or
cyclones. These atmospheric patterns resulted in severe to
extreme coastal storms combined with convective systems.
These identified patterns align closely with impactful events
previously documented in the literature (see Table 5). The
descriptions of their impact closely correspond to the prob-
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abilistic characterisations derived from the BN framework.
In contrast, none of the synoptic patterns associated with ex-
treme individual rain or wave events featured this specific
combination of atmospheric structures (Figs. S4 and S5 in the
Supplement). For instance, the strong winds responsible for
individual wave events did not originate from Mediterranean
lows and were not associated with extreme coastal storms,
typically reaching only the severe intensity level (Fig. S5).
Similarly, extreme individual rain episodes were linked to
cut-off and trough configurations without the presence of a
Mediterranean cyclone (Fig. S4).

These results are consistent with previous individual SWP
classifications of extreme rainfall (Romero et al., 1999;
Géazquez et al., 2004), convective rainfall (Barberia et al.,
2014; Cortes et al., 2018), floods (Gil-Guirado et al., 2021),
coastal storms (Mendoza et al., 2011), and strong winds
(Pefia et al., 2011) in the study area. For instance, the extreme
compound SWP1 (Fig. 7) was identified by Gil-Guirado et
al. (2021) as the configuration most associated with terres-
trial floods on the Spanish Mediterranean coast. This pattern
was also recognised by Pefia et al. (2011), who linked the
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Figure 8. Compound SWP associated with P24 > 200 mm and coastal storms of II < C <IV and Hs > 4 m. (a) z500 anomaly (colour map)
overlaid with the mslp anomaly (contours). (b) Wind anomaly. (¢) Probability of P24 > 100 mm (land) at each basin; probability of a storm
power content of class > IV (internal coastal band) and the probability of Hs > 4 m (external coastal band) at each coastal sector. (d) Spatial
distribution of multivariate severe events of P24 > 100 mm with a coastal storm of class > II and Hs > 4 m.
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Figure 9. Compound SWPs associated with 100 mm < P24 < 200 mm and coastal storms of C > IV and Hs > 4 m. (a) z500 anomaly (colour
map) overlaid with the mslp anomaly (contours). (b) Wind anomaly. (¢) Probability of P24 > 100 mm (land) at each basin; probability of
a storm power content of class > IV (internal coastal band) and probability of Hs > 4 m (external coastal band) at each coastal sector. (d)
Spatial distribution of multivariate severe events of P24 > 100 mm with a coastal storm of class > I and Hs > 4 m.
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Table 5. Compilation of significant historical events associated with the identified extreme compound SWP, with concise summaries of
documented impacts along with corresponding references.

SWP Date (dd-mm-yyyy)  Description References

SWP1  20/22-1-2020 Record-breaking events at all basins, with accumulated precipita- Amores et al. (2020)
tions exceeding 500 mm. Exceptional flooding with casualties at ~ Canals and Miranda (2020)
the Ter and Tordera rivers. Extensive damage due to the extreme Sanuy et al. (2021)
coastal storm.

13-10-2010 More than 100 mm in the northern basins, causing flash floods ACA (2011)

11/15-11-2001 Record winds of 170kmh~! in northern basins. Strong coastal ~ Genovés and Jansa (2002)
erosion over the whole territory. Double-peak coastal storm with  Mendoza et al. (2011)
rainfalls during the second peak

30-1-2006 The rainstorm caused several villages and houses to be cut off due ~ ACA (2011)
to rivers and streams overflowing. Sixty-five municipalities in the
Girona North basin were left without electricity for almost 6 h due
to the repair work on the high-voltage tower that was knocked out
when the Fluvia River burst its banks.

7/8-5-2002 Severe and extreme rainfalls were recorded at all basins. A reser- ACA (2011)
voir in Girona North was forced to open because it had reached
87 % of its capacity.

12-11-1999 Generalised rainfall with P24 > 200 mm at the northern basins. ACA (2011)
Overflow of the Manol and Muga rivers and damage to roads and ~ Gédzquez et al. (2004)
margins

31-10-1993 Precipitation of 270 mm in 4 d at the northern basins, leaving vil- ACA (2011)
lages isolated, roads damaged, and housing flooded and affecting
transport

SWP4  8-3-2010 Heavy snowfall affecting 2/3 of the Catalan territory, with snow  https://www.meteotecadecatalunya.cat
reaching the coastal municipalities (last access: April 2023)

26-12-2008 Coastal storm that mainly impacted the two northern basins, with ~ Sanuy et al. (2021)
accompanying moderate rainfall and with snow at low altitudes Mendoza et al. (2011)

Séanchez-Vidal et al. (2012)

9-4-2002 Overflow of the Manol and Muga rivers (Girona North basin) ACA (2011)

SWP5  3-11-2015 Intense to severe rainfalls over the whole territory; these exceeded  https://www.meteotecadecatalunya.cat
200 mm in the internal basins and caused four casualties due to  (last access: April 2023)
flash flood events. On the coast, several flash floods were regis-
tered, but there were no casualties

18-10-2003 Some inundations and affected roads at the upper sections of the ~ ACA (2011)
Ter River. Moderate storms in coastal basins

26/27-9-1992 Overflow of the Fluvia River and landslides in some interior ~ACA (2011)
basins

SWP2  29/30-11-2014 P24 values of 336 mm registered at the Ebro Delta area and https://www.meteotecadecatalunya.cat
200 mm at the northern basin. Intense rainstorms in all other areas, ~ (last access: April 2023)
with an accompanying moderate coastal storm

15/16-3-2011 Precipitation reaching more than 300 mm in 3d at Viladrau and ACA (2011)
exceeding 150 mm at multiple locations. Northern rivers such as
Fluvia or Muga were close to overflowing (the emergency inun-
dation plan was activated)

16-4-2004 The heavy rainstorms that affected the north of Catalonia caused ACA (2011)
the flooding of several rivers in the northern and southern basins
of Girona.

SWP6  21/22-1-2017 Event featured an intense wave storm affecting the north and cen-  https://www.meteotecadecatalunya.cat
tral coasts, with rains reaching almost 200 mm at the northern  (last access: April 2023)
basins

SWP7  21-10-2000 Overflow of two streams south of Tarragona, affecting multiple =~ ACA (2011)

municipalities and cutting off local roads
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Lat

SWPI10-12d-10.7%

SWP8-6d-5.4%

SWP3 -11d -9.8%

Figure 10. Compound SWPs associated with 100mm < P24 < 200 mm coastal storms of II < C <IV with Hs >4 m. (a) z500 anomaly
(colour map) overlaid with the mslp anomaly (contours). (b) Wind anomaly. (¢) Probability of P24 > 100 mm (land) at each basin; probability
of a storm power content of class > IV (internal coastal band) and the probability of Hs > 4 m (external coastal band) at each coastal sector.
Please note that none of the SWPs were linked to severe multivariate episodes; therefore, the panels for such cases are not displayed.

cut-off configuration to the presence of strong winds, heavy
showers, and sea-wave erosion in the region. Regarding ma-
rine hazards, Mendoza et al. (2011) conducted a preliminary
analysis of synoptic situations associated with severe to ex-
treme coastal storms (class III-V). They found that the most
extreme storms (class V events) occurred in the presence of
a Mediterranean cyclone. Configurations without Mediter-
ranean lows, referred to as southern and eastern advections,
were also associated with less severe coastal storms ranging
from class II to IV.

The literature on compound coastal flooding has exten-
sively explored the combined effects of surges with river dis-
charges or surges with precipitation (Couasnon et al., 2018;
Paprotny et al., 2018; Hendry et al., 2019; Camus et al., 2022;
Wahl et al., 2015; Wu et al., 2018; Bevacqua et al., 2019).
While precipitation can serve as a proxy for hydrometeoro-
logical flooding potential in small river catchments (Bevac-
qua et al., 2019), especially in the context of NW Mediter-
ranean conditions, it is worth noting that surges play a rela-
tively small role compared to wind waves in contributing to
flooding in the area (Mendoza and Jiménez, 2009; Sanuy et

Hydrol. Earth Syst. Sci., 28, 283-302, 2024

al., 2020). Therefore, the analysis of significant Hs and wave
power during coastal storms is essential to characterise the
hazardous maritime component and “indicate” both coastal
erosion and flooding potential.

Most of the research on compound coastal events has pri-
marily focused on multivariate events at large scales due to
the possibility of synergistic effects between hazards at sen-
sitive locations (Wahl et al., 2015; Couasnon et al., 2018;
Paprotny et al., 2018; Wu et al., 2018; Bevacqua et al., 2019;
Hendry et al., 2019; Camus et al., 2022). However, the recent
impact of Storm Gloria in January 2020 in the NW Mediter-
ranean (e.g. Amores et al., 2020; Canals and Miranda, 2020)
vividly demonstrated the accumulative impact of terrestrial
and maritime hazards on various parts of the region. Under
such conditions, civil protection services had to prioritise in-
terventions based on urgency because of the simultaneous
occurrence of a large number of emergency calls (approx-
imately 15000) and required interventions (approximately
2500) in all coastal sectors, as reported by the Ministry
of Home Affairs of the Government of Catalonia. Under-
standing the characteristics of compound events, including

https://doi.org/10.5194/hess-28-283-2024
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their regional prevalence in terms of multivariate phenom-
ena and the probabilities of synergistic versus cumulative
potential impacts at the local scale, is critical for enhancing
event preparedness within the constraint of limited resources.
This consideration is particularly relevant for compound-
type events where rainfall and coastal extremes occur in dif-
ferent basins. We successfully differentiated the pattern re-
sponsible for region-wide multivariate events (SWP1, Fig. 7)
from those that exhibit localised multivariate impacts both
with and without compounding waves or rain in other areas
of the region. This underscores the effectiveness of the final
classification in distinguishing impact distributions. Hence,
the framework could be tested in the future across broader
domains (e.g. the whole Spanish Mediterranean coast), pro-
vided that relevant data are accessible.

The prediction skill of the BN played a pivotal role in
selecting the optimal combination of atmospheric variables,
domain size, and number of clusters needed to effectively
replicate rainfall and coastal storm intensity at the local scale.
By incorporating seasonality and NAO to account for inter-
annual and within-pattern variations, we achieved skill scores
exceeding 0.4, signifying strong performance according to
the criteria of Sutherland et al. (2004). The relative impor-
tance of season and NAO in influencing wave heights and
rainfall variations aligns with existing literature (Casanueva
et al.,, 2014; Krichak et al., 2014; Criado-Aldanueva and
Soto-Navarro, 2020; Morales-Marquez et al., 2020). Notably,
superior performance was consistently observed in smaller
domains for rain events, as described by Beck et al. (2016),
while this relationship was less clear for wave events. Re-
markably, the highest skill levels were consistently attained
in the largest domain for compound events.

Our weighted skills, which consider how the BN captures
uncertainty, reached excellent values exceeding 0.9. This fur-
ther validates the derived SWPs as a reliable reference base-
line for classifying future dates and exploring shifts in the
probabilities of compound severe conditions, along with their
regional distribution, under climate change scenarios. Future
enhancements may involve exploring additional atmospheric
variables such as relative and specific humidity (see e.g. Tee-
gavarapu et al., 2018), additional teleconnections (Casanueva
et al., 2014; Taibi et al., 2019), or potentially influencing
parameters such as NW Mediterranean Sea moisture and
temperature before SWP occurrence (Rainaud et al., 2017).
This represents a crucial step towards characterising the im-
pact potential of the hazard drivers under study, making the
methodology applicable as a rapid early warning system pre-
ceding the use of numerical models based on synoptic fore-
casting maps.

6 Conclusions

In the NW Mediterranean, where flash floods and coastal
storms often coincide, we have successfully identified and
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characterised synoptic weather patterns conducive to com-
pound extreme events. To do this, we have developed a
methodological framework that combines an objective syn-
optic classification method with a Bayesian network. The
BN played a pivotal role in selecting the optimal atmo-
spheric variables, domain dimensions, and clusters, effec-
tively capturing local-scale variations in key variables (daily
rainfall and wave heights) and thereby attaining robust skill
scores. Furthermore, the analysis confirmed seasonality and
the NAO as influential factors shaping wave heights and rain-
fall variations. It is noteworthy that, in the case of rain-
storms, smaller domains consistently outperformed larger
ones, while the largest domain consistently achieved the
highest skill levels for compound events.

Identified SWPs conducive to compound events differ
from those associated with extreme individual rain or wave
events and typically involve upper-level lows and trough
structures in combination with Mediterranean cyclones.
These atmospheric configurations lead to severe to extreme
coastal storms combined with convective systems.

The outstanding weighted skills obtained by our frame-
work indicate its potential as a rapid early warning system for
evaluating the likelihood of severe and extreme rain—wave
conditions. This has the potential to enhance risk mitigation
and emergency preparedness efforts. Moreover, the derived
SWPs serve as validated baselines in terms of synoptic skill,
enabling the classification of future events and the evalua-
tion of compound events in the context of climate change.
Future research directions may encompass the exploration of
additional atmospheric variables and parameters, facilitating
a deeper understanding of the role of potential drivers for
these hazards.

Code availability. MATLAB scripts were used to automatize the
different steps of the analysis and are not publicly available.
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