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• We classiﬁed thousands of ﬂoods with a
multivariate method.
• Twelve synoptic patterns explain all
ﬂood events at the SMC since 1960.
• We detected an important ﬂood
hotspot.
• Positive temporal trends regarding
some of the patterns are cause for concern.
• Our results reduce the uncertainty of
risk management and decision making.
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a b s t r a c t
In a changing climate and in social context, tools and databases with high spatiotemporal resolution are needed
for increasing the knowledge on the relationship between meteorological events and ﬂood impacts; hence, analysis of high-resolution spatiotemporal databases with detailed information on the frequency, intensity, and impact of ﬂoods is necessary. However, the methodological nature of ﬂood databases hinders relating speciﬁc ﬂood
events to the weather events that cause them; hence, methodologies for classifying ﬂood cases according to the
synoptic patterns that generate them are also necessary.
Knowing which synoptic patterns are likely to generate risk situations allows for a probabilistic approach with
high spatial resolution regarding the timing of occurrence, affected area, and expected damage from ﬂoods. To
achieve these objectives, we use the SMC-Flood Database, a high-resolution spatiotemporal ﬂood database covering the 1960–2015 period for all municipalities along the Spanish Mediterranean coast. To relate ﬂoods with
the synoptic conditions that generated them, we used a multivariate analysis method on the corrected daily
anomalies of the surface pressure ﬁelds, 850 hPa temperature, and 500 hPa geopotential height, all of which
were obtained from the 20th Century Reanalysis Project V2.
Results show that 12 atmospheric synoptic patterns can statistically explain the 3608 ﬂood cases that occurred in
the study area between 1960 and 2015. These ﬂood cases were classiﬁed into 847 atmospherically induced ﬂood
events. These results reduce the uncertainty during decision making because of the classiﬁcation of potential risk
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situations. The Mediterranean Basin is a region where ﬂoods have serious socioeconomic impacts; hence, this
work helps improving prevention measures and providing information for policymakers, mainly regarding
land use planning and early warning systems.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

410 locations in the area to derive the main spatial patterns that control
signiﬁcant and torrential daily rainfall.
To summarize, the direct relationship between ﬂoods and the synoptic conditions causing them has been studied only marginally.
Broadly speaking, there are two types of studies that relate synoptic patterns to the impact and extent of ﬂoods: 1) Reconstruction of the synoptic conditions during recent catastrophic ﬂoods (Gochis et al., 2015;
Kahana et al., 2002; Lira et al., 2013; Lynch and Schumacher, 2014;
Milrad et al., 2015), and 2) reconstruction of historical catastrophic
ﬂoods by using synoptic patterns (Llasat et al., 2005; Pino et al., 2016;
Stucki et al., 2012; Trigo et al., 2014). Regarding the ﬁrst type of studies,
some of the authors have reconstructed synoptic patterns for a large
number of ﬂoods; however, their studies were not systematic, continuous, and homogeneous with a focus on time and space. For example,
Kahana et al. (2002) analyzed sea-level pressure, 500 and 250 hPa
geopotential heights, 850 hPa temperature, and 500 and 250 hPa wind
components, for which they manually classiﬁed the synoptic types
that caused 52 ﬂoods in the Negev Desert in Israel over the
1965–1994 period. The authors considered only ﬂoods with a maximum discharge above the magnitude of the 5-year recurrence intervals
in at least one drainage basin, and they did not contemplate whether or
not these maximum discharges impacted society in any way. Regarding
historical ﬂoods, Pino et al. (2016) analyzed the synoptic situations of 24
catastrophic ﬂoods that generated the greatest social impacts in Catalonia, Spain during the 1842–2000 period; however, this was not a systematic study of all the ﬂoods in that region and focused solely on
catastrophic ﬂoods. Llasat et al. (2005) made an initial approximation
of the meteorological patterns related to ﬂoods occurring between
1840 and 1870 in the same area by manually classifying 62 ﬂoods that
were reconstructed based on cultural documentations and, had therefore impacted society when they occurred. However, instrumental atmospheric data from the 19th century allowed only an approximation
of the synoptic conﬁgurations at the surface. Furthermore, the synoptic
classiﬁcation is subjective, which prevents the extrapolation of the selected methodology. Finally, Stucki et al. (2012) reconstructed the synoptic patterns of 24 catastrophic ﬂoods that occurred between 1868 and
1910 in large basins at the central Alps, which were derived from instrumental and documentary rainfall data and 20th Century Reanalysis data
(Compo et al., 2011); in that case, catastrophic ﬂoods were determined
by the 95th percentile of the differences between an annual ﬂood and a
deﬁned contemporary ﬂood.
Regarding the methodology, the relationship between synoptic patterns and ﬂoods or intense rainfall has generally been analyzed indirectly through manual reconstruction of synoptic patterns and the
rainfall patterns that they are likely to generate (Elsner et al., 1989;
Kahana et al., 2002; Llasat et al., 2005; Maddox et al., 1979). Although
this methodology constitutes a notable development, it is subjective in
nature. In Spain, Armengot et al. (1996) used a subjective manual classiﬁcation method to analyze precipitation patterns of more than
100 mm/d in the Valencian autonomous community (i.e., eastern
Spain; 131 cases analyzed). Conversely, Ortega et al. (2018) carried
out a subjective classiﬁcation of synoptic conditions during precipitation episodes of more than 100 mm/day in the autonomous region of
Murcia (i.e., southeastern Spain) between 1980 and 2000.
However, advances in computing have ensured that systems for
classifying rainfall and synoptic conditions are no longer based on subjective manual procedures, but instead rely on objective or semiobjective automated computing criteria. In this respect, a wide variety

1. Introduction
Increasing the knowledge on the relationship between meteorological events and the impact of ﬂoods requires high spatiotemporal databases. Analyzing this relationship provides accurate knowledge on the
climatic danger of ﬂoods, which is an indispensable step toward proper
adaptation and prevention regarding dangerous situations. To minimize
the loss of human life and reduce the economic consequences of natural
disasters, proper planning and risk prevention are essential (Bathrellos
et al., 2017).
Regarding the required high-resolution spatiotemporal databases
for analyzing the climatic evolution of ﬂoods and their effects, there
are numerous open-access global-scale ﬂood databases that have been
developed in recent years and have increased our knowledge on ﬂood
risks at global as well as regional scales (Brakenridge, 2014; CRED.
EM-DAT, 2010; Munich Re, 2015; Swiss-Re, 2017). However, the methodological nature of these databases hinder relating local ﬂood events to
the synoptic atmospheric conditions that cause them; hence, it is necessary to classify ﬂood cases according to synoptic conditions in order to
identify the synoptic patterns that are likely to generate risk situations,
as well as their timing and area of inﬂuence, both in terms of recurrence
probability and probable damage intensity.
Regarding global synoptic meteorological data, the meteorological
community has been using real-time forecasts for their analyses only
since a few years ago. Owing to great advances in data assimilation systems, this approach produced many heterogeneities in series compiled
from synoptic maps, thus causing serious disturbances when
interpreting past meteorological conditions. In this context, the National
Centers for Environmental Prediction (NCEP) / National Center for Atmospheric Research (NCAR) reanalysis project (Compo et al., 2011;
Kalnay et al., 1996) was created to standardize the analysis of synoptic
conﬁgurations.
The large methodological disparity in data types and the scale at
which ﬂood databases are analyzed hinder associating these two types
of information sources. In this regard, most studies have focused on
the relationship between rainfall and the synoptic atmospheric conditions that cause it (Romero et al., 1999a), thus pushing the causal relationship with ﬂood impacts on the background. The latter relationship
is especially important, since geographical conditions and exposure
levels of goods and people ensure that not all extreme precipitation
events generate ﬂoods. In this sense, determining the ﬂood risk is a
complex process in which anthropic factors may explain social impacts
and consequences (Gil-Guirado et al., 2016), which can change over
time (Maddox et al., 1995).
Numerous studies have indirectly linked synoptic patterns with
ﬂoods by classifying conditions that generate heavy rainfall.
Niedźwiedź et al. (2015) identiﬁed three types of circulation that are directly related to episodes of intense rainfall in the Tatra Mountains in
Poland. Peleg and Morin (2012) examined the spatiotemporal characteristics of convective rain cells in northern Israel and their relationship
to synoptic patterns. Similarly, and for the same region, Armon et al.
(2018) identiﬁed the spatiotemporal characteristics of storms and
ﬂoods for each circulation pattern. All these studies used reanalysis databases, quantitative rainfall estimates from weather radar, and hydrological data. In this sense, Romero et al. (1999a) conducted a
landmark study and identiﬁed 11 main synoptic patterns that explain
a large part of the variance in extreme rainfall in the Spanish Mediterranean region; they used a database covering 30 years of daily rainfall at
2
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tourism, which is a favorable economic situation that has also led to
an excessive increase in population and urban space; however, this
whole process has materialized in an environmental scenario that involves great ﬂood risk, which has become the number one natural risk
in the region (Pérez-Morales et al., 2018).
To achieve our objectives, we implemented an automated and objective synoptic classiﬁcation methodology that can be applied in similar
study areas. In this study, we adapted the methodology proposed by
Romero et al. (1999a, 1999b) by using direct data of ﬂood intensity
and frequency along the Spanish Mediterranean coast (SMC) between
1960 and 2015. These data were obtained from the SMC-ﬂood database
developed by Gil-Guirado et al. (2019), which includes 3608 ﬂood cases.
Despite the development of new management tools, policymakers
currently have limited available information to support their planning
and prevent ﬂoods (Arrighi et al., 2019). For this reason, by using the
proposed methodology, synoptic conditions can be identiﬁed based on
their potential for damage to the population, as only those that generate
some type of damage to the population are considered. In addition,
owing to the large number of events examined, our method provides
a high level of conﬁdence in analyzing the spatiotemporal variability
of the synoptic patterns associated with ﬂoods.
In summary, this study performs a multidisciplinary analysis of the
interface between the atmosphere, hydrosphere, and anthroposphere,
while the methodology combines approaches of both social and environmental sciences. Kourgialas and Karatzas (2017) used a holistic
methodology to detect areas prone to ﬂood risk; their results focused
on helping ﬂood risk planning, and adaptation. This type of work has
added value because it facilitates a holistic quantitative approximation
regarding the analysis of the complex dynamic system comprised of
the environment and society (Monge et al., 2022).
The remainder of this paper proceeds as follows: Section 2 describes
the ﬂood database, the methods for grouping ﬂood cases into precipitation events, and the methodology for classifying the synoptic patterns
associated with these events. Section 3 includes the results obtained
from analyzing the spatial variability of the impacts relative to the different detected synoptic patterns, while a trend analysis relates spatiotemporal variability to changes in natural ﬂood hazards. Discussion is
presented in section 4. Finally, in Section 5, we summarize the main
conclusions of the study.

of automated or semi-automated classiﬁcation methods exists (Huth,
1996a), although the most widely used methods are those based on
principal component analysis (PCA) and/or cluster techniques.
Romero et al. (1999b) reconstructed the synoptic patterns associated
with high intensity rainfall in the Mediterranean region of Spain using
PCA and clustering techniques. Similarly, García-Valero et al. (2012)
classiﬁed clusters and performed an atmospheric circulation PCA over
the Iberian Peninsula according to the circulation types obtained from
sea-level pressure and the 500 hPa geopotential height between 1958
and 2008; however, they reconstructed all these patterns without considering rainfall or ﬂood data, thereby reducing the potential of their
method for assessing the ﬂood risk. Esteban et al. (2006) applied PCA
and clustering techniques to characterize daily surface synoptic circulation patterns for western Europe and northern Africa over the
1960–2001 period, for which they used data from the NCEP/NCAR reanalysis project. Martin-Vide et al. (2008) performed an automated
classiﬁcation of synoptic patterns causing torrential rainfall in Catalonia,
based on a PCA of 304 days with precipitation ≥100 mm/day during the
1950–2005 period. Finally, Gilabert and Llasat (2018) used the automatic classiﬁcation system of Jenkinson and Collison to classify the synoptic conditions of 261 extraordinary and catastrophic ﬂood and ﬂash
ﬂood events recorded during the 1900–2010 period in northeastern
Spain. The authors used newspaper information to assess the ensuing
social impacts of the analyzed ﬂoods; however, they did not consider
all the ﬂoods that happened in the area in the 1900–2010 period because they did not consider them to be ordinary ﬂoods.
So far, no work has reconstructed the synoptic patterns of a large
number of ﬂood cases that have been classiﬁed according to their damages to assets and people. This is a major shortcoming in ﬂood risk prevention because, by basing ﬂood warning systems strictly on
hydrological and meteorological criteria, any analysis of synoptic conditions that actually inﬂict harm on society is pushed to the background.
Conversely, because the literature directly links ﬂood risk to synoptic
conditions, it does not include the least damaging and most severe
types of ﬂoods, which constitutes a major problem when it comes to
forming a complete picture of ﬂood risk in a given region (Cherqui
et al., 2015). Since less severe ﬂoods are much more frequent than catastrophic ﬂoods, and the latter are decreasing due to prevention measures, extraordinary ﬂoods are increasing due to increased exposure to
ﬂood risk (Barriendos et al., 2019).
In this respect, the main objective of this study is to form a complete
view of the synoptic conditions that generate ﬂoods that impact society
and to analyze their spatiotemporal variability over the last 55 years
along the Mediterranean coast of Spain (Fig. 1), i.e., a region of enormous economic and social dynamism. In recent decades, the region
has undergone an accelerated transformation in the wake of mass

2. Data and methodology
Two different databases (i.e., ﬂood cases and meteorological data)
were combined to reconstruct the most common synoptic patterns
causing ﬂoods in the study area. The considered ﬂoods were obtained
from the SMC-ﬂood database developed by Gil-Guirado et al. (2019);

Fig. 1. Map of the Spanish Mediterranean coast. (Left) SMC provinces, autonomous communities, and cities with more than 150,000 inhabitants; (Right) relief of the coastal provinces.
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this database contains information on ﬂoods that occurred in municipalities along the Spanish Mediterranean coast between 1960 and
2015 and was reported by newspapers. Thus, our primary sources of information are the newspaper archives of the most widely circulated
newspapers in each of the four autonomous communities studied that
were continuously published during the study period. We searched
for ﬂood events in the newspaper archives by interrelating a series of
keywords and the name of each municipality along the SMC (in total
179 municipalities). The keywords correspond to the most common
ways of referring to a situation that is likely to describe a ﬂood in
Spain: “inundación” (ﬂood); “inundaciones” (ﬂoods); “riada” (ﬂash
ﬂood); “lluvias torrenciales” (torrential rains); “fuertes lluvias” (heavy
rains); “intensas lluvias” (intense rain); and “tromba de agua” (severe
downpour).
All ﬂoods mentioned in the newspapers were related to affected municipalities and ﬂood dates. Each ﬂood case was classiﬁed according to
its level of intensity based on the following three levels (Barriendos
et al., 2019; Gil-Guirado et al., 2019; Llasat et al., 2005): Level 1 (L1) is
an ordinary ﬂood, a ﬂood without overﬂow that incurs minor damage.
Level 2 (L2) is an extraordinary ﬂood, a ﬂood with overﬂow that incurs
major damage. Level 3 (L3) is a catastrophic ﬂood, a ﬂood with overﬂow
that causes general destruction, and deaths. Additionally, the SMC-ﬂood
database classiﬁes the type of damage in each case through 10 dichotomous variables that indicate the presence (1) or absence (0) of any of
the following effects/damages produced by the ﬂood in each municipality: agriculture, cattle, ﬁshing, road and urban furniture, industry, trade,
houses and buildings, tourism, injured people, and fatalities. To present
the results of this study, we grouped these dichotomous variables into
three common economic sectors. In this way, we followed the classic
classiﬁcation of economic sectors and considered the primary sector to
be the economic sector where damage is incurred on agriculture, cattle,
and ﬁshing; the secondary sector is where damage is incurred on industry; and the tertiary sector is where damage is incurred on trade and
tourism.
For the meteorological database, we used the 20th Century Reanalysis data at 2.5° resolution (Compo et al., 2011) to classify the synoptic
conﬁguration in each ﬂood day (KD) plus the six previous days in
order to analyze the evolution of the meteorological conditions prior
to the ﬂood. The gridded area spanned from 30°N to 70°N and from
30°W to 30°E. The variables chosen in this study were sea level pressure
(SLP), 850 hPa temperature (T850), and 500 hPa geopotential height
(Z500). We used normalized anomalies of variables corrected by the
square root of the cosine of latitude (in radians), which was required
to account for the convergence of the meridians (i.e., area weighting),
thereby lessening the impact of high-latitude grid points that represent
a relatively smaller area of the globe.
The methodology for combining the ﬂood and meteorological databases was carried out in four steps. In the ﬁrst step, we classiﬁed the
3608 cases (where one case is equivalent to a municipality affected by
a ﬂood on a speciﬁc date) into 1088 ﬂood events occurring on different
days.
In the second step, we grouped these ﬂood events according to their
synoptic patterns. To analyze the synoptic conditions corresponding to
the ﬂood events, the method we used was a multivariate analysis of
the corrected daily anomalies of SLP, T850, and Z500. This methodology
has been applied by earlier studies and proven viable for studying the
synoptic patterns producing hail (Aran et al., 2011) and strong winds
in Catalonia (Peña et al., 2011), as well as the excess mortality due to
heat waves in Barcelona (Peña et al., 2015). As Huth et al. (2008) indicated, PCA has a two-fold utility regarding the classiﬁcation of synoptic
patterns: It can be applied in S-mode as a tool prior to cluster analysis
(CA) or in T-mode as a classiﬁcation tool. In this study, we used PCA
prior to CA, and thus it cannot be considered as a classiﬁcation tool because the posterior CA served as such.
PCA was used only as an intermediate tool for data dimension reduction, i.e., a procedure that we applied individually to every third dataset

using an S-mode data matrix, meaning that the variables were grid
points and the observations were days. We also used a correlation matrix, for which we employed the Scree test as criterion for determining
the number of components involved, i.e., we would stop including components in the analysis after detecting a change in the slope of the sedimentation graph (Cattell, 1966; Huth, 1996b). To rotate the
components that minimize the number of variables with high factor
loadings, we used the orthogonal varimax procedure, which reduces
the dependence among components and satisﬁes the orthogonality
condition of the model (Richman, 1986).
CA was applied to the factor-score matrix, which comprised three
individual factor-score matrices obtained through the PCA. The nonhierarchical K-means method served as our clustering algorithm, for
which the number of groups to be obtained must be deﬁned beforehand. Although different sophisticated techniques have been developed
by other authors (e.g., Debatty et al., 2014; Tibshirani et al., 2001), the
choice of number of clusters is still quite subjective. Different parameters can be used to determine the number of initial clusters, such as
the variance explained by clusters against the number of clusters, or
the minimized total within-cluster sum of squares (WSS) (Thorndike,
1953; Aran et al., 2011; Zhang et al., 2016). The latter is the parameter
used in this study, while the ‘elbow method’ was applied to the hierarchical Ward cluster (which does not need the initial number of clusters)
to deﬁne the number of clusters such that the total WSS is minimized:
ﬁrst, the WWS for each cluster was calculated; second, the curve of
WSS was plotted according to the number of clusters; and third, the location of a bend (knee) in the plot was taken as an indicator of the appropriate number of clusters. This was the initial number of clusters
for K-means, which was applied to obtain the groups (Aran et al.,
2011; Peña et al., 2011).
In the third step, discriminant analysis (DA) was applied to validate
the model and reclassify the borderline events if necessary
(e.g., Michailidou et al., 2009). The DA needs predeﬁned classes to classify the cases (e.g., Sioutas and Flocas, 2003), for which manual classiﬁcation is usually used in this type of analysis. For this step, we used the
initial classiﬁcation obtained from the CA. The factor scores were used as
predictors for discriminant analysis, i.e., each day of the factor-score matrix had a group assigned by the CA, while a stepwise selection criterion
known as the Wilks’ lambda criterion was applied to obtain the discriminant functions (Diab et al., 1991).
Finally, after we synoptically classiﬁed the 1088 ﬂood events, we reduced them to a smaller number of ﬂood events (847), because those
that occurred on consecutive days under the inﬂuence of the same synoptic pattern were in fact the same event. Therefore, we deﬁned a ﬂood
event as a day or time period in which a synoptic pattern produced intense rainfall, thereby triggering ﬂoods that may have affected one or
more municipalities.
In this respect, there was a clear difference between ﬂood cases and
ﬂood events. While a ﬂood case refers to a municipality affected by ﬂood
on a speciﬁc day, a ﬂood event refers to a speciﬁc atmospheric situation
that could cause one or several ﬂood cases and last for one or several
days (Gil-Guirado et al., 2019).
To show the differences in ﬂood incidences according to each identiﬁed synoptic pattern, we conducted spatiotemporal analysis. By incidence, we mean the number of ﬂood cases or ﬂood events per spatial
unit (i.e., municipality or province) or time (i.e., season or year). Spatial
variability was analyzed using cartographic analysis, which revealed
hotspots of special incidences in each pattern. Regarding temporal variability, we analyzed both the seasonal and annual variabilities. For seasonal variability, we analyzed the differences in incidence, intensity, and
type of damage in each synoptic pattern for each month and season of
the year.
Finally, to determine whether temporary changes exist regarding
the incidence and intensity of each pattern over the study period, we
conducted a trend analysis, for which we used the non-parametric
Mann-Kendall test modiﬁed by Hirsch and Slack (1984) to identify
4
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(i.e., less than 13% of ﬂood events and 8% of ﬂood cases related to these
four grouped synoptic patterns).
The other synoptic patterns presented similar conﬁgurations and
higher incidence along the SMC. Flood cases and events associated
with these synoptic patterns were distributed across all months of the
year; nevertheless, these ﬂood events were clearly predominant during
autumn (September –November). This type of weather causes precipitation in the territory when the zonal index is low.
From a spatial point of view, the synoptic patterns exhibited notably
different spatial incidence depending on the season (Fig. 4). Despite the
fact that PSP1 was more frequent in equinoctial seasons, its incidence
during winter was so relevant that it even occupied the ﬁrst position
among the synoptic patterns that caused ﬂoods in winter. PSP1 was
followed by PSP3, PSP8, and PSP6; however, while PSP1 and PSP8
were distributed across all the SMC municipalities, PSP3 and PSP6
had their winter ﬂood cases concentrated in the southwestern SMC
municipalities. In this regard, municipalities located west of the city of
Málaga constitute a hot spot where winter ﬂooding has been very
frequent. Other secondary winter ﬂooding hot spots were the city of
Málaga and the coastal stretch between the cities of Castellón and
Murcia.
Results were notably different regarding spring ﬂooding, when PSP8
concentrated the most ﬂood cases, followed by the rest of the synoptic
patterns. The most important spring ﬂooding hot spot corresponded
to the coastal stretch between the cities of Valencia and Alicante.
In summer, more than 75% of the cases were concentrated in PSP8
and PSP1. Most of the summer ﬂoods were concentrated in the municipalities east of the SMC, with almost no ﬂood occurrence in the municipalities located west of the city of Almeria. The city of Barcelona and its
metropolitan area constituted summer ﬂooding hot spots; the coastal
stretch between the cities of Valencia and Alicante constituted a secondary summer hot spot.
Finally, in autumn, nearly the entire SMC was a large hot spot for
ﬂoods; however, in the detected areas, autumn ﬂooding was constant
and occurred biennially. Again, PSP1 and PSP8 presented a greater number of ﬂood cases and marked effects along the SMC. Other secondary
patterns (i.e., PSP2, PSP10, and PSP11) also presented signiﬁcant autumn recurrences. Spatially, two important autumn ﬂooding hot spots
were detected: Barcelona and its metropolitan area, as a result of the
large number of ﬂood cases associated with PSP1, PSP2, and PSP8, and
the coast between the cities of Valencia and Alicante, due to the high
recurrence of PSP1, PSP3, PSP8, PSP10, and PSP11.

any possible trends in the series. From a statistical point of view, the
data were considered to present a trend when the p-value of the
Mann-Kendall test was less than 0.05. This method is widely used in hydrological and climatic studies (Kisi and Ay, 2014). Additionally, we calculated Sen's slope (Sen, 1968) to determine the slope and, therefore,
determine the magnitude of the trend detected per unit of time. In
other words, with the data used in this study, Sen's slope reported the
annual increase or decrease in intensity, number of cases, and number
of events for each pattern between 1960 and 2015. The sum of the
slopes indicated the total change throughout the study period.
Cartography was conducted using the open-source QGIS software
(QGIS Development Team, 2016); trend analysis and slope calculations
were performed using the R software (R Core Team, 2019) and the trend
support package developed by Pohlert (2016).
3. Results
The methodological procedure described above produced two main
results. First, 847 different ﬂood events were distinguished from the
3608 ﬂood cases that occurred along the SMC. Second, we identiﬁed
12 main synoptic patterns capable of generating ﬂoods. Table 1 presents
the results of the main characteristics of the signal patterns. Two synoptic patterns (i.e., PSP1 and PSP8) were responsible for 59% of the ﬂood
events. Regarding seasonality, 80% of the ﬂood events occurred mainly
during autumn, although a minority of winter synoptic patterns resulted in up to 16% of the ﬂood events. These winter synoptic patterns
affected predominantly the central and southern regions of the study
area, while the autumn synoptic patterns affected the entire study
area, although they occurred mainly in the central and northeastern regions of the SMC. Easterly winds predominated during these events.
3.1. Seasonal differences
The results obtained allowed us to highlight the importance of each
synoptic pattern and relate it to the number of ﬂood cases, events, and intensity for each season of the year (see Figs. 2 and 3). Autumn clearly predominated regarding the numbers of both ﬂood events and cases, as well
as ﬂood intensity and extent. Besides autumn, winter had the highest
number of ﬂood events. In any case, the 12 statistically identiﬁed synoptic
patterns were grouped into two types of synoptic scenarios.
The ﬁrst synoptic scenario included PSP5, PSP6, PSP7, and PSP12, all
of which were more common during winter and had very low incidence

Table 1
Synoptic pattern records summary.
Synoptic
pattern

Events and %
(N: 847)

Surface low-pressure
location

Surface
high-pressure
location

500-mb through

500-mb ridge

Prevailing wind
direction on the SMC

Seasonality

PSP1

290 (34%)

Iceland

Central Atlantic

83 (10%)

Spanish Atlantic coast

North Sea/
Central Atlantic
Iceland

W

PSP2

S

End of the
NE & central
Summer/Autumn
Autumn
NE & S

PSP3
PSP4

41 (5%)
12 (1%)

Iberian Peninsula
Iceland

North Atlantic
Western Europe

NE
E

Winter
Winter

SE & S
Central

PSP5
PSP6
PSP7

32 (4%)
38 (5%)
11 (1%)

Iceland

NE
SE
S

All year
Winter
Winter

NE & SE
S
S & NE

PSP8
PSP9

222 (26%)
25 (3%)

Western Europe
North Atlantic
Iceland/ Central Mediterranean
South Iberian Peninsula
SW Iberian Peninsula

Autumn
Winter

Central & NE
All

41 (5%)

Azores isles
N British
Islands
N Atlantic

E
SE

PSP10

E

Autumn

Central

PSP11
PSP12

39 (5%)
13 (2%)

North Africa/
Iceland
Spanish Atlantic
coast
Iberian Peninsula
North Africa/
Iceland
Western Europe
North Atlantic
North Atlantic to
Central Europe
Iberian Peninsula
SW Iberian
Peninsula
N Africa/ Norwegian Sea
North Africa
Central Atlantic
Ocean

North Sea
Norwegian Sea

E
S

Spring & Autumn
Winter

Central & NE
Central & S

N Africa/ Norwegian
Sea
North Africa
Central Atlantic Ocean

Azores isles
N British Islands
N Atlantic
North Sea
Norwegian Sea

5

North Atlantic
Western
Europe
Iceland
Azores isles

Main affected
areas on the SMC
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Fig. 2. Seasonal variability of the PSP1–PSP6 synoptic patterns. For each synoptic pattern, the map shows the dominant synoptic conditions on the day of the ﬂood. The upper graph in each
synoptic pattern reports the total number of that pattern's ﬂood cases according to month and ﬂood intensity. The central graph reports the total number of ﬂood events per month and
average number of municipalities affected (i.e., ﬂood cases) by each ﬂood event and in each month. The lower graph reports the percentage of that synoptic pattern's ﬂood cases and events
with respect to the total number of ﬂood cases and events.
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Fig. 3. Same as in Fig. 2, but for the PSP7–PSP12 synoptic patterns.
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Fig. 5. Spatial variability of ﬂood cases according to ﬂood amount and intensity for the PSP1–PSP6 synoptic patterns. (For better visualization, values are aggregated at provincial level,
while legend circles depict the maximum ﬂood-case number of each synoptic pattern at provincial level). Province names are coded as follows: GIR: Girona; BCN: Barcelona; TAR:
Tarragona; CAS: Castellón; VAL: Valencia; ALI: Alicante; MUR: Murcia; ALM: Almería; GRA: Granada; MAL: Málaga; and CAD: Cádiz. The legend's value differences among the different
synoptic patterns determine the incidence differences in each synoptic pattern.

and Barcelona. With regard to the severity (i.e., level 1, 2, and 3 ﬂoodevent percentages), PSP1 produced more intense ﬂoods in the provinces
of Valencia and Murcia, with signiﬁcant level 2 and 3 ﬂood-event percentages. PSP2 had moderate incidence across the SMC and a homogeneous impact; however, the northeastern and southwestern areas stood
out in terms of number of ﬂood events. In the central and southwestern
areas, the impact of PSP2 had greater intensity, which was also the case
for PSP3 in the southwest area. In the latter case, the general incidence
was low and focused on the central and southern areas. PSP4 had very

3.2. Spatial distribution of the synoptic patterns according to their
frequency and intensity
The areas with the highest ﬂood incidence were the southeastern
and northeastern SMC; however, there were notable spatial differences
depending on the synoptic patterns (see Figs. 5 and 6). PSP1 had high
incidence across the entire SMC, especially the central and northeastern
areas, and smaller impact on the southwestern area. This synoptic pattern had the greatest accumulated incidence in the provinces of Alicante

Fig. 4. Flood cases at municipal level according to synoptic pattern and season. Cities with more than 150,000 inhabitants along the SMC are (from north to south): Badalona, Barcelona,
Castellon, Valencia, Alicante, Elche, Cartagena, Almeria, and Málaga.
9
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Fig. 6. Same as Fig. 5, but for the PSP7–PSP12 synoptic patterns.

its high ﬂood severity and concentration of large numbers of ﬂood
events in the central and southeastern areas.
Generally speaking, the synoptic patterns of higher spatial ﬂood incidence (i.e., PSP1 and PSP8) as well as other secondary synoptic patterns, exhibit spatial coherence and higher ﬂood incidence and
intensity between the provinces of Alicante and Girona. These two synoptic patterns show similar synoptic conﬁgurations, i.e., low-pressure
areas over the Mediterranean Sea and east or northeast surface ﬂuxes,
which together induce a warm and moist ﬂux over the Girona, Barcelona, and Alicante provinces (Table 1).

low incidence, which was focused on the central and southeastern
areas. The highest severity of this synoptic pattern occurred in the provinces of Almeria and Malaga; however, in these provinces, PSP4 generated only one ﬂood, i.e., the differences in intensity were not
signiﬁcant. Conversely, PSP5, PSP6, PSP7, and, to a lesser extent PSP12,
were similar to PSP2 as they exhibited a southwest–northeast dipole
corresponding to a higher incidence and severity of ﬂood events. This
dipole is a consequence of the dominant synoptic Mediterranean
(i.e., PSP5) or Atlantic (i.e., PSP6) low-pressure center, or a mixture of
both (i.e., PSP2, PSP7, and PSP12). In these cases, the Atlantic low generally affected the southwestern municipalities ﬁrst, while it intensiﬁed
over the Mediterranean Sea, where it affected the northeastern municipalities (Table 1).
PSP8 had high general incidence that concentrated especially on the
eastern SMC. The severity of ﬂood cases associated with this synoptic
pattern was higher in the southern SMC. PSP9, PSP10, and PSP11 had
low incidences and affected the entire study area. PSP10 stood out for

3.3. Relationship between synoptic patterns and ﬂood damage
Panel A of Fig. 7 shows for each month of the year the percentages of
ﬂood events that caused damage, according to type and the economic
sector affected, panel B of Fig. 7 shows, the same types of percentages,
but for each synoptic pattern.
10
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Fig. 7. Distribution of the type of ﬂood damage by month (panel A) and pattern (panel B).

Damage to roads resulting from ﬂooding or road breakage during ﬂoods
is especially important. Damage to houses and buildings was also widespread, as more than 60% of ﬂood events impacted these structures. Finally, less than 20% of ﬂood events resulted in human losses.
At monthly level, it was again the autumn months and end of summer when the greatest ﬂood impact occurred in terms of all types of
damage. Noteworthy was the monthly variability in human losses,
since mitigation of this ﬂood impact is where the greatest efforts should
be concentrated. In this regard, 20% of the ﬂoods that occurred in October incurred human losses, followed by November (15%), and then September and December (almost 14% in both months).

Looking at damage by economic sector, the tertiary sector of the SMC
was the most affected by ﬂoods, followed by the primary and secondary
sectors; trade was impacted the most. We note that most commercial
establishments are located at the ground ﬂoors of buildings and are
therefore prone to ﬂooding in the event of overﬂowing waters; however, damage to the primary sector was related to the ﬂooding of crop
ﬁelds. In the study area, the most dangerous months for the tertiary sector were from August to November, during which almost 40% of the
ﬂood events caused damage to commerce and tourism.
Regarding the type of damage, it is important to note that almost
80% of ﬂood events produced damage to roads and urban furniture.
11
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For each synoptic pattern (Fig. 7, Panel B), varying degrees of danger
were detected according to the sector and type of damage. In general,
PSP10 and PSP12 produced more damage in absolute terms, followed
by PSP1 and PSP8, which are especially alarming since almost twothirds of all ﬂood events were concentrated in these two patterns. We
note that, of the 13 ﬂood events that affected more than 25 municipalities, only two were not caused by PSP1 or PSP8.
Regarding damage by sector, the most dangerous synoptic patterns
for the primary sector were PSP4, PSP10, and PSP8 (i.e., 50% of these
synoptic patterns’ ﬂood events damaged the primary sector). The secondary sector was more sensitive to PSP2 and PSP12. The tertiary sector
was especially vulnerable to PSP8 and PSP10 (i.e., 52% of ﬂood events in
each of these patterns damaged the tertiary sector).
For roads and urban furniture, and houses and buildings, all ﬂood
events had high level of danger, with impact values above 60% for almost all synoptic patterns; however, PSP3 and PSP4 were particularly
pernicious for roads and urban furniture, whereas houses and buildings
were impacted more by PSP12 in 93% of its ﬂood events. Finally, PSP12
requires special attention, as almost one in three ﬂoods associated with
this synoptic pattern caused human losses.

Table 2
Trends in ﬂood events, cases, and intensity according to synoptic patterns.
Annual Sen's
slope

∑ Sen's
slope

Annual average intensity
PSP3
0.2278
0.0267
PSP11
0.2516
0.0152
∑
-0.2968
0.0013

0.0141
0.0114
-0.0038

0.7896
0.6384
-0.2110

Number of cases per year
PSP1
0.3283
0.0004
PSP3
0.2766
0.0063
PSP8
0.2944
0.0016
PSP11
0.2849
0.0049
∑
0.3669
< 0.0001

0.5333
0.1097
0.3515
0.0805
1.5000

29.8667
6.1432
19.6824
4.5080
84.0000

Number of events per year
PSP1
0.41950
< 0.0001
PSP3
0.30595
0.0038
PSP11
0.32656
0.0018
∑
0.35606
0.0001

0.1076
0.0244
0.0209
0.2436

6.0270
1.3664
1.1704
13.6401

Kendall
Tau

Mann-Kendall trend test
p-value

Note: Trend values were calculated from annual average values (i.e., 1960–2015; N = 56).
Only synoptic patterns with statistically signiﬁcant trends (i.e., p < 0.05) are shown. The
Sen slope (Sen, 1968) calculation indicates the trend magnitude per time unit. The annual
Sen's slope reports the annual increase or decrease in ﬂood intensity, number of ﬂood
cases, and number of ﬂood events for each synoptic pattern between 1960 and 2015. ∑
Sen's slope is the sum of the annual Sen's slope and expresses the total change over the
study period (i.e., 1960–2015). The annual average intensity is the average intensity of
all events occurring in a speciﬁc year and for a speciﬁc synoptic pattern (this value can
vary between 1 and 3). The number of ﬂood cases per year refers to the total number of
ﬂood cases generated by a particular synoptic pattern in a particular year. The number
of ﬂood events per year refers to that of a particular synoptic pattern in a particular year.

3.4. Trend analysis
Trend analysis revealed statistically signiﬁcant temporary changes in
the behavior of each pattern. In this regard, some important facts need
to be highlighted: First, we detected an annual decrease in average intensity of ﬂooding events; however, the two synoptic patterns that generated increasingly intense ﬂood events were PSP3 and PSP11, which
had high incidence in the provinces of Alicante and Murcia and caused
a great amount of damage in the tertiary sector. Second, four synoptic
patterns (i.e., PSP1, PSP3, PSP8, and PSP11) exhibited increasing numbers of ﬂooding cases during the study period. Flood events associated
with these synoptic patterns affected an increasing number of municipalities each year. This increase is especially relevant since it affected
the synoptic patterns of greatest recurrence (i.e., PSP1 and PSP8),
which in turn led to increased annual average total number of ﬂood
cases per ﬂood event. PSP1 and PSP8 exhibited the most increased annual average numbers of ﬂood cases per ﬂood event, i.e., increased by
approximately 30 and 20, respectively. These two synoptic patterns
had special autumn incidences and affected particularly the provinces
between Murcia and Gerona. In this regard, local emergency planning
should consider the fact that ﬂood events affected an increasing number
of municipalities and that these relatively larger events tended to be
even more concentrated in autumn. Third, three synoptic patterns
(i.e., PSP1, PSP3, and PSP11) exhibited increased annual numbers of
ﬂood events. PSP1, i.e., the pattern with the highest recurrence, exhibited again the highest rates of change, as the number of associated
ﬂood events increased by more than six events over the study period,
thereby impacting the fact that the number of ﬂood events is increasing
(Table 2).

(e.g., Grimalt-Gelabert et al., 2021), while ﬂoods in the eastern
Mediterranean are more frequent both at the end of autumn and winter
(Giannaros et al., 2020).
Patterns shown in this study are similar to those presented by
Martin-Vide et al. (2021), who analyzed the weather types associated
with torrential precipitation affecting the provinces of Alicante and
Murcia in the period 1941-2017. Days with low pressure from the Atlantic predominate in the southwestern SMC, where isolated lowpressure conﬁgurations also predominate.
Central and eastern Mediterranean are affected more by western
perturbations (Giannaros et al., 2020). This was highlighted by Seager
et al. (2020), who showed that the fraction of variance of mean precipitation during the cold part of the year, explained by the principal North
Atlantic Oscillation (NAO) and the principal mode of atmospheric variability in Europe (Hurrell, 1995), varies between less than 10% in the
SMC region and around 40% in Italy and the eastern Mediterranean, especially in the Adriatic area. This is related to the meridional shift of the
storm tracks, especially in winter and can also explain the slight differences in seasonal distribution of ﬂood events.
In the SMC, the winter synoptic patterns present a North Atlantic
low-pressure area centered over the British islands, while the Azores
anticyclone is located south of the 35th parallel. Consequently, Spain
is between both centers of action and is subject to intense zonal ﬂow
from west to east. When these fronts are driven by pronounced deep
depressions, they can reach the shoreline and produce heavy rainfall;
however, Atlantic storms rarely cause heavy downpours in the Mediterranean. This is due to a series of causes, primarily the leeward position of
the westerlies and the Foehn effect emanating from the inland mountainous reliefs of the Iberian Peninsula.
Autumn synoptic patterns were the most frequent. These synoptic
patterns occur when the low-pressure centers from North Africa install
themselves in the Alboran Sea or in the Algerian Maghreb, such that the
cyclonic circulation sends winds from the southeast and east to the
coast, where the coastal relief forces air to move upwards. Consequently, this ascent enhances the thermal gradient between the
Mediterranean Sea and the upper layers of the atmosphere. Sea

4. Discussion
4.1. Synoptic characterization and ﬂood-hazard anticipation
Stationary or slow-moving synoptic and mesoscale systems are responsible for frequent heavy rainfall severely affecting catchments in
the western Mediterranean basin (Fiori et al., 2017). However, several
studies have highlighted important spatiotemporal differences in the
ﬂood magnitude generation and development related to speciﬁc characteristics of the synoptic-scale forcing, topography, and soil-moisture
preconditioning (e.g.,Giannaros et al., 2020). Torrential rainfall episodes
in the SMC can be compared with those analyzed by other authors.
There are evident similarities in the seasonal distribution of episodes
between the western and eastern Mediterranean; however, ﬂoods in
the western Mediterranean occur mainly in autumn and also in winter
12
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4.2. Spatial variability of ﬂood damage and implications for spatial planning

surface temperatures exceed 20 °C, thereby favoring strong evaporation, while temperatures above 5000 m above sea level are around
-25 °C; this instability produces heavy showers, which, on certain
occasions, contributes up to 80% of the total average annual
precipitation in some of the meteorological stations in the analyzed
area.
In turn, spring ﬂoods affect particularly the coastal stretch between
the cities of Valencia and Alicante. The heavy rain conditions that usually affect these areas are characterized by a low-pressure center located
over Cape Nao (i.e., northeast Alicante Province), whose movement is
associated with a convergence line on its northeast ﬂank, thereby directly impacting rainfall (Martínez Ibarra, 2012).
Finally, summer synoptic patterns affect more the municipalities located at the eastern SMC, and especially the city of Barcelona and its
metropolitan area. This type of weather is a consequence of convection
being enhanced by the overheating of the Iberian Peninsula. If a cold air
mass is located aloft, instability increases, and clouds are formed, which
may result in strong afternoon storms.
Most of the detected patterns are characterized by a low-pressure
center that moves southward from the polar front until it is isolated
aloft. This situation is especially recurrent in autumn, when two fundamental events coincide: the Mediterranean Sea exhibits high sea surface
temperatures after the summer warming, while low-temperature air is
found high in the troposphere. This atmospheric situation is known in
Spanish by the acronym DANA, which stands for “isolated depression
at high levels”. When this occurs, a cold front clashes with warm air
and produces heavy storms and torrential rainfall. In practice, DANA is
a weather phenomenon quite similar to a cold drop, but its intensity
and effects are much more devastating (Garcia-Ayllon and Radke,
2021).
This type of situation is especially evident among the highest incidence synoptic patterns (i.e., PSP1, PSP2, and PSP12); however, the location of DANA is determines the intensity of rainfall and the impact area,
which lies at the leading edge of the depression, usually in the eastern
and northeastern sectors of its periphery (Martin-Vide et al., 2021). In
this regard, if DANA is located west of the Alboran Sea, heavy rainfall
and ﬂoods are produced in the southern and central SMC; conversely,
if it is located east of the Alboran Sea, intense precipitation occurs
mainly in the central and northern SMC.
Monitoring DANA occurrences along the SMC is especially important
for mitigating its effects on the population. Most catastrophic ﬂood
events almost always originate in a DANA. Several events of this type
impacted severely the SMC: The September 1989 ﬂood (Aragonés
et al., 2016; Camarasa-Belmonte, 2016), which originated from a PSP1,
affected 68 municipalities in seven different provinces, causing numerous fatalities and extensive damage in all economic sectors. The October
2000 ﬂood was similar (Homar et al., 2002); on that occasion, the ﬂoods
caused by a PSP8 affected 50 municipalities in ﬁve provinces, with substantial personal and material damage.
We note that DANA scenarios generally exhibit a characteristic synoptic conﬁguration several days before the precipitation peak. This represents an opportunity to anticipate and prepare for intense rainfall,
which is already being considered in early warning systems for ﬂoods
(see Supplementary Material).
42% of the identiﬁed synoptic patterns exhibited a dipole, which indicates a spatial association between the incidence and severity of ﬂood
events in the southeastern and northeastern SMC. This dipole shows
that ﬂoods associated with these synoptic patterns follow a path that
ﬁrst impacts the southwestern SMC in relation to an Atlantic low, and
subsequently impacts the northeastern SMC due to a deepening of the
low over the Mediterranean Sea. Nevertheless, synoptic patterns of
great special incidence, as well as other secondary synoptic patterns,
show great spatial coherence, as well as great incidence and intensity
in the central and northeastern SMC. These synoptic patterns are related
to a low-pressure area over the Mediterranean Sea and easterly or
northeasterly surface winds.

Geographical, social, and climate factors are essential for explaining
high ﬂood risk levels in the Mediterranean (Jodar-Abellan et al., 2019).
In countries such as Greece (Bathrellos et al., 2016), Portugal (Motta
et al., 2021), and Italy (Faccini et al., 2018), the zoniﬁcation of these factors has been fundamental for appropriately limiting the ﬂooding risk.
Heterogeneity of the socioeconomic and environmental contexts hinders the deﬁnition of temporal trends in the ﬂood behavior in large regions. In relation to this, Paprotny et al. (2018) detected in 37 European
countries an increase in annually inundated areas and number of people
affected since 1870. Nevertheless, there is a marked contrast between
the trends observed in Mediterranean countries and countries elsewhere. Especially since 1950, in the Mediterranean countries there are
signiﬁcant declines in normalized deaths, persons affected, and monetary losses. These results are consistent with those of Gil-Guirado et al.
(2019), who observed a decrease in ﬂood severity in the SMC; however,
the work of Paprotny et al. (2018) suggested that when the temporary
behavior of ﬂash ﬂoods in the Mediterranean is considered, the detected
negative trends disappear. These different conclusions imply the need
for determining the genesis of each ﬂood; determining also the associated synoptic patterns is a necessary step in this regard.
Related to this, the trends in economic and human losses caused by
ﬂoods seem to be closely related to the vulnerability of the SMC and its
exposure to ﬂood risk. Studies showed that the deﬁcient urban planning
in municipalities has led to increased institutional vulnerability (LópezMartínez et al., 2017) and a concurrent exposure to ﬂood danger (PérezMorales et al., 2016; Ribas et al., 2020). Because of these initial circumstances, it is very important to understand the types of damage associated with each synoptic pattern and when damage occurs. This is a
key preliminary step in ensuring proper ﬂood preparedness (Cherqui
et al., 2015).
Regarding ﬂoods at municipal scale, we detected important hotspots
where ﬂoods have increased recurrence. In this respect, it is in winter
when municipalities west of the city of Malaga become an important
hot spot. Nevertheless, the most important hot spots are the areas between the cities of Valencia and Alicante, as well as Barcelona and its
metropolitan area. In the ﬁrst case, the greatest ﬂood impact occurs in
spring, summer, and autumn; in the second case, ﬂooding occurs primarily in autumn, but also in summer.
It is necessary to differentiate between the two possible causes to explain the seasonality and generation of hot spots. Each synoptic pattern
recurs to a greater or lesser degree in each season of the year due to the
meteorological causes indicated above. The origins of the low-pressure
centers determine the temporal variability. While an Atlantic origin affects the study area during the cold seasons, mainly the southwestern
SMC, a Mediterranean Sea origin or a deepening of its lows affects the
study area during the warm seasons, especially the northeastern and
eastern SMC.
The spatial variability and associated generation of hot spots may be
due to the aforementioned synoptic conditions, higher population concentration, and economic activities in these hot spots. Regarding the
ﬁrst hypothesis, Romero et al. (1999a) highlighted the importance of
mountainous coastal areas and their particular tendency to enhance torrential rainfall episodes. Similarly, Pastor et al. (2010) found that mountains close to the coast play a fundamental role in explaining the higher
concentration of torrential precipitation in the area between Valencia
and Alicante. Conversely, positive correlation between the size of cities
and number of ﬂoods has been highlighted by López-Martínez et al.
(2017) and Gil-Guirado et al. (2019), which invites researchers to continue delving deeper into the interrelationship between social and climatic variables within the context of ﬂood-risk processes. In any case,
appropriate planning of economic activities should consider the seasonal and spatial variability of each detected synoptic pattern. In this regard, the spatial differentiation of the type of damage produced by a
ﬂood can represent a signiﬁcant improvement in ﬂood prevention
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Detected temporal trends regarding the behavior of some synoptic
patterns indicate a troubling future. Conversely, we detected increases
in both the number and extension (i.e., number of cases) of ﬂood events.
These statistically signiﬁcant trends were detected in the most frequently occurring synoptic patterns (i.e., PSP1 and PSP8); however,
the danger of synoptic patterns has overall increased (i.e., PSP3 and
PSP11).
Finally, the results of this work should be incorporated into early
warning systems that identify atmospheric patterns and their evolution; such practice would be instantaneously effective. Nevertheless, applying the proposed methodology to spatiotemporal databases has
already proven to be of great value to policymakers, since the improved
spatiotemporal identiﬁcation of sensitive areas provides them with a
tool for improving regional strategies.
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systems, insofar as it allows the identiﬁcation of where and at what time
of year that economic sectors and damage types are most vulnerable to
each synoptic pattern (Cortès et al., 2018). This can mean municipalities
launching personalized monthly weather alerts with estimates of each
synoptic pattern's damage probability based on the economic sector.
Similar efforts have been made by some relevant European projects
(Abily et al., 2020). Given the highly specialized commercial and tourism activities along the SMC (Ivars i Baidal et al., 2013), it is particularly
important to create contingency plans for the tertiary sector. In the late
summer months, tourism along the Mediterranean coast is still high and
economic losses are ampliﬁed when these kinds of events occur, because tourists drastically reduce their period of stay and potential visitors tend to cancel their reservations. The latter is especially important
for the coast of Barcelona, one of the world's top tourist destinations
(Rico et al., 2019), which has a tourist model of high summer seasonality (Rodríguez-Algeciras et al., 2020), and represents added vulnerability to ﬂooding.
In relation to temporal changes, the detected danger increase of
some synoptic patterns should encourage local, regional, and national
authorities to reconsider their adaptation strategies to ﬂoods. Regarding
the reasons for these increases, we can neither conﬁrm nor deny that
these changes are due to the effects of climate change on rainfall behavior. Barriendos et al. (2019) were also not able to conﬁrm or deny that
these changes are due to increased exposure and vulnerability in the
study area. However, the fact that the changes are limited to a few speciﬁc patterns suggests that, in addition to social causes, climatic causes
are hidden behind this danger increase. The explanation probably lies
within the evidence of global warming that occurred during the study
period, when high pressures over the occidental part of Europe as well
as Mediterranean ﬂuxes intensiﬁed, especially during the warm seasons
(Pörtner et al., 2019). Future research is needed to investigate the
causes behind the spatiotemporal variability and trends observed in
the behavior of ﬂoods according to synoptic patterns.
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5. Conclusions
Twelve different synoptic patterns can statistically explain ﬂood
events along the SMC. The two dominant synoptic patterns are PSP1
and PSP8, which account for 60% of all events, while the rest of the synoptic patterns are of minor importance. Given this knowledge, authorities can adapt warning and prediction systems to the speciﬁc spatial
differences and seasonality of each synoptic pattern. In ﬁve of the 12
patterns identiﬁed, we detected a dipole that indicates an association
between the incidence and severity of ﬂood events in the southeastern
and northeastern SMC. Regarding seasonal differences, autumn is the
season that has the largest number of ﬂood events with the greatest intensity and extension (i.e., number of ﬂood cases). Besides autumn,
winter is the season with the greatest danger.
Regarding spatio-seasonal differences, we found that ﬂood events
associated with autumn patterns have a higher frequency and intensity
in the eastern SMC, while winter patterns spatially affect the western
sector.
At municipal scale, we detected important hot spots where ﬂoods
have a greater recurrence, i.e., the coastline between the cities of Valencia and Alicante, as well as Barcelona and its metropolitan area.
Among the economic sectors, the tertiary sector is the most affected
by ﬂoods along the SMC, followed by the primary and secondary sectors.
Regarding the type of damage, roads and buildings are the most affected
assets. Damage to the economic sector and damage types were both
greater between August and November. According to the economic sector and type of damage, we detected synoptic patterns of varying degrees of impact. In general, PSP10 and PSP12 produced most of the
damage, followed by PSP1 and PSP8; however, PSP12 needs special attention because fatalities during ﬂoods associated with this synoptic
pattern occur in one out of every three ﬂoods.

Appendix A. Supplementary data
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2021.150777.
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