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Rainfall behavior is a fundamental issue in areas with scarce and irregular amounts, such as the Spanish Med-
iterranean region. We identified 12 spatial patterns that characterized 899 torrential precipitation events (>150
mm in 24 h) that occurred in the 3,537 rainy precipitation series in the period 1950-2020. Three of these
components—eastern and ESE—showed positive and significant trends in their accumulated volumes. We then
characterized the mean synoptic causes of the 10 most intense events in each component at both mean sea-level
pressure and 500 hPa geopotential height, and also the integrated water-vapor transport between 1,000 and 300
hPa. We found a clear spatial distribution of the pluviometric effects related to unstable atmospheric situations
(such as troughs and cut-off lows), and also to SW-SE advection fluxes that brought moist air from the Western
Mediterranean. In particular, torrential rainfall in the Balearic Islands related more to E-NE advections than to
southeastern ones. We also determined that the major parts of these components occurred in early autumn,
especially in September and October. We expect these findings to help our understanding of the processes leading
to catastrophic situations along the Spanish Mediterranean coast and to lead to improvements in early alert
systems and management plans.

1. Introduction the effect of the warming process on precipitation, pointing out the high

probability that more-intense dry sequences will develop, while rainfall

Climate change is leading to changes in precipitation in various re-
gions of the world. Precipitation is particularly sensitive to temperature
variations and regional changes in atmospheric circulation. Hence, it is
difficult to model in climate change scenarios (Miro et al., 2021).

The Mediterranean region is one of the areas of the world where
precipitation has a prominent role due to its importance for the devel-
opment of economic activities that have large territorial and economic
imprints (i.e., agriculture and tourism) (Cramer et al., 2018; Osso et al.,
2021; Tapiador et al., 2021), and particularly the Spanish Mediterra-
nean coast (Meseguer-Ruiz et al., 2021). The Intergovernmental Panel
on Climate Change (IPCC) AR6 report highlighted the Mediterranean
area as a geographical space with a high impact of climate change due to
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episodes will decrease or not change for the southern part of Europe,
such as the southern Mediterranean (IPCC et al., 2021).

Several studies on changes in precipitation in the Mediterranean
region have analyzed both the impact of warming on regional atmo-
spheric circulation and the effect on precipitation volume and intensity
(Cramer et al., 2018; Michaelides et al., 2018).

The change in atmospheric circulation is caused by the existence of a
lower thermal gradient between latitudinal bands as a consequence of
global warming, which results in a decreased jet stream speed. It has
been determined that the average speed of the polar jet stream has
decreased by 14% since 1980 (Francis and Vavrus 2012). This implies a
greater undulation of the jet—that is, a more-frequent generation of
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planetary waves with faster displacements of warm air masses towards
northern latitudes and of polar or arctic air towards the south. These
phenomena are already evident, especially in the Northern Hemisphere,
due to the greater effect of warming at polar and subpolar latitudes. This
has been linked to the loss of speed of the jet stream (in this case, the
polar jet of the Northern Hemisphere), which causes a significant in-
crease in adverse episodes (hot and cold waves, intense drought, and
torrential rain) at mid-latitudes, where the Mediterranean area is
located (Olcina Cantos et al., 2019).

Munoz et al. (2020) recently confirmed an increase in cut-off low
atmospheric circulation in planetary mid-latitudes, which, in the
Northern Hemisphere, has meant an increase of 20% from 1960 to 2017.
Moreover, in the European mid-latitude sector, the areas where the
installation of these isolated depressions at high atmospheric levels
would have been concentrated would correspond to the Gulf of Cadiz,
and the Western Mediterranean as a whole (Meseguer-Ruiz et al., 2019;
Insua-Costa et al., 2021).

For the specific area of the Spanish Mediterranean coast, Ferreira
(2021) analyzed the relationship between intense precipitation and the
formation of cut-off lows in the mid-troposphere in the Valencian region
between 1998 and 2018, based on the Weather Research and Fore-
casting (WRF) model. Their results pointed to an increase in heavy
precipitation for the next several decades in this region due to an in-
crease in thermodynamic processes in a warmer atmosphere, which is an
important nuance to the generally decreasing trend of precipitation over
part of the Iberian Peninsula in the last few decades (del Rio et al.,
2011).

For the Western Mediterranean Basin, Casanueva et al. (2014)
examined changes in the relative contribution of daily rainfall above the
95th percentile to the total amount of rain (R95pTOT) for the period
1950-2010. Using a high-resolution gridded dataset of daily precipita-
tion, they detected that the trend was either significantly positive at
specific points or null for most of the areas, but seldom negative. Moliné
et al. (2016), based on the EURO-CORDEX model (Representative
Concentration Pathways [RCPs] 4.5 and 8.5), studied recent trends in
precipitation in the Mediterranean Basin, comparing local and regional
scales, and concluding that the extreme rainfall trend could increase by
about 10% relative to the current level for RCP4.5 and by around 25% in
heavy summer precipitation over some parts of the Iberian Peninsula for
RCP8.5. Cipolla et al. (2020) highlighted the role of atmospheric cir-
culation in the occurrence of severe rains in the Sicilian area, especially
when the events were characterized by their short duration and high
intensity. They also identified the meteorological circulation patterns
that were most likely to cause maximum daily precipitation, high-
lighting the convective component.

Zittis et al. (2021), using a new data-processing procedure on a set of
33 regional climate simulations from the EURO-CORDEX initiative,
with a resolution of 0.11°, analyzed the significance of trends for
1951-2000 and 2001-2100 based on the business-as-usual
RCP—RCP8.5. They reached the conclusion that extreme rainfall events
had increased, against a general context of decreasing annual precipi-
tation across the entire Mediterranean Basin.

In Spain, several studies have been carried out on the recent evolu-
tion of precipitation, in order to validate the hypothesis of increased
daily precipitation in recent decades. In this regard, it has been pointed
out that the most-extreme episodes have an increasing probability of
occurrence (Myhre et al., 2019) and are linked with the presence of
atmospheric rivers (Ramos et al., 2015; Lorente-Plazas et al., 2020;
Hénin et al., 2021).

Grimalt-Gelabert et al. (2021) analyzed the synoptic situations that
favor the development of extreme torrential rainfall (>200 mm in 24 h)
along the Mediterranean coast of the Iberian Peninsula and the Balearic
Islands (1941-2010), noting a distinction between trough or cut-off low
circulations, which are more favorable for torrential rain episodes in the
Balearic Islands, and situations with an eastern component, which cause
heavy rains along the Mediterranean coast of the Iberian Peninsula.
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Senciales-Gonzalez and Ruiz-Sinoga (2021) examined synoptic types
that cause torrential rainfall in the southern Spanish Mediterranean
(Andalusian coastal sector), finding than more than 50% of the heavy
rainfall events recorded in southern Spain were associated with NE-E
and SE-S winds. Specifically, the greatest volumes of precipitation
(>100 mm in 24 h) were associated with dynamic low pressure, with
front weather types and NE-E winds, although the greatest number of
cases occurred with this weather type and SE-S winds.

The role of atmospheric rivers has also been identified for other
European latitudes (Lavers et al., 2011; Lavers and Villarini, 2015;
Ramos et al., 2018), and they have a tropical origin (Krichak et al.,
2015). Aside from this, the role of the Arctic amplification remains
insignificant (Blackport and Screen 2020). Insua-Costa et al. (2019) and
Davolio et al. (2020) showed that tropical and subtropical moisture
inputs are the most relevant for extreme precipitation events in the
Western Mediterranean. Cloux et al. (2021) pointed out the need to
correctly identify the origin of the humidity in episodes of torrential rain
occurring in Southern Europe and especially in the Mediterranean area.
They proposed their own model (the offline Lagrangian model FLEX-
PART-WRF), which allows identification of the local (Western Medi-
terranean) and medium-distance (Central Mediterranean and North
Atlantic) sources that participated in these events.

A report on the future evolution of intense precipitation in Spain
(CEDEX 2021), based on the period 1971-2000 and using the EURO-
—CORDEX climate projections (Horizon 2100), indicated an increase in
torrential rainfall, with extreme rainfall associated with short durations
for RCP8.5 scenarios, especially over the eastern Iberian Peninsula.

Cardoso et al. (2020) also evaluated future changes in total precip-
itation in the Iberian Peninsula under the RCP8.5 scenario. The changes
were analyzed for two future climate periods—2046-2065 and
2081-2100. They found that, under this climate change scenario, a large
part of the region is expected to experience a reduction in annual pre-
cipitation of about 20%-40%, reaching 80% in summer, by the end of
the 21st century. These results imply that climate change is likely to
influence annual precipitation amounts and torrential rainfall events
throughout the 21st century, especially in the southern peninsular
regions.

Merino et al. (2016) performed a synoptic study of extreme precip-
itation events occurring between 1960 and 2011, applying a
non-hierarchical K-means clustering. They characterized six main syn-
optic types with which extreme precipitation events would develop, and
highlighted that these events in the western peninsular were basically
related to zonal circulations, whereas, in the eastern peninsular, they
were related to the development of cut-off lows in the mid-troposphere.

Serrano-Notivoli et al. (2018), based on an analysis of the spatial and
temporal variability of daily precipitation in Spain for the period
1950-2012, discovered the following significant facts: 1) there was a
slight overall increase in the duration of precipitation events, especially
along the Mediterranean coast; 2) there was an increase in the frequency
of low-precipitation events and a decrease in the frequency of high and
very high events (inverse on the Mediterranean coast); and 3) there was
a slight decrease in intensity when considering single events (durations
of 1 or 5 days), but a significant negative trend in mean and median
precipitation when considering all precipitation days, especially on the
Mediterranean coast. These results along the Mediterranean coast were
related to an increase in convective precipitation, triggered by an in-
crease in potential instability caused by an increase in the Mediterra-
nean Sea surface temperature (Llasat et al., 2021).

Miro et al. (2021) pointed out the trend towards an increase in the
frequency of torrential rainfall episodes in the coastal areas of eastern
and southeastern Spain, based on the use of Coupled Model Intercom-
parison Project Phase 5 (CMIP5) global circulation model (GCM) local
downscaling in the RCP4.5 and 8.5 emissions scenarios.

Despite the strong relationship existing between the occurrence of
torrential precipitation events and synoptic situations, different studies
have shown connections to larger-scale patterns (Lopez-Bustins and
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Lemus-Canovas 2021; Mastrantonas et al., 2021), which can even lead to databases only provided data up to 2018, an update was made up to
seasonal changes (Halifa-Marin et al., 2021; Meseguer-Ruiz et al., 2021). 2020 using new data from all the available AEMet series. In order to fill
It has been demonstrated that the Western Mediterranean Oscillation in possible gaps in these newly observed data, the method developed
index (WeMOi) has a statistically significant influence on the precipi- and used by Mir¢ et al. (2017, 2018) was employed.

tation of the Spanish eastern coast (Lopez-Bustins and Lemus-Canovas The daily 24h accumulations are those recorded between 7am of
2021; Meseguer-Ruiz et al., 2021). For example, Kim et al. (2019) actual day to 7am the following day. This is according to the way these
pointed out that the changes predicted for the summer circulation of the are recorded in AEMET’s network of manual stations, which are the vast
South Asian-Sahara Desert teleconnection will lead to an increase in the majority of those used.

meridian circulations of Rossby waves in summer over the basin. It is In this way, the final database used covered the entire period of
expected that there will be a predominance of ridges in the central and 1950-2020, and all of the analyzed area, plus an additional area at least
western parts of the Mediterranean Basin and troughs over the Iberian 100 km inland from the Iberian Peninsula so as to ensure a good spatial
Peninsula and the Eastern Mediterranean. interpolation of data at the edges.

The aim of this work is to identify the main torrential events (>150 From the daily database described above, we isolated those daily
mm in 24 h) that have occurred along the Spanish Mediterranean coast events that presented extreme rainfall, exceeding 150 mm in 24 h, at
between 1950 and 2020, determine their spatial components and trends, least one or more meteorological stations. Since our interest was focused
and obtain their synoptic characterizations at sea-level pressure (slp) on obtaining the spatial distribution of components representing affinity
and at 500 hPa (z500), in order to provide new insights into the surface between the events, for each of the daily events, we retained not only the
and mid-tropospheric processes associated with torrential precipitation. data points for >150 mm, but also the rest of the precipitation data from

all the meteorological stations. Thus, a list of events/dates was compiled
2. Methodology and data that include the daily precipitation for the all stations on those specific

days. A total of 899 events were identified between 1950 and 2020.
2.1. Data series and selection of torrential precipitation events
A total of 3,537 daily precipitation series were used in the study, 2.2. Torrential precipitation component selection and trends
obtained from two databases standardized to be homogeneous and free
of gaps. On one hand, we used the CDRD-HR-EIP database (Miro et al.,
2017, 2018), which covers the entire area located between south of
Tarragona and north of Almeria provinces (Fig. 1). The rest of the
analyzed area- including the entire Mediterranean coast of the Iberian
Peninsula and the Balearic Islands (Fig. 1) —was covered using the filled
series used as the basis for the SPREAD database (Serrano-Notivoli et al.,
2017a, b). Most of these daily series (>95%) come from stations of the
Agencia Estatal de Meteorologia (AEMet), supplemented by further data
from the Sistema Integral de Atencién al Regante (SIAR) and the Fundacion
Centro de Estudios Ambientales del Mediterraneo (CEAM). Since these

We proposed a dimensionality reduction to simplify the rainfall
spatial distribution of the 899 events analyzed into a few principal
components that would define a good regionalization of the episodes
and allow examination of the change in trends of each regional
component separately.

However, one problem with the application of the traditional prin-
cipal component analysis (PCA) technique is that daily rainfall forms a
non-negative data matrix, in that it does not behave like an oscillator on
a central mean, but rather as isolated peaks above zero. Daily torrential
events also have a very high dispersion and sparsity. Thus, when
applying PCA, we obtained unsatisfactory results that did not allow a
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good regionalization.

Several dimensionality reduction techniques are currently available.
After an exploratory exercise, we found a technique- the non-negative
matrix factorization (NNMF) method (Sra and Dhillon 2006; Tandon
and Sra 2010) —that was much better adapted to this type of data,
resulting in a much better regionalization and clear geographic linkage
of the components obtained. It is a technique especially adapted to
dealing with inherently non-negative data, including in the context of
high sparsity, with the ability to reduce such sparsity to simpler and
more robust components that reflect the most relevant characteristics of
the information without overfitting (Tandon and Sra 2010). Therefore, it
was a particularly suitable technique for this case.

The NNMF toolbox for MATLAB (https://github.com/jkschluesener
/nmf toolbox_matlab) was used to obtain the components, based on
the algorithm developed by Li and Ngom (2013). The option used for the
distance in the objective function was the Kullback-Leibler divergence.

As with PCA, NNMF provides, on one hand, a matrix of basic com-
ponents obtained after reduction of the dimensionality—spatial in this
case—so that we could analyze trends of change in each component over
time. On the other hand, it allowed us to calculate the weight or
contribution of each component to variability in the time-series at all
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stations, or to reconstruct these series as a sum of weights. Thus, each
component would be reconstructed separately, in order to capture its
spatial behavior on a map (Fig. 2). In addition, this allowed us to asso-
ciate each event with the component that predominated, having the
greatest weight on the day of the event. We then classified each of these
events under each component identified. That is, the component that
registers a greater weight in the event is the factor that classifies the
event within the concrete type associated that component.

By taking the list of dates/events associated with each component,
we could test the hypothesis that each rainfall component obtained
would be associated with a predominant synoptic configuration on those
dates. We could also relate a change trend obtained for a component
with changes in the frequency or strength of that synoptic type.

To obtain the trends of change, the slope was calculated using the
nonparametric Sen method (Sen, 1968), which is more robust to outliers
than obtaining the simple linear trend. This is important given that
extreme precipitation presents high temporal irregularity and very
pronounced peaks, which makes it difficult to discern reliable trends
from random results. The slope is expressed in mm per decade. Also, in
order to test statistically significant change trends for each component,
we applied the non-parametric Mann-Kendall test (Mann 1945; Kendall
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1962).

These trend-tests were initially applied for the annualized mean
precipitation registered for each component (average annual weight).
The obtained trends were considered to be statistically significant when
satisfied that a < 0.05 (p-value), giving a confidence level greater than
95%.

The average annual volume obtained for each component was
generally low (between 4 and 7 mm) (Table 1) because, although there
were local peaks of >150 mm per event, the average weight obtained
from the entire analyzed territory was obviously much lower. This
allowed us to test the overall trends presented by the events associated
with a specific component in a more reliable way, and linked to a spatial

Table 1

Trends (slope per decade) and changes for whole period analyzed for the
different components in the study period (1950-2020) according to the annual
volumes (average of entire spatial distribution, and percentiles 95th and 99.9th).
Significant trends (confidence level >95% for sen slope and p-value < 0.05 for
Mann-Kendall test) are written in bold.

Average annual weight over the average of the whole territory analyzed (mm)

Component  Average all Sen slope Absolute change Relative change
stations (mm/ for whole period for whole period
(mm) decade) 1950-2020 1950-2020 (%)

(mm)

1 5.65 —-0.18 -1.23 -19.7

2 6.26 -0.15 -1.04 —-15.4

3 3.93 0.09 0.61 16.9

4 5.50 0.19 1.34 27.8

5 5.42 —0.08 -0.57 —-9.9

6 5.59 0.34 2.44 55.9

7 5.49 0.33 2.32 53.4

8 6.55 0.50 3.58 75.3

9 5.61 0.19 1.36 27.6

10 4.27 0.34 2.42 78.9

11 6.42 0.06 0.43 6.9

12 6.92 0.03 0.23 3.3

95th percentile for entire spatial distribution (all stations) of annual precipitation
(mm) for each component

Component  95th prctile Sen slope Absolute change Relative change
value in mm (mm/ for whole period for whole period
(annual decade) 1950-2020 1950-2020 (%)
basis) (mm)

1 31.67 —0.64 —4.52 —-13.32

2 38.66 -1.87 —-13.25 —29.26

3 17.42 —-0.31 —2.18 —11.80

4 48.39 2.30 16.33 40.60

5 25.64 —0.41 —2.88 -10.65

6 29.95 0.87 6.15 22.89

7 31.72 0.41 2.92 9.64

8 35.53 3.37 23.91 101.41

9 31.74 0.46 3.28 10.91

10 25.90 1.25 8.88 41.35

11 40.74 0.80 5.68 14.99

12 49.16 —-0.14 —-0.99 -1.99

99.9th percentile for entire spatial distribution (all stations) of annual precipitation
(mm) for each component

Component  99.9th Sen slope Absolute change Relative change
pretile value (mm/ for whole period for whole period
in mm decade) 1950-2020 1950-2020 (%)
(annual (mm)
basis)

1 116.96 -1.09 -7.73 —6.40

2 140.54 —6.29 —44.64 —27.41

3 68.04 -0.31 —2.22 -3.21

4 200.29 15.85 112.56 78.16

5 87.85 -2.17 —15.43 —16.15

6 108.21 1.88 13.36 13.16

7 124.06 2.74 19.44 17.00

8 115.43 12.29 87.28 121.59

9 129.89 4.15 29.50 25.62

10 121.87 5.39 38.29 37.27

11 210.89 5.64 40.06 20.99

12 165.84 2.58 18.30 11.68
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distribution, but this may not be entirely representative of the extreme
precipitation that actually occurred in the specific locations where 150
mm was exceeded.

In order to obtain a more realistic analysis of the precipitation ex-
tremes themselves, trends have also been calculated for the 95th and
99.9th percentile value of the annualized data of the components. In this
case they have been calculated on the total spatial distribution of their
values on an annual basis. That is, the 95th and 99.5th percentile of
3,537 values obtained (stations) for each year and then obtain their
trend over the 71 years analyzed.

In any case, if we were only to consider the specific absolute limit of
>150 mm, we would have some difficulties when only considering the
daily accumulated values, and representing the averages of those per
station, because the greater the entire rainfall volume, the greater the
number of stations recording >150 mm, which in turn would lower and
misrepresent the average volume per station that reached this threshold.
In the same way, several events can be concentrated in one year, so there
will not be a maximum, but several, per station. Then, to obtain an idea
of whether the truly precipitation >150 mmm of each component
behaved evenly with the trend of the entire component, we did the
following. We considered the total annual volume of recorded precipi-
tation that was actually >150 mm and assigned to an event type and
divided that volume by the average annual number of stations for the
entire 71-year period that actually recorded >150 mm for each event
and component, instead of by the number of stations that recorded
>150 mm in that year. The accumulated rainfall was representative of
torrential precipitation that reached >150 mm, without the effect of
variability in the number of observatories reaching 150 mm as a divisor.
The results are presented in Fig. 3, and are compared with the trends and
their statistical significance in Table 1.

It is important to note that, unlike in PCA, the number of components
obtained by NNMF is not fixed and defined by the process itself, but is an
adaptive function to a desired number of components, depending on
whether greater simplicity or explanatory complexity is sought.
Although this may be an advantage, it also brings the disadvantage of
having to discern which number of components best explains a region-
alization based on the geographical constraints of the area without
falling either into oversimplification or having redundant components.
This is a case in which user knowledge of the territory may play an
important role.

In this sense, the study area was divided into two peninsular areas,
clearly defined in terms of their general orientation towards the Medi-
terranean Basin—one eastern, looking east (territories belonging to
Catalonia, Valencia, Murcia and eastern Almeria), the other southern,
looking south (belonging to Andalusia), plus an insular area (Balearic
Islands). The eastern area represented a relatively wide range of lati-
tudes, this being the factor that allowed us to distinguish several
different sectors (e.g., north-central Catalonia, south of Catalonia/Bajo
Ebro). The southern area represented a certain range of longitudes, this
being the discriminating factor along the southern Mediterranean strip.
In both areas, some inland areas could be distinguished by their
continentality.

To the discriminating effect of the above geographical factors, we
added: 1) the importance of the southern Gulf of Valencia—the area
with the highest daily precipitation in Spain and one of the most
outstanding in Europe, making it expedient to consider more than one
pattern; 2) the southeastern peninsular, as it is one of the driest areas in
Europe, where the two peninsular areas considered were also located;
and 3) the sector near the Strait of Gibraltar—a pathway for the pene-
tration of Atlantic depressions and flows. In the case of the insular
area—the Balearic Islands—the consideration of two sectors was due to
the energetic orography of the island of Mallorca, which was singled out
as a northwestern sector.

Considering all these criteria, we computed the NNMFs for five to 18
components, ultimately deciding to work with 14 components and then
deleting two because they showed an interior component, making 12
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Annual sum records > 150mm with events linked to C1 to C12
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Fig. 3. Annual accumulated records >150 mm in 24 h and trends of each component in the study period (1950-2020). For a single event >150 mm were exceeded at
any one weather station, all amounts recorded in that same event have been considered. Asterisk indicates that the slope is significant (or near significant). 95th
percentile of distribution is showed for: FH = first half of period (1950-1984) and SH = second half of period (1985-2020).

components, which was the same number used by Gil-Guirado et al.
(2022).

2.3. Synoptic characterization of torrential precipitation events

We used mean slp and a geopotential height of 500 hPa (z500) to
compute the average components of the most representative days for
each component of the classification. These gridded variables were
supplied by the fifth European Centre for Medium-range Weather
Forecasts Re-analysis (ERA-5) (Hersbach et al., 2020) by means of daily
mean values, encompassing the area 25°N-70°N and 30°W-30°E at a
horizontal resolution of 0.25° for the period 1950-2020. To complement
the explanation of the synoptic mechanisms that led to such extreme

events, we computed the vertically integrated water-vapor transport
(IVT) between the 1,000 and 300 hPa levels, following the methodology
proposed by Lavers et al. (2012):

2 2
300/Pa
1

geuedp | + |-
8

300hPa

1
VT = - gevedp (€D)]
8

1,000hPa 1,000hPa

where q is the specific humidity (kgekg™'); u and v are the layer-
averaged zonal and meridional winds (mes™!), respectively; g is the
acceleration due to gravity (9.8 mes™2); and p is the pressure difference
between two adjacent pressure levels (Pa).
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3. Results
3.1. Torrential precipitation events

We identified 12 spatial components for torrential precipitation
events in the study area (Fig. 2), with a northern sector (Components 1
and 2) with maximum daily precipitation amounts of between 150 and
200 mm in 24 h, a central sector (Components 5, 7-12) with maximum
daily precipitation amounts that reached 300 mm in 24 h, and a
southern sector (Components 3, 4 and 6) with maximum daily precipi-
tation amounts of around 150 mm in 24 h.

Components 1 and 2 appeared in the north of the study area, in the
Girona and Barcelona provinces. Component 1 exhibited a coastal dis-
tribution, with maximum daily precipitation amounts of between 150
and 200 mm in 24 h, while Component 2 showed an inland distribution,
with peaks of around 150 mm in 24 h. Component 3 occurred in the
south, centered in the coastal area of the Malaga and Granada provinces,
and reaching maximum daily precipitation amounts of around 150 and
200 mm in 24 h. Component 4 also showed a southern distribution,
constrained to the Malaga province, with maximum daily precipitation
amounts of precipitation of around 180 mm in 24 h. Component 5 events
were centered on the Ebro River delta, extending from 40°N to 42°N,
with precipitation daily precipitation amounts also reaching 180 mm in
24 h. Component 6 was located in the southeast, between the provinces
of Almeria and Murcia, and exhibited maximum daily precipitation
amounts of 170 mm in 24 h. Component 7 had its maximum located in
southern Valencia province, and reached maximum daily precipitation
amounts greater than 200 mm in 24 h. Component 8 was mainly located
in the province of Alicante, but also affected southern Valencia, reaching
daily precipitation amounts of around 150 mm in 24 h. Component 9
was distributed across all the Balearic Islands, and also reached daily
precipitation amounts of 150 mm in 24 h. Component 10 was located in
the coastal areas of southern Valencia and northern Alicante (Cabo de la
Nao area), and reached daily precipitation amounts of 300 mm in 24 h.
This also affected the western Balearic Islands. Component 11 also
appeared in the Balearic Islands, but its maximum daily precipitation
amounts was centered on the north of the island of Mallorca, reaching
300 mm in 24 h. Component 12 spread from northern Valencia province
to southern Tarragona province, and reached daily precipitation
amounts of around 150 mm in 24 h.

In terms of trends in the annual amounts of precipitation registered
by each component, only three components exhibited significant trends
during the study period (Table 1), and these all had positive trends and
corresponded to the eastern and southeastern areas. Component 6, with
an average of 5.59 mm in each pixel, increased by 2.44 mm (55.9%),
Component 7, with a 5.49-mm average, increased by 2.32 mm (53.4%),
and Component 8, with an average of 6.55 mm, increased by 3.58 mm
(75.3%) between 1950 and 2020. Component 9 and 10 with also notable
increases are close to being significant as p-value yet <0.1. For extreme
values (Table 1 — 95th and 99.9th percentiles) only Component 8
maintains a positive trend that is statistically significant (Component 5
is close to being significant as p-value yet <0.1), probably due to greater
irregularity towards the extremes. But it is important to note that the
percentage increases are more pronounced as more extreme percentiles
are analyzed. Thus, more than 100% increase in the case of the value
represented by the 99.9th percentile for Component 8.

Fig. 3 shows the summed volumes per year per component associated
only with those rainfall records that actually recorded >150 mm at
specific stations, divided by the average number of stations that, in a
normal year, recorded >150 mm (as explained in Section 2.2). Note that,
in Fig. 3, we identified years with an annual volume that was <150 mm,
meaning not only a lower volume, but also that there was a smaller
number of stations recording >150-mm events than normal, where the
volume was divided by a higher number (i.e., an average of the 71
years). Similarly, there were records that reached 4,000 mm, meaning
events where, apart from higher point volumes with >150 mm, a very
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large number of stations (higher than the normal divisor) exceeded 150
mm, thereby contributing a larger sum to the total volume. Therefore,
this reflected torrential events in a context of equal conditions for
interannual comparison throughout the series. In this case, the three
components that showed statistically significant positive trends
(Table 1) coincided with a positive slope in the trend line for these
components in Fig. 3. This was especially intense for Component 8,
focused on the area between the eastern Murcia, Alicante, and southern
Valencia provinces.

3.2. Weather types

Below are the descriptions of the 12 basic synoptic weather types
that caused intense precipitation along the Spanish Mediterranean coast,
as established in this study (Figs. 4-6).

1) Low pressure over the Balearic Sea, with eastern advection in
Catalonia and a high transport of water vapor in this area, causing
large amounts of precipitation in the coastal mountain systems
perpendicular to the eastern flow. The southern part of the study
area was not affected because it was located just beneath the cold
core of the low, where there was less rainfall activity. This situ-
ation showed an absolute peak of relative frequency in April.

2) A northwestern trough with low pressure, located along the
coasts of Portugal and Galicia, promoting a southwestern flow
towards the north of the study area. This type of flow was very
productive in the north of the study area, especially in the pre-
Pyrenees and the Catalan coastal ranges. These surface condi-
tions, together with a high amount of water-vapor transport,
favored high accumulated precipitation in this area. This pattern
was characteristic of September and October.
The position of the W-SW low favored S-SE advection in the
southern half of the study area, bringing a significant amount of
water vapor of Atlantic origin from subtropical latitudes to the
extreme south (Malaga and Granada). This type of circulation
was particularly prevalent at the beginning and end of the cold
half of the year (from October to March).
The location of a low-pressure cell in the northwest is a typical
winter situation resulting from a southward displacement of the
extratropical jet, which favors the circulation of cyclones at lat-
itudes below 45°N and allows southwestern advection. This type
of advection was very productive in the southwest of the study
area, since it presented an orthogonal orientation to the mountain
ranges of the province of Malaga, favoring a certain orographic
component as a triggering mechanism for high amounts of
precipitation.

5) A cut-off low in the northwest, with weak surface flow from the
east with an upper level of cold air, but without a marked baric
gradient at the surface. This also showed a weak easterly flow
directly affecting the area between the provinces of Castellon and
Tarragona, perpendicular to the disposition of the eastern end of
the Iberian Mountain range. In fact, this situation was not marked
by a high contribution of water vapor, with the rainfall amounts
being closely associated with orographic precipitation. This type
had a peak frequency in October.

6) An eastern flow with a cut-off low in its upper level occurring to
the southwest. The situation of the upper-level trough was most
active in its easternmost part, favoring instability in the southeast
of the study area (Granada, Almerfa, and Murcia). The easterly
flow accentuated the maritime and moisture contribution—a fact
that was also noted in the IVT composite. This was a character-
istic situation occurring in September.

Eastern advection with an upper-level cut-off low. The location of

the cut-off low, in this case, was more to the north and east than

in the previous case and, together with the easterly flow,
contributed to large amounts of precipitation in the province of
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Fig. 4. Sea level pressure (slp; isolines, hPa) and 500 hPa geopotential height (z500; shaded colors, dm) composite of the top ten most intense episodes for each
component (1950-2020). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Valencia, with a more northerly location than those mentioned in
the previous pattern. Again, this was a situation characteristic of
the autumn months (September-November), although it also
occurred in spring. The water vapor had a subtropical origin,
transported from North Africa.

Eastern advection with an upper-level cut-off low (very similar to
Type 7). An upper-level low pressure appeared slightly more to
the south than in Type 7, producing high amounts of precipita-
tion, mainly in the provinces of Alicante and southern Valencia,
due to the presence of the Betic ranges, which also triggered
orographic rainfall. Types 7 and 8 are very similar. They were
distinguished by the territorial distribution of the rain they
caused, rather than by their synoptic differences.

9) An upper-level cut-off low with surface flow from the east. This

was the second most easterly location of the upper-level cut-off,
together with Type 11, in both cases causing torrential rainfall in

the Balearic Islands. It also had an E-NE surface advection, which
triggered higher accumulations in Mallorca and Menorca.

10) A rhombic configuration with an upper-level cut-off low and

E-NE surface flow. This was a situation where water-vapor
transport was important, impacting the northern edge of Ali-
cante and the southern edge of Valencia. This, together with the
E-NE surface flow, favored torrential rainfall in this area and, to a
lesser extent, in Ibiza. Its maximum frequency was in April, but it
also had a marked presence throughout the autumn.

11) A trough in the Western Mediterranean, with low pressure at both

the surface and upper levels, located between the Balearic Islands
and Corsica and Sardinia. This type occurred more frequently in
the fall. The surface flow was NE-N, with no excessive water-
vapor transport. In fact, this type had a high orographic compo-
nent, since the maximum accumulated in the northern part of the
island of Mallorca, where the Tramuntana mountain range
(1,400 m a.s.l.) is located.
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Fig. 5. Vertically integrated water vapor transport (IVT) intensity (shaded colors, kg m—1 s—1) and direction (vectors) composites of the top ten most intense
episodes for each component (1950-2020). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

12) An upper-level cut-off low with a weak E-SE surface flow. This
appeared exclusively in the fall, with large rainfall accumulations
occurring in the provinces of Castellon, northern Valencia, and
extreme southern Tarragona. The transport of water vapor was
deeply associated with the maximum accumulated rainfall in the
area.

There was a strong relationship between the areas of maximum
precipitation and the installation of sectors of strong instability in higher
layers (500 hPa) with strong vorticity advection. There was also coin-
cidence with an entry of atmospheric humidity into lower layers that
dragged the winds of the maritime component. On the northern Medi-
terranean coast (Catalonia), the highest daily precipitation values cor-
responded to troughs and cut-off lows, their cores located over the
center of the Iberian Peninsula or over Portugal (Components 1, 2, and
5). When this trough (or cut-off low) descended to latitudes below 35°N,
the most affected area was the Andalusian Mediterranean coast

(Components 3 and 4). The central area (Valencia, Murcia, and the
Balearic Islands) was affected by a greater number of components
(Components 6-12) that involved the installation of areas of strong
positive vorticity in the Strait of Gibraltar or the Alboran Sea. In general,
if the axis of the trough or cut-off low did not exceed 5°W, the peninsular
sectors (Murcia and Valencia) of the central Mediterranean coast were
the most affected by heavy rainfall. When this axis moved slightly to the
east (0°E), then the Balearic Archipelago received the most important
rainfall.

Wind direction was decisive in explaining the geographical location
of the rainfall peaks in each component. In those affecting the northern
sector (Components 1 and 2), the coastal strip was more affected when
the winds came from the southeast (Component 1), whereas it rained
more in the interior when the winds came from the south (Component
2). The layout of the coastline and the axis of the main relief (Catalan
coastal ranges) helped to explain this difference in the distribution of
maximum rainfall between the coast and the interior.
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Fig. 6. a) Absolute frequencies, and b) monthly relative frequency for each
synoptic situation.

In the central sector, as the wind direction changed direction
(S-SE-E-NE), there was a different spatial distribution of the maximum
precipitation. The winds from the south provided sufficient humidity for
heavy rainfall to develop over the Balearic Islands (Components 9 and
11). For both components, the disposition of the Tramuntana mountain
range (SW-NE) explained the location of the maxima in this moun-
tainous area.

In the peninsular part of this central sector, the southeasterly wind
was decisive in locating the precipitation peaks in Component 8, being
characteristic of the southern part of this central sector (Murcia and
Alicante). The maximum daily rainfall was equally distributed across the
territories of both provinces (coastal and inland), as the surface wind
flow was more from the ESE, therefore having a higher humidity content
due to its more-maritime route.

The southeasterly wind was also responsible for the maximum
rainfall recorded in the northern part of the central sector of the Medi-
terranean coast, associated with Components 5 and 12. On the other
hand, winds from the east and northeast determined the precipitation
peaks recorded in the northern Alicante and southern Valencia (Com-
ponents 7 and 10). In this case, the disposition of the mountains was also
decisive because they converge in the SW-NE (Betic ranges) and NW-SE
(Iberian Mountain range) directions, generating a favorable area for the
cyclonic rotation of surface winds and the accumulation of large
amounts of precipitation. Not unrelated, this was the area of the Medi-
terranean coast that accumulated the highest maximum precipitation
(817 mm in the town of Oliva, on November 4, 1987). With component
10, the rainfall peaks were related to the island of Ibiza, it being close to
the coastal strips of southern Valencia and northern Alicante. It should
be noted that this central area (Components 6-12) generally exhibited
the longest trajectories in the Mediterranean, with some of them
(Components 7, 10, and 12) originating in the Gulf of Tunisia. This is the
area with the highest sea surface temperatures (SSTs) in the Western
Mediterranean, which means greater humidity.

On the other hand, in the southern sector of the Mediterranean coast,
Components 3 and 4 coincided with the circulation of surface winds
from the southwest or WSW, which drove humidity from the Gulf of
Cadiz and the Strait of Gibraltar towards the coasts of Malaga, Granada,
and Almeria. In these cases, the disposition of the Betic ranges (SW-NE)
explained the coastal location of the precipitation peaks, and the
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accumulation of more-southerly maxima (Gibraltar and the southern
coast of Malaga) when the flows had a more southwesterly component.
Component 6, on the other hand, was associated with southeasterly
winds, and the rainfall peaks were located along the coast of Almeria,
over Granada and northern Malaga province. Also in this case, the
disposition of the axis of the Betic ranges favored the maximum coastal
rainfall.

Components 4 and 11 are the most frequent (139 and 132 cases,
respectively), meanwhile component 3 (28 cases) is less frequent
(Fig. 6a). The monthly distributions of these 12 components showed a
primary frequency of development, overall, in the fall, and a secondary
peak in winter and spring. Only Components 1 and 9 had a certain
representativeness in the summer months (Fig. 6b).

4. Discussion and conclusions

In the present study, we were able to identify 899 torrential rainfall
events between 1950 and 2020 that exceeded 150 mm in 24 h using
3,537 observational records. Application of the NNMF method allowed
us to classify all these events into a determined number of components.
Based on the expertise of the research team, 12 different components
were identified that represent the geographical distribution of the
torrential events very well. Ten of these components describe mainland
torrential events, with two characterizing extreme precipitation situa-
tions over the Balearic Islands. The trend analysis showed that Com-
ponents 6-8 experienced a significant increase in accumulated volumes.

The results presented here show that a significant number of the
torrential rainfall situations were related to cut-off-low configurations,
as determined in the previous work of Munoz et al. (2020), where it was
highlighted that these kinds of situations had an increased frequency of
20% in recent years. Component 1 coincided with the most frequent
torrential rainfall events (>100 mm) at the eastern end of the Pyrenees
(Lemus-Canovas et al., 2021). Component 2 equated to the findings of
Lemus-Canovas et al. (2019) for the eastern Pyrenees. This increasing
trend was detected in Components 6 and 8. Insua-Costa et al. (2021)
found that the main trajectories of the moisture inputs in the region had
tropical and subtropical origins. This was partially detected in the pre-
sent study, where eastern advections were identified, in addition to the
southern ones, thus being in partial agreement with Cloux et al. (2021).
Component 7 was also characterized by a high probability of the
occurrence of a Saharan dust intrusion (Russo et al., 2020). The trend
analysis showed that only seven of the 12 components had positive
trends in accumulated rainfall and frequency, which partially concurs
with the increasing probability of the occurrence of extreme episodes
posited by Myhre et al. (2019). Lorente-Plazas et al. (2020) linked this
increase in atmospheric river situations, but this type of configuration
was not found in this study.

Components 9 and 11 showed extreme precipitation events over the
Balearic Islands that were related to cut-off lows and troughs in the mid-
troposphere, in agreement with Grimalt-Gelabert et al. (2021). For the
southern Mediterranean coast, the fluxes concurred with the findings of
Senciales-Gonzalez and Ruiz-Sinoga (2021). These components also
highlighted northern and northeastern advections, differing from the
eastern component detected by Grimalt-Gelabert et al. (2021). Cardoso
et al. (2020) pointed out that climate change will likely influence annual
precipitation amounts and torrential rainfall events. In this warming
context, a rise in SSTs in the Western Mediterranean is expected,
increasing moisture inputs under advection trajectories over this area-
—as detected in the present study—that may lead to an increase in
convective precipitation (Llasat et al., 2021). This has also been detected
in the eastern part of the Western Mediterranean Basin. This accords
with the higher frequency of these events in the autumn months (Sep-
tember—November), when the SSTs in the Mediterranean are at their
highest.

The major part of the synoptic configurations is related to unstable
situations in the mid-troposphere, with cut-off lows and troughs. In this
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kind of configuration, we were also able to identify sea-component ad-
vections at slp that brought moist air into the study area. These advec-
tions varied from northern to eastern components for the situations
occurring over the extreme northernmost part of the study area and the
Balearic Islands, to eastern to southeastern components for events
occurring along the eastern and southern Mediterranean coasts of the
Iberian Peninsula. These fluxes guarantee a trajectory of surface air
masses over the Western Mediterranean Sea (with SSTs increasing
through the years) before reaching the coast. This indicates moist air
coming into contact with the different coastal ranges and being forced to
ascend. The sum of these two processes—atmospheric instability and
orographic precipitation—led to torrential rainfall events across the
study region. As has been pointed out, most of these situations took
place in the autumn, especially in September and October, when SSTs
are at their most elevated in the Western Mediterranean. Although there
are some synoptic patterns with significant IVT, many of the situations
depended exclusively on the low altitude and, above all, the direction of
the surface flow. It has been noted that the wind direction seems to be a
key factor to trigger extreme precipitation events, especially when there
is an orographic feature perpendicular to the flow. The areas most
affected were those where the surface flow was perpendicular to the
coastline or the relevant mountain range, and explains the geographical
location of the rainfall peaks in each component. The water vapor
transport seems to be a significant factor of the occurrence of extreme
precipitation events when the moisture trajectories are originated in the
Western Mediterranean, an area with high SSTs, meaning a greater
moisture supply. A deeper analysis is needed to evaluate longer trajec-
tories through high SSTs areas, as well as the role played by atmospheric
rivers (Ramos et al., 2015; Lorente-Plazas et al., 2020; Hénin et al.,
2021).
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