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Abstract

The northwestern Mediterranean coast is one of the areas most affected by flash floods and adverse
weather, where also global climate scenarios are predicting an increase of precipitation extremes.
This, along with the sea-level rise and the associated potential infrastructure and economical loses,
represent a major risk for coastal settlements, as the one studied in this work: a major touristic area
in the southern coast of Catalonia. The objective of the present paper is, thus, to understand in-
depth the behavior of convective activity in the area and its link with flash flood events, to improve
adverse and severe weather early warning systems in a rapidly changing weather as an adaptation
measure. With this purpose, the study focuses on the period 2014-2018, analyzing the convective
cells and storm motion in the region of study, through the new identification and tracking algorithm
developed by the authors and applied in the Meteorological Service of Catalonia. The results show
that the area is mostly affected by shallow but efficient convection, probably embedded in major
weather systems with high precipitation rain rates, which tends to saturate the catchments and
produce flooding. The work also shows the role of the topography as a triggering factor for storms
outside the convective season, as a key feature for the convergence lines organization, and as a
capping for stationary cells upstream. Improvements on the current warning system, such as
different precipitation thresholds considering the time of exposure to that rain, as well as a further
study are also presented as main results. These results can be extrapolated and applied to other
regions affected by the same kind of heavy precipitation and flash floods.
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1.Introduction

The Mediterranean climate is typically characterized by sunny days and warm temperatures during
the majority of the year due to the influence of the sea, attracting a significant amount of tourism



from around the world. During late summer and autumn, this coincides with the most frequent and
intense convective activity in the western region of the Mediterranean Sea (Llasat et al., 2010b;
Rozalis et al., 2010; Ducrocq et al., 2014), posing risks during the peak of the touristic season. One
of the most affected regions is Catalonia (north east of the Iberian Peninsula, Fig.1), where
convective activity bearing severe weather and intense rainfall is favored due to the combination
of the complex topography and the proximity to the sea (see, for instance, Barnolas and Llasat,
2007; Rigo and Llasat, 2016; Cortes et al., 2017; Farnell et al., 2017; and Rodriguez and Bech,
2018). Specifically, the east coast of Spain, where the population increases by 10% during summer
from tourism alone (Llasat et al., 2010a), is largely affected by this increased strong convective
activity. This populous and dense region is thus positioned in a hot spot prone to suffer from floods
and other catastrophic events, along with other Mediterranean coastal areas such as the southeast
of France, the northwest of Italy or the Croatian coast. For instance, the EM-DAT international
disaster database (http://www.emdat.be/) lists 85 billion Euros in damages related to river floods
and flash floods since 1900 in the countries surrounding the Mediterranean Sea (Gaume et al.,
2016). Also, Petrucci et al. (2019) identify 812 fatal floods with 2466 fatalities for the period 1980—
2018 in eight Mediterranean countries plus the Czech Republic, of which most of them occurred
outdoor.

Several studies have revealed that future global climate scenarios predict an increase of
precipitation extremes in different regions of the world during the coming decades (Seneviratne et
al., 2012). More concretely, Toreti et al. (2013) and Toreti and Naveau (2015) found that heavy
rainfall events in the Mediterranean basin are likely to intensify by up to 20% which, along with
other resultant issues such as sea-level rise, the robust climate change signal of a faster temperature
increase compared to the world average and the associated potential infrastructure and economical
loses, represent a major risk for coastal settlements (Cramer et al., 2018, Tramblay and Somot,
2018). In this sense, the improvement of early-warning systems is a key element from the hydro-
meteorological perspective, especially in highly populated and urban areas. This, along with a
better risk awareness, could avoid the high number of casualties.

Corteés-Simo et al. (2018) demonstrate that 30-minute rainfall is highly correlated with flash flood
events in such areas. This agrees with Togersen et al. (2015) and Spekkers et al. (2013), who show
that there is almost a direct relation between intense, short rainfall events and insurance data
reflecting claims that affect private property. There is thus a need to prioritize current efforts of
the meteorological community to understand in depth the behavior of convective cells associated
with intense rainfall events in these Mediterranean coastal areas.

Nowecasting of convective cells producing heavy rainfall and severe weather depends on fast and
reliable identification and diagnosis tools to provide clear and important information to aid
operative forecasters in their decision-making process. Products derived from meteorological
radars have thus become a common instrument integral to convective research and the operative
community. In particular, radar-based nowcasting (i.e. Dixon and Wiener, 1993; Han et al., 2009;
del Moral et al., 2018a) is a diagnostic and analysis tool able to run in real-time and provides a
significant amount of information about precipitating structures, identifying convective cores,
tracking their life cycle, and forecasting their future paths at a high temporal and spatial resolution.
Several studies have demonstrated the benefits of the combination of radar nowcasting and
auxiliary tools such as lightning or vertical atmosphere profiles, among other (i.e. Steinaker et a.,
2000; Hu et al., 2019; Shi et al., 2019). These integrated systems enhance the ability to analyze



and greatly improve the forecast skill of severe or adverse weather phenomena early warning
systems. However, there still exists a lack of a complete understanding of the local and internal
dynamics of these thunderstorms. The research community has worked towards identifying the
features controlling storm severity while also investigating interactions between cells and how
cells interact with their surrounding environment (e.g. topography, mesoscale boundaries, sea-land
interaction), which may influence the evolution, duration, direction, or area affected (del Moral et
al., 2018b). Furthermore, in a quickly changing climate encompassing global warming scenarios
with increased adverse weather events in coastal areas, it is necessary to perform quasi-individual
studies in local regions with potential high-risk factors since interactions between social,
economic, hydrological and meteorological fields are starting to play a major role. In this sense,
for instance, the results obtained in this paper could be applied to other regions with similar
features of heavy rainfalls that produce flash floods as it has been commented before. This is the
case, for example, of Liguria (Italy), where convective activity plays a major role (see, Fiori et al.,
2014; Braud et al., 2014; Gaume et al., 2016).

The work presented here aims to start investigating some of these outstanding questions in a region
of the Catalan coast that has been identified as a potential risk area associated with an elevated
number of flash flood events and high vulnerability (Cortés et al., 2018). For instance, what are
the characteristics of the convective cells affecting the region (e.g. vertical development, duration
and motion)? Are cells related to deep or shallow and more efficient convection? Do cells remain
relatively shallow with efficient microphysical precipitation processes, or do they instead grow
into deep convective towers? What is the role of the sea and the topography in cell initiation and
motion? Are flash floods strictly related to high rainfall rates? As part of the Spanish project M-
CostAdapt (CTM2017-83655-C2-2-R), and therefore a part of the Mediterranean community, our
main goal is to utilize a radar-based perspective to better understand the region’s convective
activity. The work additionally acts as a starting point for future and broader meteorological studies
in other potential areas susceptible to adverse and severe weather events. The document is divided
as follows: first, we present the area of study and the datasets utilized. The third section discusses
the methodology, from the filtering of case studies to the application of the nowcasting algorithm
which has been the main diagnosis tool used in this project. The fourth section includes results and
discussion, which are divided into the following three analysis subsections: convective cells, the
time dependent features (life cycle characteristics) and the three important flash flood events that
have impacted the area. Finally, the fifth section presents our conclusions.

2. Study area and data
2.1 Characteristics of the regions of interest

Fig. 1 shows the regions of study, hereafter denoted Regions of Interest (ROIs). The analysis is
focused on the southern coast of Catalonia (NE of the Iberian Peninsula, Fig. 1a) referred to as
ROI1, and a more focused, smaller region centered over the Salou municipality (ROI2) for more
detailed analysis (Fig. 1b). ROI1 is typically affected by surface freshwater floods and flash floods
(Llasat et al., 2014), which is a consequence of high frequency, local, and temporally short
convective events producing heavy rainfall (Llasat et al., 2007) as well as height variations of the
local mountain ranges (from 0 to 600 m in less than 10 km or from 0 to 1,200 m in less than 30
km) acting as a triggering mechanism for convection (Fig. 2a). The steep orography also influences



in the hydrologic part, because of the short-time response of the basins. Specifically, 29 flood
events have occurred between 1981 and 2015 in Salou, impacting the town itself and several
camping and vacation resorts surrounding the region that are crossed by streams flowing into the
Mediterranean Sea (Fig. 2b). Although autumn floods are usually associated to synoptic situations
characterized by cyclonic structures and southeast advections, local flash floods that occurred
primarily in summer and early autumn are not reflected at synoptic scale, being mainly associated
to mesoscale factors (Gilabert and Llasat, 2017).

Mediterranean Sea

Figure 1: Regions of Interest (ROIs), (a) Catalonia (NE of the Iberian Peninsula) and (b) zoomed
view of the two regions studied (ROII and ROI2).
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Figuré 2: (a) Topography of ROII (solid black line rectangle) and ROI2 (dotted black line
rectangle) presented in Fig. 1b. The town of Salou is marked with a white circle. The light brown,



brown, red and orange lines indicate the 100, 300, 600 and 1000 m contours, respectively. The
color circles represent the three Automatic Weather Stations (AWS) of the Meteorological Service
of Catalonia (SMC); U6 in green, XE in orange and VQ in Red. (b) Flood hazard map of the Salou
stream “Torrent de Barenys” for different return periods; T=10 years (pink contour), and T=100
vears (orange contour), T= 500 years (blue area). Red stars represent camping and vacation
resorts (source: ACA, 2019).

Interest in Salou is motivated by its status as one of the most important touristic towns in Catalonia
because of its beaches. Although the municipality only has 26,775 inhabitants (2018) in an area of
15.13 km? (density of population of 1,769.7 inhab./km?), overnight visits approach nearly 8 million
annually (i.e. 7,994,205 in 2017). Shown in Fig. 2b, the major urbanistic and touristic settlements
are surrounding the stream “Torrent de Barenys” and thus lie within a potential high-risk flood
area. The different return periods shown in Fig. 2b (10, 100 and 500 years) correspond to a
precipitation amount of 110.4 mm, 187.4 mm and 249.1 mm and a discharge (volumetric flow rate
from streams to the sea) of 57.3 m3-s”!, 178.1 m3-s! and 307 m?-s”!, respectively. It is observed
that an important part of Salou is constructed over a flood prone area which considers not only
flooding as a result of “in-situ” rain but also upstream rain, affecting the headwaters of the “Torrent
de Barenys”. The cases presented in the final part of this paper show these different possibilities,
highlighting the flood of the stream when it barely rains over Salou. This is one of the most
dangerous situations, since the population is off guard and with a low temporary response.

More revealing information is found through a lightning analysis, which, according to the database
from 2000-2018 of the Spanish Agency of Meteorology (AEMET, Agencia Espaiiola de
Meteorologia), shows that the coast of ROI1 (Salou and surroundings) is the most affected by
lightning compared to the rest of the Catalan coast (Fig. 3). This supports the understanding that
frequent events affecting the area are also of vigorous convective behavior, which implies
additional risks to the area, such as possible severe weather (e.g. strong winds, hail, and even
tornadoes). Frequent cloud-to-ground lightning also impacts electrical networks and increases the
potential for forest fires, but also poses a serious risk to human safety. The coupling of these
convective meteorological phenomena and the increasing population and vacation resort
settlements during the summer and autumn seasons makes this area extremely vulnerable to
adverse and severe weather, and thus motivates the study of these events along the western
Mediterranean coast. The unfortunate consequence is Salou’s positioning being a paradigmatic
example of a touristic Mediterranean village placed in a flood-prone area, and as such deserves
special attention for future climate-related adaptation.



Strikes density

42.5°N

42°N

41.5°N

41°N

40.5°N

500 1000 1500 2000 2500 3000 3500

Figure 3: Cloud—to-ground (CG) strike density over the Catalan coast from the period 2000-2018.
The main region of study (ROI1) is marked with a black rectangle. The map has been constructed
with the AEMET CG lightning database data (the only one that the agency provides).

2.2 Data used
The study presented here is based on radar data or its derived products, which are described in the
following subsections.

2.2.1 Daily and hourly accumulated precipitation fields

Daily and hourly rainfall fields for the entire period of study (2014-2018) have been used as a
preliminary filter for case study selection. These 24-h and 1-h Quantitative Precipitation
Estimation (QPE) fields are calculated by combining the accumulated rainfall field obtained via
the corrected reflectivity data from the Hydrometeorological Integrated Forecasted Tool (EHIMI,
Corral et al., 2009) with the rainfall data from the Automatic Weather Stations (AWS) Network
(hereafter XEMA, Xarxa d’Estacions Meteorol ogiques Automatiques) of the Meteorological
Service of Catalonia (Servei Meteorologic de Catalunya, SMC) which is made up of 180 AWS.
The combination is made by means of a co-kriging interpolation (Trapero et al., 2009; Velasco-
Forero et al., 2009), and the corrected reflectivity is obtained from the Meteorological Radar
Network of the SMC (hereafter XRAD, Xarxa de Radars Meteorologics),explained in Section
22.2.

2.2.2 Radar reflectivity fields

Composite reflectivity fields from the XRAD (Altube et al., 2015) during the period 2014-2018
has been used. XRAD incorporates four C-band (5.600-5.650 MHz or 53.57-53.10 m) Doppler



radars with single polarization. The data used in the present study is the volumetric composite
product of 10 Constant Altitude Plan Position Indicators (CAPPIs), which are made of horizontal
cuts of interpolated data at a fixed altitude, going from 1 km to 10 km AGL, in 1 km by 1 km, with
a spatial and temporal resolution of 2x2 km? and 6 minutes, respectively (Rigo et al., 2010).

3. Methodology

The core of this study is performed by analyzing results after applying an object-oriented
convective cell identification and tracking algorithm to the 6-minute composite volumetric
reflectivity data set for the period 2014-2018. However, to optimize computational time, a
preliminary filter based on the daily and hourly accumulated rainfall fields has been applied to
reduce the initially more than 438,000 volumetric fields (explained in detail in Section 3.1).

3.1. Daily and hourly preliminary filter

This procedure consists in the application of the daily filter shown in del Moral et al. (2017), in
order of identifying “potentially convective” days over a total of 1,826 daily maps covering ROI1
for the entire period. We identify a potentially convective day having, at least, one structure with
a maximum accumulated precipitation of over 15 mm/24 hours, where a structure is defined by a
precipitating area of, at least, 6 km?. This reduces the daily starting dataset to 250 files, and
consequently 6,000 hourly files. Then, the hourly filter is used within the same area (ROI1), with
a threshold for identifying the precipitation structures of 1mm/1hour and with no area restriction.
This lessen the dataset to 1,290 final files. In terms of 6-minute volumetric fields, it results in
12,900 10-level CAPPI volumes for processing with the identification and tracking algorithm.

3.2. Identification and tracking of convective cells

The identification and tracking of the convective cells is performed by applying the algorithm
described in del Moral et al. (2018a), which is an improved version of the current operative
algorithm at the SMC (Rigo and Llasat, 2016) and is based on the Storm Cell Identification and
Tracking algorithm (SCIT, Johnson et al., 1998). This new object-oriented 3D identification and
centroid-tracking algorithm is a 4-step version updated for severe weather surveillance purposes
to identify severe storms that present anomalous motion (split and/or merge) that tend to affect the
Catalan area during the convective season. The algorithm contains four main stages: pre-
processing, planar identification (2D), volumetric (3D) identification and tracking. Primary
features of this algorithm are summarized in Table 1 (see del Moral et al., 2018a for a detailed
explanation).

Module Feature Action Result
Pre- Mask to remove echoes > | Added new -Remove false echoes from
processing 75 dBZ, especially around anomalous propagation and
the radar location interferences




2D Queen’s case  Pixel | Changed from | -Less restrictive object
identification | labelling technique (8 | Rook’s case (4 | construction
directions) directions)
2D Two seven-threshold | Added the | -Retrieve structures that are
identification | (30,35,40,45,50,55,60 second more realistic in shape
dBZ) filter. Applied top- | threshold and size
down and bottom-up in -Identify different cores in the
every CAPPI level same structure.
3D Overlapping of 2D objects | Changed from | -Identifies, in advance, possible
identification centroid splitting/merging processes
connection
Tracking Dynamic distance | Changed from | -More realistic and continuous
thresholds based on area | centroid tracks
and continuity of cells | distance -Continuity of cell track during
features matching life cycle
-Splitting/merging warnings

Table 1: Main identification and tracking features improved from the SMC algorithm version.

After identifying the convective cell, these are tracked throughout the entire life cycle to obtain
time- and direction-dependent features. These meteorological structures are called henceforward
“storms”, which are defined as the connection of different convective cells through radar frames
(and thus through time). We thus describe direction- and time-dependent features over ROI1 by
accounting for the velocity in m's! and the duration in minutes. Importantly, this framework allows
the identification of convective initiation (CI). Finally, we compare the convective features of the
ROIs with features identified in notable flash-flood events that have impacted Salou, which allows
us to establish key characteristics of these flood-producing storms.

4. Results and discussion

This section contains three subsections: (1) the analysis of the convective cells, which includes a
study of the outlier values of some features, (2) the entire storm life cycle climatology, and (3) the
comparison with important flash-flood events in the area. Section 4.1 includes a study of the outlier
values of some features, in order to determine if they correspond to real cells or not. Although
those values might not skew a lot the distribution, it is necessary to know if those outlier values
correspond to real storms that might pose much higher safety risk.

4.1 Convective cells

- Seasonal distribution

The spatial distribution of convective cells, by season, within ROI1 for the period 2014-2018 is
shown in Fig. 4, where the distribution is the number of cell centroids inside a pixel of a 4 km?



area. The number of convective cells varies strongly depending on the season of the year. Autumn
(October to December) presents the highest number of cells (Fig. 4d), with areas affected by more
than a total of 4,000 cells, which coincides with the convective season in the coastal area of
Catalonia (Aran et al., 2015). Spring and summer (April to June and July to September,
respectively) record maximum values above 1,000 cells (Fig. 4b and c). Note that the color bars in
each subpanel of Fig. 4 are scaled according to the maximum value and thus differ from one
subpanel to another. Winter (January to March) is the season with smallest amount of convective
activity, with a maximum value of only 150 cells during the studied period and large areas without
a single cell.

Having in mind the topography presented as contour lines, Fig. 4 shows clear differences in the
pattern distribution regarding the first and second half of the year. During spring (Fig. 4b), the
convective activity is mostly concentrated inland, mainly over the mountainous area (top left
corner of Fig. 4b). This indicates that the sea surface is colder compared to land temperature. In
this context, the orography plays a key factor in the convective process, likely as a triggering
mechanism or an aid in creating convergence lines for organizing thunderstorms. Contrarily, both
summer and autumn (Fig. 4c and d, respectively) show a greater concentration over the sea. This
is due to the high surface temperature of the Mediterranean Sea, which feeds the lower atmosphere
with a large amount of moisture and enables the cells to grow and develop more rapidly (Pastor et
al., 2015).
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Figure 4: Spatial and seasonal distribution (number of cells in a 4x4 pixel) of convective cells
between the period 2014-2018 in ROI2; (a) winter (January through March); (b) spring (April
through June); (c) summer (July through September) and (d) autumn (October through
December). Pixel maps have been smoothed by applying a 3x3 Gaussian filter around every pixel.

Each pixel corresponds to an area of 4 km?, and the contour lines indicate the topography (every
100 m).

-Convective cells characteristics

The main features of the cells, including maximum reflectivity (ZMAX), convective cell top height
(HTOP, in km) and the highest height of the 40 dBZ echo (HTOP40, in km), are shown in Fig. 5.
First, it can be seen the high variation of cells identification along the year: September and October
are the only months on which it has been identified convective cells for all the years. Also, these
months present the highest variation in all the characteristics, which demonstrates that the
convective season takes place during those months. The median value for the core height is 3 km
for all years (Fig. 5a), except for 2014 during which it is even lower (2 km). In addition, the
interquartile range is 2-4 km for all years, indicating that the top of the cell is typically located at
low levels. This is representative of shallow convection, frequent in the Catalan coast where
usually thunderstorms’ cell tops don’t exceed 6 km (Ballart, et al., 2009). This is the opposite to
most of the thunderstorms producing severe weather phenomena in other regions of Catalonia,



such in the plains, where these present higher tops, even exceeding 10 km (see, for instance, del
Moral et al., 2017, Rigo et al., 2010, or Rigo and Llasat, 2004). The median ZMAX for all years
is between 40 and 45 dBZ, which represent values likely resulting from high precipitation
efficiency (rimed ice particles like hail or graupel generally produce higher reflectivity values of
up to 60 dBZ). It is also found that the echo tops of 30 dBZ do not exceed 8 km of altitude (most
of the cases under 5 km) and that high reflectivity values (over 40 dBZ) are located at low levels.
According to Doswell et al. (1996), the high precipitation concept is referred to a high relationship
between the output and input water fluxes in a thunderstorm. Therefore, values over 40 dBZ
indicate that most of the input water flux is converted into rainfall which, from a spotter point of
view, would result really intense and with large drop size. The yearly distribution of ZMAX shows
that during 2017, cells generally produced lower values of reflectivity. The highest ZMAX values
occurred during 2018, which was also the year in which Catalonia, and especially the Salou area,
recorded extreme precipitation values and several floods during autumn season. Also, that year
was the most convective one in average, since a high amount of cells, with slightly higher values
of ZMAX, HTOP and HTOP40 occurred (Fig.5). Table 2 shows the remarkably high maximum
values of 24-hr precipitation for 2018. The three AWS within ROI2 recorded more than 100 mm
in 24 hours in October, with two records occurring during the same event—the storm on October
14, 2018.

Annual
Year Station Ann;l;lml\]/lean Max/24h Dat[eD(g /1\1\/}[?\)/‘[/]2411
[mm]
VQ 638.5 62.9 16/09
2014 U6 418.9 30.5 30/11
XE 544 .8 46.5 30/03
VQ 549.5 95.9 02/09
2015 U6 382.8 45.9 02/09
XE 471.5 43.6 29/09
VQ 500.3 57.6 27/11
2016 U6 481.8 97.7 16/12
XE 425.1 594 27/11
VQ 3399 454 24/03
2017 U6 273.1 50.6 18/10
XE 276.9 39.3 24/03
VQ 848.4 100.2 14/10
2018 U6 682.5 112.6 09/10
XE 762.8 101.2 14/10

Table 2: Maximum values of precipitation in 24h [mm] and mean annual precipitation [mm] for
the period of study (2014-2018) for the three Automatic Weather Stations from the XEMA network
of the SMC within ROI2.

The 40 dBZ echo tops (Fig. 5c) are generally located at almost the same height as the cell tops
(Fig. 5a), with the interquartile range generally between 2 and 3 km. Both results demonstrate that
the region is usually affected by convective cells with low vertical development (shallow
convection) and a high precipitation efficiency, where the intense cores occupy low- and mid-
levels of the troposphere.

According to the single cell conceptual model (Chisholm and Renick, 1972; Wilk et al., 1977),
this behavior agrees with cells in later mature stages. During that period (late mature) the updraft



starts to dissipate, and the core is displaced to low levels. This stage starts where a dominant
downdraft forms and the precipitation reaches the surface shortly after. It is important to note that
this conceptual model is also used to describe other types of convective organization such as
multicell or supercells (Doswell, 2001; Kumjian and Ryzhkov, 2008).
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Figure 5: Boxplots of convective cells characteristics separated by year and month, (a) convective
cell top height, HTOP [km]; (b) maximum reflectivity, ZMAX [dBZ] and (c) maximum height of
40 dBZ echoes, HTOP40 [km].

- Outliers analysis: extreme values

The distributions in Fig. 5 show that some outlier cells have a ZMAX greater than 59 dBZ and an
HTOP greater than 8 km. Using these values as a threshold for identification, a total of 19 outlier
cells were found that formed on 6 different days, as shown in Fig. 6. These outliers coincide with
large convective cells, mostly concentrated along the coast or offshore, that have extremely high
reflectivity values and deep vertical development (Fig. 5). These features suggest the occurrence
of deep convection in some concrete events, in which the updrafts tend to reach above the freezing
level where the coexistence of liquid and ice phase particles results in higher reflectivity.
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Figure 6: Maximum reflectivity (ZMAX) for the six different convective cells with outlier values
(high ZMAX, HTOP and HTOP40). Color bar represents reflectivity in dBZ.

Another outlier pattern was found when analyzing the reflectivity values in Fig. 5; these include
19 cells with very high reflectivity values but also relatively low echo top heights of 2 km, which
are part of 11 different days. A representative sample of those outlier cells is shown in Fig. 7.
These outlier values with ZMAX above 59 dBZ, most reaching values greater than 60 dBZ, do not
represent real meteorological pixels, and therefore are not part of a cell core. The reflectivity
gradient is much stronger than the case of the outliers in Fig. 6; those extremely high values of
reflectivity are surrounded by neighbor values which in all the cases differ by, at the very least, 20
dBZ. Furthermore, it is important to note that the position of the maximum values is located over
the same area (framed in black in Fig. 7). Comparing Fig. 7 with Fig. 2a, this area is shown to be
within the mountainous region. This suggests possible anomalous propagation of radar echoes or
electromagnetic interferences with, for instance, electric towers or wind farms. For that reason,
these outlier values have been considered to be unreal convective cells, and therefore are discarded
as a real representation of the convective activity in the area.
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Figure 7: Maximum reflectivity of 6 radar frames with the second group of outliers (high ZMAX
and low HTOP and HTOP40 values). Pixels with the highest reflectivity value are framed with a
black box. Color bar represents reflectivity [dBZ].

4.2 Storm life cycle
4.2.1 Storm initiation

Understanding the nature of the storms that affect ROIl requires determining the location of
initiation. Fig. 8 thus shows the spatial distribution, separated by season, of the storm initiation
(henceforward, ST) expressed in number of cells in a pixel of 4 km?. This is the location of the first
identified 3D cell that encompasses the entire storm after tracking. The spatial distribution, as well
as the SI density, follow a similar pattern that the total number of cells by pixel shown in Fig. 4,
although in the SI case the region analyzed is extended to surrounding areas (ROII instead of
ROI2, in order to identify the role of topography in the initiation). Note that the maximum SI
concentration is located inland during winter and especially during spring (Fig. 8a and b,
respectively), which would coincide with the triggering effect from orography. On the other hand,
for the warm seasons when the sea surface temperature is high, SI moves offshore, where
convergence lines can be seen in the area (Fig. 8c, d and e). This would coincide with the usual
patterns (Pineda et al., 2007, Rigo et al., 2010) during the convective season in the Catalan area,
where several easterly flows affect the coast and when several convergence lines can be formed
perpendicular to the coast (east to west).
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Figure 8: Spatial distribution (number of 3D cells) of storm initiation affecting ROII, separated
by season; (a) winter (January through March); (b) spring (April through June), (c) summer (July
through September) and (d) Autumn (October through December). The color bar represents the
number of 3D convective cells by a pixel of 2x2 km?, and contour lines indicate the topography
(every 100 m).  The original pixel has been resized by applying a 3x3 Gaussian filter around it,
which is why the area represented is bigger than the ROII area (dotted line).

4.2.2 Storm characteristics

The storm characteristics in terms of lifetime duration, direction and mean speed are shown in Fig.
9. The wind rose shows the proportion of time (in percent, %) that the wind is from a given angle
and the wind speed range. In other words, it indicates where the storm comes from (e.g., a west
direction in the wind rose implies that the storm is moving towards east). The median value of the
entire dataset for the duration of the storms is 24 minutes, with the longest values found in the
storms of 2016 in April, where the third quartile is up to 50 minutes (Fig. 9a). Then, most of the
storms are singular, short-lived cells but very effective in terms of precipitation or, on the other
hand, they are embedded in multicell systems. This latter case is usually associated with the
convective train effect in the area (several cells are constantly growing in the rear flank and are
being fed by the mature cells in the forward flank, Doswell et al., 1996). Although no satellite or
broader radar image is provided in the present study, these characteristics match with other



previous studies of flash flood and mesoscale systems in the Catalan coast, where the train effect
is clearly depicted (see for instance, Rigo et al., 2007; del Moral et al., 2017b or Rigo et al., 2019).
It is important to remark the high monthly variability of speed and direction of the storms.
Although most of the cells come from SSE or SW directions during convective season (Fig. 9b),
implying that they travel from the sea to inland or parallel to the coastline, it is shown how another
main direction is taken during June and August; NNE. This implies that during those months, cells
could be more forced by north-eastern flow which could correspond to cold fronts crossing
Catalonia.. Besides, a large proportion of the total set (more than 10%) travel from SSW towards
NNE, which is exactly the coastline orientation. On respect the velocities, most of them range from
2.5 to 17 m-s-1, with the biggest segments, in all paddles, between 7.5 to 12 m-s-1, especially in
October and November. This indicates that most of the storms move with the same average
velocity than the flow at low levels (usually taken at 850 hPa) which would lead the storm core
motion (in these cases almost surface, see for instance del Moral et al., 2018). This agrees with
some previous case studies analyzed in the southern Catalan coast during autumn, that is, linearly
organized mesoscale systems with convective cells that regenerate continuously, travelling mostly
parallel to the coast. These systems can cross the entire Catalan region in less than 3 hours (Rigo
et al., 2019), and are usually the result of Mediterranean lows. However, in other cases, they can
remain stationary in located areas (Rigo and Llasat, 2005), as it is seen in other months that present
low velocities (less than 2.4 m-s™).
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Figure 9: Storm life cycle characteristics, (a) lifetime duration [min] by months and year; (b) wind
rose diagram for the total period 2014-2018, showing the frequency of storm speed [m's™], and
direction by month.

4.3 Convective characteristics in flash flood events
4.3.1 Event overview

This section focuses on the analysis of three flash flood events that affected the town of Salou and
its surrounding area during the period from 2014-2018. The aim is the presentation of the main
hydrologic-meteorological features, which will be compared with the thunderstorm's properties in
the following section. The three cases compared and evaluated are: 29 November 2014, 29
September 2015 and 10 October 2018. The first affected the entire Catalan coast over three days,
in which during the first day the system moved over the region of interest and recorded the
maximum precipitation among all the cases: 336.1 mm in 24 hours in Els Ports, which is
approximately 100 km south of Salou. The entire system produced several flash floods in the
Catalan region, especially along the coastline. The effects of the episodes were also aggravated by
the strong sea surf. In total, 179 municipalities were severely impacted, one death was recorded
and the “Consorcio de Compensacion de Seguros” (CCS, 2018), which is the National Insurance
Company, paid more than 12.4M€ (adjusted to 2015). Although the flash flood event of 29
September 2015 only reached 145.1 mm in 24 hours in Sant Pere Pescador, North of Catalonia, it



was coincident with a strong storm surge and the CCS paid more than 12.1 M€. In this case, AWS
VQ, in Constanti, approximately 20 km N of the city center of Salou, recorded a maximum
precipitation of 83 mm. The Torrent de Barenys in Salou overflooded and the sea surf destroyed
part of the town’s seafront. Finally, during the 10 October 2018 event, additional surrounding
Autonomous Communities were impacted, and the flash floods and storm surge resulted in three
deaths. For this case, the maximum precipitation recorded for the region of study was 98.4 in the
AWS XE, in Education Center in Tarragona, approximately 10 km N of the city center of Salou.
The major affectations involved several other cities, especially Barcelona, were main roads and
metro stations were flooded due to localized and intense storms. In this case, the CCS had to pay
more than 2.1ME€ just for the claims from the 10 October 2018 case.

The daily estimation of precipitation for ROI1, using a statistical combination of the radar field
and AWS data of the SMC (del Moral et al., 2017; Rigo et al., 2019), is shown in Fig. 10. The
rainfall field presents large differences between episodes, both in the distribution and in the
maximum values over Salou and the surrounding area. In the case of 29 November 2014, rainfall
over the city was relatively scarce, with the maximum values concentrated in the mountainous
areas of the Pre-Littoral range (maximum height close to 1,200 m). In the 29 September 2015 case,
the maximum values were mainly concentrated along the oriental slope of the mountain (heights
lower 500 m) closer to Salou, but again the precipitation recorded over the city was low. Finally,
in the 10 October 2018 case, the precipitation was situated over the town and surrounding areas.
In the two first cases, flash floods started in the upper part of the streams, causing damage outside
and inside the cities, while the third case was a typical example of water floods by precipitation in
situ.

2014/11/29 2015/09/29 2018/10/10

Figure 10: Estimated daily rainfall field [mm/24h], resulting from a combination of radar and
rain gauges from the SMC; (a) 29 November 2014, (b) 29 September 2015, and (c) 10 October
2018. The black dot  shows the location of Salou.

4.3.2 Convective characteristics

The convective cells characteristics for the three cases are shown in Fig. 11. The 2018 event shows
higher values for all three characteristics (ZMAX, HTOP, and HTOP40) compared to the
climatology (Fig. 5). The HTOP values span between 3 and 6 km (Fig. 11 a), with an outlier of 7
km, the HTOP40 values range from 4 to 5 km (Fig. 11 b), and the ZMAX interquartile and median



values are between 48 and 58 dBZ (Fig. 11c). These three features lie outside of the median values
found for that year, (Fig. 5c) even if we consider that 2018 is an outlier among the period. This
indicate that the cells affecting the area had very high rainfall intensity due to the deep vertical
developments. For the two other cases (2014 and 2015), cells characteristics lie within the climatic
patterns found previously from the entire year (red and orange box in Fig.5). Specifically, the
vertical development (HTOP and HTOP40) range from 3-4 km (Fig. 11 a and b), and therefore
suggests shallow development. However, Fig. 11c also shows that 2014 could be also considered
to be slightly deviated from the median patterns in terms of cell intensity (ZMAX). In this case,
the ZMAX values are higher than 45 dBZ, with a median value almost reaching 48 dBZ, indicating
that the cells had shallow vertical developments but were very efficient in precipitation and with
high intense rainfall (high amount of water in a short period of time).
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Figure 1 ] Characteristics of the convective cells for the three flash flood events; (a) HTOP [km],
(b) HTOP40 [km] and (c) ZMAX [dBZ].

The spatial distribution of the totality of convective cells in 24 hours for the three cases, in terms
of the centroid height (in blue and green pixels) and location (in red dots) is shown in Fig. 12. In
this case, we show another feature resulting from the 3D identification to see if the center of mass
of the entire volumetric structure coincides with the HTOP40. The centroid is computed by
weighting the reflectivity values in every level by its water content (Martin et al., 2007).
Convective cells of the same storm are connected with lines and arrows in Fig. 12, with the latter
pointing towards the storm motion (an arrow connects cell from starting to ending point, indicating
the bearing direction). The distribution is coincident with the rainfall estimation in Fig. 10 and the
main vertical developments shown in Fig. 11, but also allows an understanding of some of the



behaviors in terms of motion and probable topography interaction. In 2014 and 2015, the centroid
heights (big pixels in Fig. 12) were between 1 and 2.5 km (see color bar). This matches with Fig.
11 and indicate that precipitation was coming from that height. On the other hand, the cells had
centroids over 3 km in 2018, with the HTOP40 and HTOP values even higher. This indicates that
the maximum reflectivity occurred in a mixed-phased region with reduced liquid water content
(Sui et al., 2007)

2014111129 (a) 2015/09/29 (b) 2018110110 (C)
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Figure 12: Spatial distribution of the totality of convective cells in 24 hours for the three events;
(a) 29 November 2014; (b) 29 September 2015, and (c) 10 October 2018. Large pixels (5x5 km?)
and red dots represent the height and location of the centroid, respectively,; lines and arrows
represent the storm trajectory, indicating bearing direction. The black dot shows the location of
Salou.

We also compare the motion and speed of the storms in these cases. In the 2014 case, it is clear
from Fig. 12a that storms moved from the sea to inland (SSE to NNW), which matches with Fig.
13a. Fig. 12b then shows that the 2015 storms moved more erratically, which also can be seen in
Fig. 13b. Although some of the short-lived storms over the sea show a SSE-NNW direction, it is
noticeable that the storms inland, especially those interacting with the oriental slope of the
mountain, present quasi-stationary motions (all dots are close in the same area and weak velocities
of 0 to 2.5 m-s’! from NNE to SSW in Fig. 13b. Finally, Fig. 12¢ and Fig. 13¢ show that most of
the storms during the 2018 case were parallel to the coastline and had higher, although expected,
speeds (5 to 10 m-s!) with SSW- NNE motion. Also, the duration of the life cycle of the storms
was slightly longer compared to the climatology from Fig. 9 a (not shown), with an interquartile
value ranging from 30 to 90 minutes, which is higher than the climatic value where the interquartile
ranges from 10 to 50 minutes (Fig. 9a). This can be associated to a higher organization of the
convection, on respect to the rest.
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Figure 13: Wind rose diagram for the cases of study, showing the frequency of storm speed [m-s
'], and direction, (a) case of 2014, (b) case of 2015, (c) case of 2018.

5. Conclusions and future work

The coastal town of Salou in the northwestern Mediterranean region has been used as a test area
for analyzing different types of flash floods. It meets all the conditions of a very densely populated
area, surrounded by a complex topography and a short response hydrologic basin, which is affected
by different types of rainfall events. Having in mind that most of these factors can increase the
vulnerability of the area in the future, it is necessary to understand the current meteorology for
minimizing the impact of future climate scenarios. The analysis has been made using an algorithm
for identifying, characterizing and tracking convective cells with volumetric radar data. The
technique has been applied to the entire period 2014-2018, obtaining the main convective features
of the area, resulting in a climatic and statistical analysis of the entire dataset. Finally, considering
a database of floods in the region of study, three main events have been selected within the period
studied. This has been done in order to determine the properties (intensity, duration, direction, and
triggering factor) of the convection involved in those events, and to discern whether they are the
result of rare storms or a common pattern in the area to be aware of. The results found in the present
work can be extrapolated to other Mediterranean areas with similar characteristics.

The analysis of the convective cells and subsequent storms affecting the area shows a highest
activity between September and November, with moderated reflectivity values (~40 dBZ) and low
vertical developments (median of 4 km). Also, these are mainly initiated over the sea or the
coastline, travelling or either to inland or parallel to the coastline, and with relatively high
velocities. This likely corresponds to a convective train effect in multicell or mesoscale systems;
new developing cells are being fed by the stationary cold pool of the mature and dissipating ones
(preceding). This, along with the configuration of the mean wind and cells’ motion inside the
system, makes the region to be constantly affected by rain in large periods of time. This is a
completely different regime, for instance, as the one affecting the plains or mountain areas in
Catalonia, where isolated deep convection produces mostly severe weather (hail or strong wind).
Furthermore, the sea is demonstrated to play a major role in the efficiency of the precipitation. The
configuration demonstrates the particularity of this coastal area, with shallower convection and a
different general flow compared to other areas of Catalonia (Rigo et al., 2010; del Moral et al.,
2018; Rigo and Llasat, 2018).



In general, and for the analyzed flood events, cells show the main pattern studied in the ROI;
shallow and efficient convection due to the proximity to the sea, playing an important role in the
total accumulated values. However, the topography also favors three main key aspects that can be
seen from the analysis of the 2018 case, the one that differs from the general pattern. First, it allows
the triggering of the convection in those cases where the instability is not high; second, it helps in
the formation of an instability line over which the thunderstorms grow, and third, it becomes a
capping feature for the cells that get to pass the coastline. This last factor points out that not just a
better weather warning system is needed for the area, but also a good adaptation infrastructure
plan. Even if the area is not affected by continuous efficient rainfall, flash floods may happen if
storms are blocked upstream, producing a rapid increase in the flow in the small streams flooding
the settlements (catchments results saturated by a large amount of water).

The results match with other studies done previously in other parts of the world. Shallow and
efficient convection has been broadly analyzed in many regions, prevailing in the Tropic and Sub-
Tropic areas (see, for instance, Short and Nakamura, 2000; Pereira and Rutledge, 2006; or
Schumacher and Houze Jr., 2003). The shallow convective cells in these regions are characterized
by echo tops usually near 2 km, notably lower than the observed in our region, which could be
explained by the presence of a freezing level higher than 3 km (clearly over the one found in the
Catalan area). Besides, another important point is the notable contribution of this type of
precipitation in the total amount of rainfall; between 10% and 30%, depending on the region.
Having in mind that some of the cases that produce the maximum accumulation values in our area
of study are produced by this type of precipitation, it could be possible that, in some coastal areas
of the Mediterranean, these percentages are even larger. It is also important to highlight that the
results here presented are similar to those observed in the analysis of the rainfall regimes in
Australia (May and Ballinger, 2007), where a high number of short-lifetime shallow cells are
found. They also match with the cells observed in Israel (Eastern Mediterranean) by Peleg and
Morin (2012), where it is found a large contribution of the sea in the development of shallow
convection. Godart et al. (2011) observed the importance of the topography in the south of France
in the evolution of shallow convection, which also represents the highest contribution in the total
rainfall amount for that area.

The work here presented demonstrates the need of a weather early warning system in conjunction
with adaptation plans. The results so far show that from the meteorological aspects, the system
should consider fast recognition of convective cells, accounting for the intensity, that can be
translated to precipitable water, but also the motion coupled with the topography. It should be able
to set different risk levels depending on two main areas; upstream and downstream of the
catchment, since they need differenced precipitation threshold. Furthermore, the system should be
able to release weather warnings if the cells are stationary in the same area for a long time. In this
sense, the authors consider that the new 3D identification and tracking tool used in this research
(del Moral et al., 2018), and that is now being put into the operative system in the Meteorological
Service of Catalonia, would be a base tool for the warning system. Although there’s still a need to
address the issue found with the non-weather clutter echoes, which may give false alarms if the
threshold is set to values too high, the authors consider that radar-based nowcasting is the good
approach to this type of convection and the related phenomena. This also matches with similar
analysis that have been made in Central Europe by Trentmann et al. (2009), which showed that
numerical models are only able to reproduce the nature of the environment, but not to identify the



position and time of occurrence of the shallow and efficient convective cells nor either the total
accumulation that these produce.

The present research also opens the door to more future work that needs to be done. It is necessary
to extend the current work to other risk areas to know if the convective patterns found in the coast
of Salou (south of Catalonia) are also found in regions with similar orographic and social
configuration, such the Maresme coast (north of Catalonia). In this sense, the warning system could
be extended to the entire coastal region (sensible to future scenarios). Also, the authors consider
that future studies should include research on some of the key features that have appeared in this
preliminary one: the efficiency of the precipitation, the role of the sea and topography and the
motion of the systems. This suggests doing a broad study of the thermodynamic and synoptic and
mesoscale conditions of storms affecting the area, which could be done by means of the new ERAS
reanalysis dataset (from 1979 to within 3 months of real time) and for public use, recently released
(C3S, 2017). First, we consider that some of the convective patterns found could be related to
warm precipitation (Lin et al., 2001; Liu et al., 2009) and therefore a knowledge of features such
as associated lightning and the height of the 0° isotherm would polish the actual convective
definition in the area. The latter would help to understand where the melting level is located and
therefore the contribution of liquid and/or ice particles in the rain, as well as efficiency. Finally, it
would be important to know which has been the main weather type associated to these convective
events in the past years, following the work done by Llasat et al. (2005) and Gilabert and Llasat
(2017), and how this could change in future scenarios. This would allow computing the impact in
low level winds configuration and sea surface temperature changes and sharpen the future warning
systems and adaptation measures. Also, this could confirm the results found previously by
Atkinson and Zhang (1996) about shallow convection (cells from 1 to 2 km, with an extend of less
than few tens of kilometers), or Kirshbaum and Durran (2004) which investigated how the
potential instability, the height of the mountain barrier, the altitude of the unstable layer or the
wind shear may affect the development of this type of convection.
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