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Abstract: Enhancing resilience against flooding events is of great importance. Eastern Iberian
Peninsula coastal areas are well known for high intensity rainfalls known as DANA or “cold drop”.
Extreme records in 24 hours can exceed the annual average of the historical series. This phenome-
non occurs normally in autumn due to convective storms generated by the existence of cold air in
the upper layers of the atmosphere combined with warm winds coming from the Mediterranean
Sea. In many coastal areas of the Eastern Iberian Peninsula, their flat topography, sometimes of a
marsh nature, and the natural (e.g., dune ridges) and man-made (e.g., infrastructures) factors,
result in devastating flooding events of great potential damage and risk for urban and rural areas.
In this context, this paper presents the case study of the town of Oliva (Valencia, Spain) and how in
a flooding event the flow tends to spread and accumulate along the flat coastal strip of this popu-
lated area, causing great potential damage. From that point, the paper discusses the particular
issues that flood studies should consider in such flat and heavy rainy areas in terms of the hydro-
logical and hydraulic models to be conducted to serve as the key tool of a correct risk assessment.
This includes the correct statistical simulation of rainfalls, the hydrological model dependency on
the return period and the correct geometry definition of all possible water barriers. An analysis of
the disturbance that climatic change effects may introduce in future flooding events is also per-
formed.

Keywords: flood hazard; extreme rainfall; Iberian Peninsula; Mediterranean Sea; coastal areas;
convective storm; climatic change; hydrological model; hydraulic model

1. Introduction

The Iberian Peninsula presents a particular climatic characterization. It is located
between the North Atlantic region and the driest area of the subtropical high pressure
belt [1,2]. The former is a humid-warm region regularly affected by storms associated
with polar fronts. The latter provides high stability and scarcity of precipitations. The
different regions belonging to the Iberian Peninsula are influenced during different times
of the year by [3-5]: the wet fronts coming from the Atlantic Ocean; the dry air coming
from the Sahara desert; the climatic stability given by its proximity to the Mediterranean
Sea; and the polar fronts that eventually descend from the north of Europe. These phe-
nomena cause great climatic variability between regions, and this is even associated with
the character of the people who inhabit them. The mean annual rainfall for the historical
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series in Spain is 628 mm (Meteorological Agency of Spain-AEMET [6]), but the variance
is very high. For instance, at Cabo de Gata (Almeria, SE Spain), rainfall barely reaches 150
mm/year, while in the town of Rois (La Corufia, NE Spain), its average is 2959 mm/year.
Sudden alterations in the local climate can also be generated if rapid variations in the
high- and low-pressure fronts occur.

Eastern Spanish regions are characterized by a relatively low average annual rain-
fall, barely exceeding 500 mm/year in Valencia and 420 mm/year in Alicante [6,7]. These
low values are the result of three causes [8-10]: (i) the Iberian Peninsula Plateau has an
average altitude of 800 m with various mountain systems crossing it, which gives rise to
an orographic barrier to the waterfronts coming from the Atlantic Ocean (fronts are water
unloaded when they arrive at the east of the Iberian Peninsula); (ii) the proximity to the
Sahara desert, whose warm air masses are very stable and condition the free movement
of the fronts to the south; and (iii) the blocking effect generated by the Azores anticy-
clone, very stable throughout the year, and which frequently represents a barrier to At-
lantic storms.

However, during the last century, the East Spanish regions recorded the highest
rainfalls in Europe. For example, on 19, October, 2018, 159.2 mm were recorded between
18:00 and 19:00 at Vinaros (Castellén) and on 23, September, 2008, 144.4 mm were rec-
orded in just one hour at Sueca (Valencia). It should be noted that a very strong rain may
be considered when the rain intensity is between 30 and 60 mm/h, while torrential rain
exceeds 60 mm/h [11,12]. As these regions are semi-arid ones in which the vegetation
cover is not abundant, the large amount of energy released by extreme rains generates
significant erosion [13], worsening the rain effects on both natural and social areas. These
rainfalls are convective precipitations, usually generated as a consequence of cold air
pockets in the upper layers of the atmosphere and normally coming from the European
continent, which are combined with east warm winds coming from the Mediterranean
Sea [14-17]. Cold air pockets occur in the troposphere with temperatures between -25
and -30°C, from 5 km above. This generates an accelerated forced condensation and
clouds of great vertical development. The proximity of the Mediterranean Sea in these
winds coming from the east feeds this generation of accelerated humidity/clouds in an
almost uninterrupted way.

This phenomenon usually occurs in autumn (September to November) when the
first cold fronts begin to descend from the North Pole towards the European continent,
but the Mediterranean Sea is at a high temperature at that time as a result of summer.
This mesoscale convective system is known as Isolated Depression at High Levels or
DANA (after the Spanish expression “Depresion Aislada en Niveles Altos”). Colloqui-
ally, the phenomenon is known as “cold drop”. This weather circumstance supposes a
great thermal shock, which generates storms of great intensity causing violent runoff
with a great capacity for erosion and floods with a high destructive capacity [18]. Only
one of these events could generate a rain discharge similar to the average historical an-
nual rainfall [6,7,12]. Thus, the extreme rains in the East Spanish regions are character-
ized by their randomness and the high intensity that they can reach in a few days.

In addition, the geological and geomorphological features of the Eastern Iberian
Peninsula result in having flat areas in the coastal regions. A coastal geomorphological
structure combining flat areas of the Quaternary period crowned by mountainous eleva-
tions of the Tertiary period is typical and frequent on such regions of the Iberian Penin-
sula and the Spanish coasts. Great intensity rainfalls together with the existence of flat
areas lead to regularly having important floods in those coastal regions [19]. Flood events
cause potential damage to infrastructures, industries, homes, and people, thus requiring
administrations to work on the development of flood risk management plans [20]. The
basis of those plans is a flood study.

In this context, this paper aims at establishing how to properly address flood studies
in flat coastal regions of the Eastern Iberian Peninsula. This is done through the analysis
of a case study. The area under study corresponds to the surroundings of Oliva, a town
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with 25,200 inhabitants [21] located near the Mediterranean Sea and about 65 km to the
south of Valencia. The area has a semi-arid climate and is characterized by an orography
that facilitates sudden great rainfalls, so floods are common in the town: historical rec-
ords show more than 20 extreme floods in the area since 1972. This means having an ex-
treme flood every 2.5 years as average (although, in some years, more than one flooding
event was recorded). The coastal area of Oliva is highly urbanized and flooding effects
are dangerous due to the difficulties with which the water drains into the sea and the
marsh nature of the area. In an extreme flood event, overflow flows uncontrollably
through fields and roads, giving rise to great risk situations that can even cause life loss-
es. Figure 1 shows some examples of those flood events in the area over the last 50 years.

Thus, the novelty of this work lies in establishing those special issues related to hy-
drological models and hydraulic simulations to be considered in flood studies in flat
coastal areas belonging to the Eastern Iberian Peninsula. Some aspects dealt with in the
paper include the correct statistical simulation of rainfalls, the hydrological model de-
pendency on the return period and the correct geometry definition of all possible water
barriers in the hydraulic model. Besides, some issues concerning climate change effects
are also discussed in the paper due to its potential affection to sensitive flood parameters
in the near future. Outcomes of this work are not exclusive of the Eastern Iberian Penin-
sula areas, but they can be extended to any region in the Western Mediterranean Sea
coastal areas where flat surfaces and heavy rainfalls play an important role.

(c) (d)

Figure 1. Examples of flooding effects in the area under study (Oliva, Spain): (a) flooding in 1972; (b) flooding in 1987; (c)
flooding in 1997; (d) flooding in 2013.



Water 2021, 13, 2975

4 of 25

2. Materials and Methods
2.1. Geographical Setting and Geological Framework

Figures 2a and 2b show the location of Oliva in the Iberian Peninsula and the geo-
logical framework of the area. The orography is characterized by the presence of moun-
tains of a certain elevation close to the Mediterranean coast (Figure 2c). These mainly
correspond to the last foothills of the Baetic System that run in the SW-NE direction
through the south of the Iberian Peninsula, from the Algeciras Gulf to La Nao Cape. The
latter is close to the area under study and there the Baetic System confluences with the
Iberian System foothills (NW-SE direction) giving rise to rock masses of medium altitude,
very fragmented by numerous faults and tectonic accidents. As a result, mountainous
elevations in the area under study have a predominantly SW-NE direction in the vicinity
of the coastal strip, although some influence of the Iberian System can also be seen in the
area, with some mountain ranges following its direction, almost parallel to the coast.
Materials are mainly Tertiary (Cretaceous and Jurassic), except in a wide strip close to the
coast, where Quaternary deposits made up of recent materials can be found on a virtually
flat surface, most of which correspond to terrains of a marsh nature.

The orographic factor has a decisive influence on local rainfalls [8,22]. When the
rainy fronts advance from the sea towards the coast, the mountains generate a barrier
that forces condensation and makes it difficult for the cloud masses to pass inland, dis-
charging a large part of their water content abruptly. The confluence of a Mediterranean
climate with episodes of significant torrential rains (cold drop or DANA), its effects in-
creased by the existence of a mountainous range, barely parallel to the sea and close to it,
cause the sudden discharge of precipitation with extreme intensity.

The area is crossed by various streams and ravines, with La Font ravine as the main
way of natural runoff. The Serpis River is located towards the north of the area and its
right bank alluvial fans force runoffs coming from La Font ravine to divert to the east.
Besides, the Triassic dolomite outcrop found in the south of the area is a natural physical
barrier for all flows. This means that the surface runoff tends to flow superficially in
N-NE direction to the right bank of the Serpis River to avoid the rock outcrop. However,
the special geomorphology of the Serpis River in its final section generates an adverse
slope on its right bank. Consequently, the runoff tends to circulate superficially towards
that river, but there is a natural redirection of flows from there towards the coast by the
SE areas.

The abrupt interior orography forced for centuries the main human settlements and
activity to develop, in general, on the flatter coastline. In addition, the communication
routes that form the backbone of the Eastern Iberian Peninsula were developed along the
coast. This results in a highly urbanized coastal area (Figure 2d), which is the receiver of a
great amount of water that needs to be drained, but is where infrastructures and con-
structions create obstacles to surface runoff. Thus, the combination of all those factors
leads to having important flooding events with a regular frequency affecting both rural
and urban areas.

2.2. Flood Study

Flood studies are composed of two basic parts: first, a hydrological study is per-
formed, based on climatic and territory analyses, to set the amount of water circulating in
the territory and to obtain the peak flow values at key points; and secondly, a hydraulic
study is carried out, using the data given by the hydrological study, to establish the
depths reached by water at the different points of the territory as well as other data such
as water velocities. Results are later used in flood plans and/or as the basis of any risk
assessment study.
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Figure 3 displays the methodological scheme followed in this paper, which is similar
to the mentioned structure. This scheme can be divided into five blocks, four of which
correspond to input blocks: territory analysis, climatic analysis, hydrological model, and
hydraulic model. The fifth block corresponds to the output.

LEGEND

.| La Font ravine

I —
0 125 250km

(©)

LEGEND

[] Mediterranean Sea

[[7] High ground and mountains
[] Lowground

Scattered buildings

[ Main towns

A7 highway

National road

M

(d)

Figure 2. Geographical Setting and Geological Framework: (a) location of the town of Oliva; (b) geological framework in
the area; (c) aerial view of the area under study (image from Landsat-Copernicus, data SIO, NOAA, US Navy, NGA,
GEBCO, 2021, Google Earth); (d) urbanization of the area. All maps are oriented to the North. An extended larger version
of Figures 2b and 2d can be found in the supplementary material.

The following sections give details of each input block for its implementation in the
present case study. It should be noted that the division into four input blocks does not
mean each block to be independent, but some items are usually related to each other. For
example, the hydrological model may depend on the results obtained by the hydraulic
model, which in turn depends on the hydrological model itself (note that this is high-
lighted in Figure 3 by a dashed line). This generates a circular dependency that must be
solved through an iterative process, something rarely considered in this kind of simula-
tion, but which is essential when dealing with locations belonging to the type of geo-
graphical areas under study.

2.3. Territory Analysis

The PNOA'’s cartographic database belonging to the Spanish National Geographic
Institute [23] was used in this study. This contains high-precision digital elevation mod-
els (DEM) of Spain obtained by photogrammetric flight. Its updating period is 2-3 years.
A specific DEM was prepared (Figure 4a) based on that cartographic database. The hy-



Water 2021, 13, 2975

6 of 25

draulic connections in the area under study were manually introduced. Those elements
(e.g., transverse drainage and bridges) are not recorded in the photogrammetric flights,
but they are needed to properly develop the hydrological and hydraulic models. The
hydrographical network of the area was established according to the elevations given in
the DEM prepared. As Figure 4a shows, the flow networks draining towards the easterly
direction start from the mountainous range located in the lower part of the image.
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Figure 3. Methodological scheme for developing flood studies at flat coastal areas of the Eastern Iberian Peninsula.

The total area of 38.9 km? was divided into 18 sub-basins to reproduce the hydro-
logical processes on a smaller scale, enabling evaluating the production and propagation
of surface runoff. Figure 4b shows that division, while Table 1 gives the area of each
sub-basin as well as the elevation of their centroids. The division was carried out con-
sidering topographic (slope) and hydrological (infiltration capacity) criteria, as well as
the points in which measuring of flows was of interest. It should be noted that due to the
proximity of the mountains to the sea, sub-basins generated at the flat coastal strip are
small. Thus, although the perimeter of each sub-basin in the elevated areas is clear in
topographic terms, division of the coastal strip was forced sometimes as it tends to gen-
erate a joint operation due to its marsh nature (e.g., C14 and C15 sub-basins present a
joint operation in their lower section). Besides, some division followed existing high-
ways, roads, and paths that generate barriers that condition the flow circulation in these
flat and low level areas. This entire system could even be hydraulically connected for
high return periods with overflowing flows on the right bank of the Serpis River. This is a
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problem that usually arises in this type of coastal areas, where sub-basin divisions may
involve channels located out of the area under study.

Figure 4c shows the sub-basin overlapped with the geology and the orography. The
infiltration capacity at each sub-basin was measured following the SCS (Soil Conserva-
tion Service) methodology [24]. Land uses and geology are the main factors controlling
infiltration capacity. Land uses (Figure 4d) were established using the Spanish national
records of SIOSE map [25] updated in 2017 and confirmed by visits to the area.

(c) (d)

Figure 4. Territory analysis of the area under study: (a) DEM; (b) division of the area into sub-basins; (c) sub-basins de-
fined overlapped with the geological epoch-period and orography; (d) land uses of SIOSE map [25]. All maps are ori-
ented to the North. An extended larger version of Figures 4b, 4c and 4d can be found in the supplementary material.

Table 1. Sub-basin areas and their centroid elevation. Description gives the local name of the riv-
erbed; note that the same riverbed is sometimes named with different local names through its run
(e.g., C3, C6, C9, and C14 correspond to the same riverbed).

Sub-Basin Description Area (m? Elevation (m)
C1 Barranquet ravine upstream 1,493,058 44.8
C2 Palmera ravine upstream 5,959,155 58.3
C3 Muntanyelles ravine 2,068,349 162.7
C4 Village of La Font d’en Carros (upstream) 428,260 60.6
C5 Village of La Font d’en Carros (downstream) 655,084 39.7
C6 Ravine of La Font 1,985,259 34.0
Cc7 Ravine of L’ Algepsar 369,009 1434

C8 Tossal Gros ravine 388,793 102.3
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9 Ravine of La Mitjana 1,330,276 10.8
C10 North Oliva town 548,550 16.1
C11 South Oliva town and Alfadali ravine 2,343,662 13.6
C12 Ravine of Tossal de la Creu Alto. 43,730 714
C13 Mare ditch 1,163,342 2.8
Cl14 Burguera valley 2,962,216 1.9
C15  Terra Nova valley + Piles ravine downstream 3,073,918 2.7
Cl16 Piles ravine upstream 2,961,022 20.3
C17 Palmera ravine downstream 3,367,857 16.2
C18 Barranquet ravine downstream 7,737,696 17.5

Land uses match to a certain extent the division between the Tertiary and Quater-
nary geological outcrops. In general, the land uses in the higher regions agree with areas
of forest and scrubland (Tertiary), while at the lower regions, land uses agree with agri-
culture and urban areas prevail (Quaternary soils). From those data, the Curve Number
(CN) at each sub-basin, needed to apply the SCS methodology, was obtained following
the Spanish codes [26].

2.4. Climatic Analysis

Figure 5 shows the average precipitations per month in the area under study; data
collected corresponds to a station located in the town of Oliva and the historical series
range from 1940 to 2020 [6]. As can be observed, rainfall in the area is not abundant. The
historical series presents an average annual record of 776 mm, with a dry summer period
and a rainy period at the end of it. However, the local weather is strongly influenced by
two factors: (i) the orography, with mountain ranges close to the coast whose orientation
contributes to generating a barrier effect to the entry of water-laden fronts from the
Mediterranean Sea; and (ii) the features of convective storms (DANA) generated in the
Eastern Iberian Peninsula with very strong precipitation intensities and a displacement
from East to West. The storm season occurs in autumn, after the summer period and
when a thermal shock is likely to occur between the first cold fronts coming from the
European continent and the warm waters of the Mediterranean Sea. Besides, the high
temperature of the seawater after summer facilitates the generation of clouds of great
vertical travel (convective storms).

Average monthly rainfall

P (mm)
140

120

100

80
6
4
2 1.1
0 [ |
1 2 3 4 5 6 7 8 9 10 11 12

Month

o

o

o

Figure 5. Average precipitations per year in the area under study.
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Therefore, the extreme precipitation values do not correspond to the average his-
torical series. For instance, on 3, November, 1987, 817 1/m? were collected in one day in
Oliva, that day remaining up to today the highest rainfall record in the Iberian Peninsula.
This event occurred with a fairly constant rate of discharge. The maximum intensity in 9
h was 306.4 mm; in 12 h, it was 408.5 mm; and in 18 h, it was 612.8 mm. Although in the
area under study, important rainfalls occur regularly, the 1987 storm strongly conditions
any statistical adjustment of the historical series. In this work, this statistical adjustment
was conducted using the “SQRT-ET max” distribution function [27]:

F(x) = exp{—k - [(1 + Va - x) - exp(—a - x)]} )

Where k is a shape parameter and « is a scale parameter.

In terms of return periods, these were set following PATRICOVA code [28], a re-
gional Spanish code specially designed as a territorial action plan against flood events in
the Valencian Region. This code establishes three possible scenarios corresponding to
three return periods: 25 years (high storm probability), 100 years (medium storm proba-
bility), and 500 years (low storm probability).

The concentration time (T¢) was computed for each sub-basin according to the
maximum path of the water obtained with the DEM prepared. This method ensures each
of the subsystems is contributing to the runoff at its drainage point. Temez’s formulation
[29] was applied:

T, = 0.3(L/J/4)"" 2)

Where L represents the maximum length of the flow path and | is the average slope
at the analyzed section.

2.5. Hydrological Model

The hydrological model was developed using the HecHMS model [30]. Sub-basin
division was transformed into the conceptual operation scheme shown in Figure 6, where
connections were established between sub-basins, channels, and fluvial courses. Node P5
represents the entrance to a buried collector that passes under the urban area of Oliva to
the west of the town. Node P6 is not represented due to lack of space, but it is located
between nodes P5 and P7. At node P2, there is a detour; due to the amplitude of this
channel and the barrier effect that this construction generates on its right bank, the anal-
ysis considered that all the flow was diverted. Another key point in the model is the one
named “Junction”, as it corresponds to the pass of a ravine below the existing highway in
the area and where the flow is artificially distributed between the transversal drainage of
the highway and a diversion channel that runs towards the Serpis River.

From that conceptual scheme, a hydrological model was developed to reproduce the
hydrological behavior of the whole basin. The basin model consisted of a pseu-
do-distributed model in which each element simulated the hydrological processes as
homogeneously as possible [30] and where each sub-basin had its own hydrological pa-
rameters. Figure 7a shows the basin model considered for return periods not higher than
100 years, while Figure 7b shows the basin model considered for a return period of 500
years; in this last case, La Font ravine no longer has enough capacity in the surroundings
of node P3 and has to discharge its flow excess through the left bank to the west, thus
connecting node P3 with nodes P15 and P17. Flows diverted to the west will then flow
towards node P17 or will be diverted again to a large channel towards the Serpis River
with a maximum capacity of 200 m%/s (nodes P15 and P16).

2.6. Hydraulic Model

The hydraulic simulation was carried out using the HecRas model [31], a worldwide
widely contrasted two-dimensional model that allows running calculations in both per-
manent and transitory regimes. Sufficient extension is needed to realistically reproduce
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all the hydraulic processes. Besides, identifying valid boundary conditions consistent,
reliably to be introduced into the model, is not always easy. A compromise solution must
be found between those factors and the goodness/accuracy of the results, as any hydrau-
lic model requires high computing resources even for the actual technical equipment.

Figure 8a shows the hydraulic model developed for the area under study. Since this
is focused on the coastal strip and no flooding problems are found upstream of the ex-
isting highway (highlighted in Figure 8a), the analysis could be reduced. Figure 8b shows
the DEM shortened and adjusted to the coastal strip used in the hydraulic model.
Boundary conditions established are listed in Table 2. All hydrographs were introduced
with an interval of input data every 5 minutes. The exit contour conditions considered
the coastal dune ridge, which is raised between 1 and 2 meters above the marsh and
represents a natural barrier for the water exit.

The urban development of the coastline represents a man-made barrier to be added
to the previous one and which prevents the water from being easily evacuated in the
event of an extraordinary flood. Internal conditions (condition G in Figure 8a) refer to the
precipitations in the sub-basins located in the coastal strip (excluding those correspond-
ing to the Oliva urban area) and were established as the average of the net rainfall ob-
tained in the C9, C11, C13, C14, C15, C16, C17, and C18 sub-basins and calculated for
each return period, subtracting from the rain the infiltration capacity of the soil in each
interval. As an example, Figure 8c shows the net rainfall for a return period of 25 years.

Figure 6. Conceptual operation scheme.
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Figure 7. Hydrological model using HecHMS: (a) Model for return periods not higher than 100 years; (b) Model for a
return period of 500 years.

(b)
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Figure 8. Hydraulic model developed: (a) HecRas 2D model with boundary condition (see Table 2); (b) DEM shortened
and adjusted to the coastal strip used in the simulations; (c) net rainfall for a return period of 25 years; (d) mesh structure
around the “Junction” point. All maps are oriented to the North. An extended larger version of Figure 8a can be found int
the supplementary material.
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Table 2. Boundary conditions established in the hydraulic model (see Figure 8a).

Id. Condition Description Slope (m/m)
A Inlet Hydrograph at P17 0.0001

B Inlet Hydrograph at P4 0.002

C Inlet Hydrograph at the exit of C7 0.015

D Inlet Hydrograph at the exit of C8 0.124

E Inlet Hydrograph at P12 0.005

F Inlet Hydrograph at the exit of C11 0.001

H Outlet Meteorological tide -

I Outlet Connection with the marsh 0.0001

The roughness values for each area were obtained from classic hydraulic literature
[32,33] and field visits, being later adjusted following Spanish codes [34]. Manning
number values ranged from 0.019 for smooth concrete channels to 0.100 for urban and
industrial areas.

The mesh structure depends on the purpose of the study, the dimensions of the
model and the singularities that may appear in it. In this work, a 20 x 20 m mesh was
chosen as a general level due to the barely flat surface existing in a large part of the
flooding zone and the numerous man-made barriers created by agricultural plots. A
more detailed mesh structure was used in areas where the details of the terrain required
it: where earthworks existed, the mesh structured lowered to values between 5 x 5 m and
2 x 2 m; in smaller channels or ditches, the resolution was lowered to 1 x 1 m. Figure 8d
shows an example of the mesh in the “Junction” point previously mentioned. At that
point, downstream does not have a well-defined channel, so a high-resolution mesh was
needed to properly reproduce the water surface circulation.

3. Results
3.1. Precipitations

Table 3 lists the maximum precipitation daily values for each return period consid-
ered (25, 100, and 500 years). Figure 9 shows the corresponding hyetographs, which were
built by the alternate block methodology, with the peak located in the center of the rain-
fall (approximately at 115 minutes). Note that the hyetographs are given in a discretized
way for their use in the hydrological model. Maximum precipitation daily values were
corrected by an area factor [26].

Table 3. Maximum daily precipitation obtained for each return period.

Return Period Daily Precipitation
25 years 260.54 mm
100 years 360.12 mm

500 years 491.79 mm
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Figure 9. Hyetographs for each return period analyzed: (a) 25 years; (b) 100 years; (c) 500 years.

Table 4 provides the Curve Number (CN) for each return period and the concentra-
tion time (T¢) at each sub-basin as well as for different sub-systems. The concentration
time (T¢) of sub-systems was obtained by grouping sub-basins (i.e., maximum path con-
sidering a set of sub-basins), so the whole analyzed set was contributing jointly to surface
runoff. As can be seen, the most unfavorable concentration time is 3.87 hours, which is
found in the C2 + C17 sub-basin system; this is closely followed by the sub-basin system
corresponding to La Font ravine (C3 + C4 + C5 + C6 + C9 + C14), whose concentration
time is 3.36 hours. Both cases indicate that the area presents certain hydrological inertia.
Inertia of flows is closely associated with the retention capacity of the basin and the de-
gree of correlation between the different elements of the system [35].

Table 4. Curve Number (CN) and concentration time (Tc) at each sub-basin and for different
sub-systems.

CN, T=100 CN, T=500

Sub-Basin CN, T = 25 years Tc (min)
years years
C1 70.92 66.15 61.46 87.1
2 60.57 55.18 50.12 124.7
C3 59.04 53.59 48.52 55.2
Cc4 64.73 59.53 54.56 39.6
C5 64.66 59.45 54.47 37.5
Co6 59.10 53.66 48.59 77.5
c7 54.69 49.17 44.12 21.9
C8 58.06 52.59 47.52 37.9
9 63.35 58.07 53.06 61.7
C10 83.33 80.02 76.58 50.6
Ci11 73.93 69.44 64.97 79.3
C12 52.81 47.28 42.26 11.8
C13 78.37 74.38 70.32 148.3
Cl4 68.83 63.90 59.09 145.0
C15 69.11 64.19 59.40 132.1
Cle6 66.32 61.20 56.29 82.0

c17 69.43 64.54 59.77 152.7
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C18 69.66 64.79 60.03 184.0
C2+C17 - - - 232.4
C3+C4+C5+C6+

C9+Cl4 ) ) ) 2018
Cl6+C9+Cl14 - - - 172.7
C12+C10+C14 - - - 134.5
Cl1+C14 - - - 151.6
C13+C14 - - - 149.7

3.2. Hydrological Model

Table 5 lists, for each return period considered and at the different nodes of the hy-
drological model, the peak flow values, the area drained toward each node, and the total
water volume. These results show the generation of violent flood events. The peak flow is
obtained at the entrance of Oliva about 2.5 h from the start of the storm. The peak reaches
the Mediterranean Sea after 2.67 h. An interesting result is also obtained in the “Junction”
point: from a total of 193 m?/s (peak flow), less than 31 m?3/s passed through the trans-
versal drainage of the highway (node P17), so nearly 85% (162 m¥/s) of it is diverted to-
wards the Serpis River (“Junction” node). Figure 10 shows the hydrographs at those
points as well as at node P4, which is also a control point located next to the highway.
Note that flow evolutions obtained at nodes P4 and P17 were input boundary conditions
of the hydraulic model.

3.3. Hydraulic Model

Figure 11 illustrates the extent and importance of the flood for each return period
considered. Only depths greater than 0.3 m are represented since values below that level
are likely related to the accumulation of rain instead of runoff. As observed, flooding
reaches a considerable extension, something expected due to the flat and marshy topog-
raphy nature of the area under study. Besides, there are zones where depths reach 2 m.

As can be observed, once the water overflows La Font ravine, this cannot return to
the riverbed and wide flooding takes place in the area. Besides, roads and paths are
transformed into physical barriers to the overflowed water circulation, even though ex-
isting culverts on them (included manually on the DEM file) were considered in the
model. The dune ridge is the main obstacle that water circulation encounters and it gives
rise to a natural barrier that prevents water from draining to the sea. Thus, urban areas
found in the coastal strip suffer the flooding consequences.

Table 5. Hydrological model results.

Node Area Drained T =25 years T =100 years T =500 years
(km?) Peak Flow (m?/s) Water Volume (1000 m?3) Peak Flow (m?/s) Water Volume (1000 m3) Peak Flow (m?/s) Water Volume (1000 m?3)
P1 207 28.02 103.6 54.26 2143 95.34 347.5
P2 25 34.01 128.2 65.04 264.1 113.35 427.4
P3 3.15 41.62 165.7 78.12 340.2 135.69 549.4
P4 5.14 61.27 266.0 114.22 547.2 200.29 883.4
P5 10.19 120.85 552.0 22276 1127.7 388.42 1814.6
P6 10.19 120.68 552.0 223.14 1127.7 387.79 1814.6
r7 10.78 133.26 625.6 242.62 1246.0 415.71 1978.4
P8 13.12 164.58 791.0 296.56 1570.2 506.61 24883
P9 20.32 250.26 1263.1 450.86 2506.2 768.04 3970.5
P10 20.32 248.84 1263.1 451.03 2506.2 768.36 3970.5
P13 2.96 41.72 176.2 77.11 355.4 133.28 568.0
P11 0.76 11.31 35.6 22.87 74.3 41.10 121.1
P12 0.59 23.99 73.6 34.35 118.2 48.33 163.7
P14 3.07 37.05 194.9 67.09 389.1 114.68 618.3
P15 7.45 66.92 338.4 122.85 693.9 223.64 1137.2
P16 7.45 66.86 338.4 123.15 693.9 223.59 1137.2
P17 5.96 12.17 70.0 23.12 139.3 30.65 203.1
P18 5.96 12.17 70.0 23.07 139.3 30.65 203.1
P19 3.37 50.12 285.1 91.17 568.2 146.35 884.2
P20 7.74 78.82 496.8 140.52 988.9 238.38 1570.1
Junction 5.96 47.3 239.8 86.89 498.4 162.08 827.8
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Figure 10. Hydrographs at nodes located next to the highway: (a) P4 node; (b) P17 node; (c) Junction node upstream P17.
Vertical axis: flow. Horizontal axis: time. Continuous, dashed and dotted lines corresponds to the return periods T = 25
years, T =100 years and T = 500 years, respectively.
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Figure 11. Hydraulic model results. Maximum depths reached for different return periods: (a) 25 years; (b) 100 years; (c)
500 years; (d) relationship between colors and depths values. All maps are oriented to the North.
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4. Discussion
4.1. Analysis of the Results

Hydraulic model results show that the water flow has to leave the coast little by little
through a unique drainage point located at the harbor of Oliva (highlighted in Figure
11a), which corresponds to the final part of the riverbed of La Font ravine and limits the
sub-basin C14 to the south, and sub-basins C11 and C13 to the north (see Figure 4b). The
drainage process will therefore need some days to be completed, thus incrementing
damage caused by flood events in the area.

To assess the flooding magnitude, several points were selected as control points to
quantify the depth, flow velocity, and its evolution. Figure 12a shows the location of
those control points. They correspond to regions of preferential flow circulation, such as
areas of overflowing flow (i.e., not strictly the main channels). Figures 12b and 12c¢ show
depth and flow velocity, respectively, at those points.

The analysis of the obtained information allows establishing how the flow system
works. Water exceeds the slope of the access branch to the highway (depth control point
1), with a notable accumulation in the adjacent road (depth control point 2). In this area,
the flood barely presents a defined channel and circulates overflowing by the existing
paths and roads. An important bottleneck effect and the consequent backwater upstream
is identified before overcoming a bridge, generating maximum depths of around 2 me-
ters in plots close to the riverbed (depth control point 3). This effect is aggravated by the
limited capacity of the urban area to evacuate the flow (given its energy) that already
circulates through it from other ravines and from the Oliva urban area itself.
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Figure 12. Flooding magnitude assessment for the different return periods considered (25, 100, and 500 years): (a) location
of the control point selected in yellow color; (b) depth expected at each control point; (c) water velocity expected at each

control point.

The accumulation of water is also observed in plots located downstream and to the
left of the bridge (depth control point 4), generating a small reservoir that is not enough
for the level of the subsequent road to be exceeded (depth control point 5). Besides, the
flow cannot circulate towards the plots located to the north of it, thus accumulating depth
again when it meets enclosure walls and paths (depth control point 6), reaching signifi-
cant heights. It is from this moment when the flood starts to distribute itself through the
marsh towards the lower areas, accumulating water in roads and channels (depth control
points 7 and 8), and gradually moving towards the coastal urban area (depth control
points 9, 10, 11, and 12). In this populated and flat coastal strip, the flow tends to accu-
mulate due to the impossibility of being drained, given the little or inexistent slope of the
land, great energy in the main channels, and a level below the sea at some points.

In terms of water velocities, values greater than 1 m/s are considered to be danger-
ous due to their erosion and dragging capacity. That value is overcome at velocity control
points 2, 3, 5, and 6, although, in some of those points, velocities greater than 1 m/s only
occur for return periods of 100 and/or 500 years. Water velocities tend to decrease as the
flood advances towards the coast. In the downstream zone, the low velocities are influ-
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enced by the boundary condition at the drainage point. The hydraulic regime is subcrit-
ical throughout the system, with very low Froude numbers (very far from 1.0). A critical
influence of the sea’s boundary condition on the flood (a unique drainage point) is
therefore observed. However, these results can be misleading: although at many of the
control points the velocities are low, there may be priority flows near certain channels or
ditches, which can be dangerous.

It is also interesting to note that the hydraulic simulation shows some atypical re-
sults like straight lines vertical to the flow and parallel to roads. This is due to the flat and
mash nature of the area and the fact that some of the existing roads are old and have a
lack of culverts. Consequently, roads act as water barriers. This causes the roads to retain
part of the flood similar to a dam, raising the water level. This ends up spilling overhead
at some point. This generates a rather unusual form of flooding. It also makes it unpre-
dictable, since when one of these barriers is broken, the water ends up circulating in
places where it was not planned.

4.2. Hydrological Considerations

Commonly, flood studies are developed by adopting a single hydrological model,
with hyetographs the solely input modified to obtain the flows associated with each re-
turn period [36-39]. In rare cases, a variation of the runoff coefficient or the Curve
Number of the SCS method is also considered in the model for the different return peri-
ods. In a mountain region, such an approach is perfectly suitable: once the water arrives
at a valley, water is rather improbable to abandon it (water may overflow some terraces,
but the water will flow through a similar path). In this case, the amount of water pro-
duced by storms has little influence on the circulation water path and consequently, a
unique hydrological model can be considered for all return periods.

However, in flat areas, where slopes are very small, the hydrological model depends
on the return period and the flows produced. This phenomenon occurred in the case
study analyzed, where the natural marsh topography of the area under study gave rise to
having two different hydrological models for small and high values of the return period.
The issue is of great importance: for small return periods, the amount of water generated
by a storm may circulate by channels, which will be completely overflowed in the case of
greater return periods. As a result, water paths through the territory may vary as the
flows increase and water may circulate by alternative channels, thus varying the connec-
tion between nodes. Consequently, in flat coastal areas, the hydrological model cannot be
considered unique for the different storms associated with each return period. Hydro-
logical modelling may require several hydrological models associated with different re-
turn periods.

In addition, for areas belonging to the Western Mediterranean Sea, the climatologi-
cal analysis carried out to obtain precipitations and inputs for hydrological models must
take into account the special nature of rainfalls in that area (DANA). Traditionally, in
flood studies, extreme rains to be used as input are obtained from the historical series
recorded at representative stations of the area under study by conducting a statistical
adjustment using distribution functions like Gumbel, GEV, and Lognormal-2 [40,41]. In
fact, at the end of the last century, the latter two were the more common ones used ac-
cording to the secretary of the World Meteorological Organization [42].

However, for Western Mediterranean areas, these functions have shown to lead to
poor statistical performance and underestimate the forecasts for high return periods,
giving rise to an important error [7]. Thus, alternative functions are needed to be used.
The one proposed in this work and applied to the case study presented is “SQRT-ET
max”. This distribution function was specially proposed [27] for the statistical modelling
of maximum daily rains for any return period. It provides more conservative results than
the traditional functions and has shown a good ability to reproduce the statistical prop-
erties of rains in the Spanish Mediterranean areas, having been verified using Monte
Carlo simulation techniques [43-45].
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4.3. Hydraulic Considerations

The flood analysis of the area under study showed that there is a lack of a main
channel or river whose capacity may be exhausted, resulting in overflowing of the water
towards the river terraces. On the contrary, the flat and marsh nature of the area makes
the water tend to spread over it, covering a great extension. Besides, due to the low
slopes, items such as walls, plot divisions, roads, and small embankments, although ap-
parently insignificant, have a great influence on the diversion of floodwaters.

The geometric model used for developing the hydraulic model is a fundamental
element for guaranteeing the success of the whole simulation. Thus, a high precision
DEM is required, especially in the vertical component, since small geometric variations
can cause important distortions in water movement [46]. Commonly, flood studies are
conducted by directly implementing the downloaded or obtained DEM without per-
forming any modification [36,47,48]. However, it should be noted that a DEM is obtained
by photogrammetric flight and especially by Lidar flights. Usually, this technique does
not reflect the correct definition of singular elements, which can condition the flow in flat
areas, like culverts, bridges over riverbeds or perimeter plot walls. The correct definition
of such elements in the geometric model is essential and this issue is not related to accu-
racy. For example, for a photogrammetric Lidar flight, a bridge can be interpreted as a
transverse dam. A similar situation happens with road transversal drainages. Lidar
flights may provide a very precise geometry, but is not consistent enough to be directly
entered in a hydraulic model. Dimensions of such elements can be obtained through field
measurements and then introduced into the corresponding DEM to obtain consistent
results.

Therefore, flood studies developed in flat and marsh areas require meticulous field
work to identify the presence of possible barriers to the flow. These elements must be
manually incorporated into the DEM to ensure the reliability of the hydraulic model. In
the case study presented in this paper, some corrections were made to the original DEM
file to make it as consistent as possible with the hydraulic reality. Corrections were made
from field visits. As an example, Figures 13a and 13b show how the highway transversal
drainage was opened manually and the walls of the surrounding plots considered. Those
walls were only 40 cm wide and their geometry could not be identified by the Lidar
flight, so they had to be manually introduced modifying the DEM file. If these elements
had not been introduced, water circulation towards the channel located in the upper part
of the image would have been distorted.

Altitude (m)

0 40 80m

(b)
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(©) (d)

Figure 13. Example of modifications conducted in the hydraulic model for ensuring consistency: (a) detail of the opening
of the transverse drainage below the highway and inclusion of agricultural plot walls in the surrounding area (breaklines
in grey color); (b) mesh structure including the presence of the aforementioned elements; (c) image of the area in flooding
situations; (d) image of the area in a dry situation.

Besides, the consideration of these walls is relevant as Figures 13c and 13d show: in a
dry situation, walls do not seem significant, but when a small flood occurs, those walls
represent a barrier to the water. If they were neglected, the model would cause the water
to circulate between the plots, falling from plot to plot and therefore misrepresenting the
real flood. The presence of those elements makes the water circulates along the path as
the walls do not allow the water to reach the plots (these lines represent breaklines in the
flow). Thus, these small elements that are not properly collected in the original DEM file
require an accurate definition before performing the hydraulic simulation. Otherwise,
they can distort flooding in flat areas.

In addition, the results of the hydraulic model can vary the approach of the hydro-
logical model, which illustrates the complexity required to study this type of system. In
this case study, such issues occur. For example, sub-basins C3 and C4 tend to drain into
nodes P2 and P3 for medium and low return periods, while for high return periods, part
of the flow of these sub-basins tends to flow northwards, reaching node P17 and P15,
which diverts part of the flow towards the Serpis River. This will force the modifying of
the hydrological model because of the overflows detected in the hydraulic model.
Therefore, hydrological models cannot be considered as an independent and previous
step to the hydraulic model. On the contrary, the results of the hydraulic model could
force the reconsidering of the flows of the hydrological model. These connections could
depend on the return period, which further complicates this analysis.

It is important to note that the features of current software, with good graphic out-
puts and background aerial images, can generate a false reality of a flood, even though
the models contain errors and does not conform to the reality. These errors can be de-
tected with some ease for low or medium return periods, based on experience, but they
are very difficult to identify for high return periods due to the lack of evidence on the
ground. All in all, a properly flooding simulation in flat and marshy coastal areas needs
to ensure consistency in the hydrological and hydraulic models produced. Failure to take
care of certain aspects and small details when developing those models may cause rele-
vant errors in the results obtained.
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4.4. Climatic Change Considerations

Ephemeral streams are highly dependent on rainfall and terrain characteristics and,
therefore, very sensitive to minor changes in these environments [22]. The Eastern Iberian
Peninsula is characterized by the abundance of this type of ephemeral streams. Recent
studies show that the Mediterranean Sea will be one of the most affected areas by climate
change in the coming decades, especially in the west of it [49,50]. Climate change is ex-
pected to result in a rise in its water temperature, salinity, and an increase in the sea level.
As an indirect consequence, rivers and ravines floods are expected to rise, also increasing
the potential risk to infrastructures and urban areas.

There is evidence that climate change is already clearly affecting the temperature
and magnitude of extreme rainfall on the European continent and these effects will be
greater in the Eastern Iberian Peninsula [51,52], due to its latitude and the physical nature
of the convective storms that characterize the region. The “cold drop” phenomenon or
DANA generates clouds that reach 10 km in height and produce great rainfalls. A re-
duction in precipitation is expected due to climate change, which will tend to amplify
desertification [53,54], but an intensification of extreme precipitation events is also ex-
pected [55]. Both phenomena may be devastating to some areas, causing flooding and
erosions of great potential damage.

In recent years, a greater stratification has also been detected in the Mediterranean
Sea, both in terms of thermal and saline values [56-58]. The Mediterranean Sea waters
will be warmer and saltier throughout most of the basin by the end of this century. In the
upper sea layer, the mean temperature is estimated to increase by 2.7 °C, while the mean
salinity will increase by 0.2 psu [58]. The propagation of these surface anomalies leads to
an increase of heat contents of the full water column with a spread between +0.93 to +1.35
°C for the global averaged temperature [59]. In the Western Mediterranean Sea, this
stratification seems to be larger than in other regions.

The previous phenomenon will cause not only the global temperature of the Medi-
terranean Sea to increase, but especially on its surface, which is what provides the hu-
midity required for the formation of the highly vertically developed clouds of convective
storms. Thus, the conditions that cause the thermal shock between the warm sea and the
continental cold air masses will tend to worsen in the short-medium term. It is therefore
expected that in the coming decades, more frequent extreme events of greater magnitude
may occur in the east of the Iberian Peninsula [6,60,61].

Climate change will also influence the hydraulic behavior of the floods that occur in
the coastal towns. Currently, these areas already present serious drainage difficulties due
to their flat and/or marsh nature and the existence of a wide, heavily urbanized dune
ridge, which represents a coastal barrier that hinders the water circulation. Thus, the
most determining factor will be the rise of the sea level.

The water level at the drainage points significantly affects the hydraulic operation of
the system. During a storm and as a consequence of the combined effect of atmospheric
pressure and wind [62], the sea level tends to rise. This phenomenon is known as “me-
teorological tide” and causes the sea level to remain above the overflowed water located
in flat areas for a long time. This makes it impossible to drain the flooded areas because
the water does not have enough energy to circulate towards the sea. The expected rise in
sea level as a result of climate change will worsen this hydraulic operation by negatively
modifying the boundary condition at the drainage points [63]. Thus, this rise in the sea
level will have a very negative effect, significantly increasing drainage times, which cur-
rently tend to be days or even weeks in extreme events.

5. Conclusions

The case study analyzed showed that flood studies in the coastal areas of the Eastern
Iberian Peninsula present a relevant singularity. The proximity of the Mediterranean Sea
and the orography facilitate sudden great rainfalls with a certain frequency, and the
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small slope lands (sometimes with the natural characteristics of a marsh) and the great

number of infrastructures and constructions existing in many coastal areas of the Iberian

Peninsula make the water present a high dispersed movement and difficult drainage.

From the analysis conducted in this paper, the following conclusions can be drawn:

e  The results of the case study show that at the flat coastal strip, the expected flow for
a flood event tends to accumulate due to the little or inexistent slope of the land, the
existence of infrastructures and buildings, the great energy in the main channels,
and a level below the sea at some points. This makes only one drainage point of the
whole system towards the sea exist, located at Oliva harbor. These factors result in
flood events causing great damage. Besides, water velocities tend to decrease as the
flood advances towards the coast; however, although velocities are low, priority
flows near certain channels or ditches may be dangerous.

e Typical convective storms in the Eastern Iberian Peninsula (DANA) result in rain-
falls of high intensity of a different nature from the common precipitations, causing
typical distribution functions like Gumbel, GEV, and Lognormal-2 not to be suitable
for high return periods. Alternative functions like “SQRT-ET max” should be used.

° Due to the flat nature of the areas under study and high rainfall values, the hydro-
logical model may not be unique for each return period analyzed. Different hyeto-
graphs, runoff coefficients, and especially flow systems (nodes and connections)
must be considered for each return period. Water trajectories through the territory
can vary as the flows increase, so the connections between nodes of the hydrological
model cannot be considered fixed, but they depend on the different storms associ-
ated with each return period.

e The hydraulic model must be as consistent as possible with the real geometry of the
area under study. The DEM obtained by photogrammetric flights cannot be directly
used for developing the hydraulic model. This must be manually modified to in-
clude culverts, opening below the bridges and all transverse drainage as well as
every wall or obstacle of small thickness (the usual resolution of DEMs makes it not
possible to capture them), which can strongly condition the water movement in flat
coastal areas. The dimensions of such elements must be obtained through field
measurements. Not doing that may cause the results of the flood studies to be false.

e  The results of the hydraulic model for each return period can also vary the approach
of the hydrological model and force to modify the hydrological model to take into
account the overflows detected. This aspect reinforces the previous conclusion about
the hydrological model and also points out the complexity of flood studies in many
coastal areas of the Eastern Iberian Peninsula, where the process is iterative.

e Climate change is expected to increase the frequency of extreme events of great
rainfalls in the Eastern Iberian Peninsula. Besides, the expected rise in the sea level
may result in increasing the drainage difficulty of flat coastal areas, thus also in-
creasing the damage caused by flood events.
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