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Abstract: Many ephemeral Mediterranean watercourses are affected by the growth of tourism and
the demand for holiday homes. Calculating the runoff threshold in these small basins is vital for
understanding the impact generated by urban growth and its incidence on the increase in flood
hazards. The reconstruction of paleochannels, as well as appropriate scalar analysis and the use
of geographical information variables, are fundamental for the correct estimation of flood risk and
the implementation of coherent territorial planning policies. This case study of the Barcel6 ravine
in the city of Benidorm, Spain, demonstrates the importance of the correct and complementary use
of official, standardised, and open databases. The correct use of these geoinformation repositories,
together with the fieldwork and historical reconstruction of paleofloods, form the set of strategic
information variables for the study of flooding in these altered and dangerous watercourses that
affect touristic urban zones around the Mediterranean.
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Floods in urban areas are the result of natural phenomena; however, their impact is
determined by human action. The alteration of the natural landscape of the Mediterranean
coastline is aggravated by the disappearance of traditional rural development and the
de-structuring of the territory caused by the rapid growth of artificial surfaces and the
overgrowth of structuring systems [1] for emerging urban areas and land uses centred on
tourism [2].

On the Mediterranean coast, small ravines connect the coastal mountain ranges with
coastal plains, forming small basins with very steep slopes and ephemeral flow towards
their floodplain [1], which are activated with high-intensity rainfall events.

These flat areas are the richest for agricultural use and have been occupied [2-7],
resulting in excessive settlement growth [8] caused by a lack of planning [9], exacerbated
flood consequences [10], and increased losses [11-13] due to soil sealing [14—17]. This is all
due to a lack of risk perception [18], in which one assumes responsibility for the damage
caused by the creation of vulnerable spaces [19].

Although models predict a reduction in precipitation and an aggravation of water
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areas in the first phase of the hazard analysis. This work proposes methods based on
comprehensive knowledge of historical events and landscape reconstruction to understand
the consequences of these actions on the territory during flood events. The keys to this study
are the recreation of the evolution conditions of the river basin and the transformations
suffered on the territory, as well as the use of geographic information adapted to the scale
of the watershed analysed.

Directive 2007/60/EC of the European Parliament (Council of the European Union, 23
October 2007) on ‘Flood Risk Assessment and Management’ requires all Member States to
use flood hazard and risk mapping as basic tools for risk management and spatial planning.
The directive proposes that the drainage basin be considered a unit of action for these
measures. The transposition of this directive into Spanish legislation was achieved in Royal
Decree 903/2010 (9 July) for the assessment and management of flood risks. The decree
unified the regulatory framework and instruments for the assessment and management of
flood risks and required the creation of hazard and risk mapping as basic tools for land use
planning [29].

The main objective of this research is to review the documents derived from the
application of flood risk management regulations, specifically those applied in Flood
Risk Management Plans (FRMP), with the aim of studying improvements in cartographic
content through methodological proposals for greater integration of geographic information
variables in the mapping of flood-prone areas in heavily altered urban spaces. As a specific
objective, the repercussions of changes in the territory that have worsened the consequences
of flooding will be analysed in a particular case study (own models and land cover change
matrixes) applied to the East Side of Benidorm City, a reference tourist enclave in the
Western Mediterranean.

The results of this work contribute to improving flood prevention measures in this type
of emerging urban area, which is abundant on the Mediterranean coast, by proposing crite-
ria for the integration of historical geographic information and scales in the development
of flood risk studies.

2. Geographical Context

To test the initial hypothesis based on the impact of land use changes on the worsening
of flood damages, the research area chosen is the drainage basin of the Barcel6 ravine,
which flows into the Mediterranean Sea in the easternmost sector of the urban area of
Benidorm, in the province of Alicante (a place known as Racé de L'oix). Specifically, the
article analyses the overgrowth of road infrastructure and artificially sealed areas that have
led to the disappearance of much of its route and the consequences that these changes
produce at its mouth.

The city of Benidorm is a coastal enclave with intense tourist activity. Urban growth
only began in the middle of the last century, and this has resulted in a man-made alteration
of the traditional rural landscape of dry farmland at the foot of a mountainous area. The
rapid growth of artificial areas has increased the risk of flooding due to an increase in human
activities that has been aggravated by two important factors: the increasing meteorological
frequency of isolated high-level depressions (associated with flooding and known as ‘gota
frias” in Spain); and above all, by the changes made to a complex hydrological network,
with runoff altered by the development of a large urban area with a network of roads and
service areas that have grown parallel to the coast.

The area analysed is framed by the mountainous foothills of La Marina (the highest
peaks being in the Sierra Cortina, Sierra Aitana, and Puig Campana) on the western flank
and the coastal foothills of the Serra Gelada mountains on the eastern flank (Figure 1).
Between these foothills is a boxed-in route for the Barcel6 ravine in a hilly system with
variable slopes leaning towards the sea.
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Figure 1. Location map (Europe, Spain, Valencia Region). Source: Institut Cartografic Valencia.

From a geological and structural perspective, the study area is on the eastern edge
of the Baetic Mountains, known as Prebetic Alicantino, where its nearness to the coast
has made it part of the recent movements of the marine Quaternary. The Triassic and
Quaternary formations and the limestone outcrops of the Lower Cretaceous and Oligocene
Aquitanian predominate in the eastern area, in contrast to the larger limestone and sand-
stone outcrops in the west, where the largest mountainous formations in the province are
found. Between both anticlinal reliefs, we find a mostly Quaternary lithology composed of
detritic materials of colluvial and alluvial origin (sands, silts, and gravels), which give this
area a gentle sloping topography that forms an interfluve basin between two more clearly
defined basins (around the River Algar and River Amadorio).

From an anthropic point of view, the Barcel6 basin has always been on a communica-
tions route that connects the north and south of the province of Alicante by avoiding the
mountainous inland area. The ancient Roman roads gave way to a coastal road network,
which has gradually been split into several routes, accompanying the rapid growth of the
city and creating the four main communication routes of today: the N-332 road; the AP-7
motorway; the A-7 motorway; and the Valencia regional railway line. The perpendicularity
of these roads to the water flow has helped disfigure the historical drainage system [30],
causing the flow of water to follow the imprint of directional routes that are parallel to
the coast, and this has profoundly changed the hydrological behaviour of the flows. In
addition, these roads have led to surface sealing due to the recent proliferation of urban
developments and have even affected the size and shape of the middle and upper parts of
the basin.

3. Justification

A series of basic geographical observations can be made that justify selecting the
Barcel6 ravine for an analysis of the increased danger facing East Benidorm.

Firstly, in addition to the spasmodic rhythm of rainfall, there is a geological and
structural context that gives the study area a high geomorphological hazard classifica-
tion, according to the Territorial Action Plan for Flood Prevention in the Valencia Region
(PATRICOVA 2015 CC BY 4.0 © Institut Cartografic Valencia, Generalitat Valenciana) —see
Figure 2 [31].
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Figure 2. Geomorphological hazard zones are shown in brown. Source: Territorial Action Plan for
Flood Prevention in the Valencia Region [31].

Secondly, the impact of recent urban and communication developments on the territory
is highlighted by the rapid urban growth in recent decades, together with the major changes
made to key communication routes, which make hydrological analyses difficult (even for
the simple delimitation of the Barcel6 basin as offered by official information sources).

Thirdly, the definition of local territorial competences is important because this area
lies mainly between two different territorial jurisdictions. Although the lower part of the
basin belongs to the urban fabric of the city centre of Benidorm and its municipality, a large
part of the upper basin is in another municipality, La Nucia, which implies the need to
coordinate efforts and define joint studies and strategies.

Fourth, and finally, the recent increase in catastrophic events as the city has grown can
be seen in Figure 3. We have listed flooding episodes that coincide with tourism-focused ur-
ban developments in the city, based on a compilation of media news stories [32], local blogs
with articles related to the problems analysed [33], as well as the Flood Risk Management
Plan of the Marina Baja Area (of which Benidorm is part) [34]. This information has been
verified with weather data from the Spanish Meteorological Agency and the Valencian
Meteorological Association, as well as the National Catalogue of Historical Floods [35].

In the data collected, it was found that there was no data on precipitation before the
second decade of the 21st century. Furthermore, none of the events included in this research
appear in global databases on this subject, such as EM-DAT, although these events caused
noticeable damage in the area studied.

As this research developed, Benidorm City Council approved an action plan for the
risk of flooding [36], which identifies 21 danger spots throughout the city, of which eight
are in the urban area of the lower part of the Barcel6 ravine.

From the above, it is clear that the Barcel6 ravine is a main floodway to the urban
centre of Benidorm, whose most affected points are located in the eastern part of the city
(Figure 4), coinciding with the CV-753 road, Avenida del Almirante Bernat de Sarria, and
the N-332 road near the municipal cemetery (the point where waters enter the city and affect
hospital infrastructure, parking areas, sports, educational facilities, and even homes) [37].
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Figure 3. Cumulative flood events (1971-2022).
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Figure 4. In the municipal action plan for the risk of flooding in Benidorm, approved in 2022 [36], 8
of the 21 danger spots are located within the Barcel6 ravine (points 2 to 9 out of a total of 21).

4. Materials and Methods

The mapping of flood risk in our country has focused on calculating hazards over-
looked exposure and vulnerability, and therefore has an incomplete vision of the concept
of risk [5]. However, good risk mapping cannot be achieved without first characterising
hazards properly to avoid creating new spaces of risk [38].
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For the analysis of hazards, an adaptation of the hydro-meteorological method de-
veloped by the US Soil Conservation Service (SCS) in 1972, which converts rainfall into
discharge flow, has been used in our environment [39]. This methodology is required by
official administrations [40,41] for watersheds that do not have available discharge flow
data. The result of this study will serve to make a comparison with the mapping in the
official documents consulted [36], which support the management and planning of this
coastal area.

The Runoff Threshold is one of the most sensitive parameters [42] and, in turn, one of
the parameters that will have the greatest impact on the results of hazard studies. Therefore,
hazards have been calculated by adapting them to the analysis scale of a watershed with
small dimensions and deep changes in land use.

For the methodological proposal of the Benidorm case study (Figure 5), three lines
of work have been developed that cover the impact of land use and land cover changes:
a delimitation of the Barceld basin; a historical reconstruction of the changes in land use;
and finally, a calculation of the runoff threshold and estimation of flows using standard
methodology (considering the two previous aspects). All the lines of research have been
verified by fieldwork at specific locations. In turn, all the cartographic information used in
this paper has the reference system European Terrestrial Reference System 1989 (ETRS89)
zone 30 (EPSG25830).
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|

v v v v
GEOMORPHOLOGICAL HISTORIC HYDROLOGICAL HYDRAULIC Extent of hazard
. FLOODS PAM
v . I
Basic Hydrological Analysis RATIONAIL TET G MODELLING
AHB' istori
(AHB) Events Historics TR »  Extent of hazard

- {since 1971) 20 (Autors)
IBER 2.6.
Watershed Watershed RUNOFF
1956 2021

RUNOFF o= 'I .

THRESHOLD ydrologic

Watershed  Watershed (RDI) Soil Group

AN CEDEX CEDEX - 2014 [ 1956 ——»
(pixel 500 m) Land use > [ E————— Fanaast '
| 2021 —* : an cov!erc anges i
| (Pontius, 2004) |
Watersheds Slope T e i ;
Plan Marina Alta (>3% and <3%)

Figure 5. Outline of the methodology.

4.1. Hydrological Analysis and Delimitation of the Barcelo Basin

There is disagreement regarding the delimitations of the basin, and so a basic hydro-
graphic analysis or computational hydrology [43] has been conducted using the set of tools
included in most GIS programmes (in this case, QGIS and SAGA GIS). The basis for this
analysis was a digital surface model made with the TIN method and with an accuracy of
one metre from a LiDAR mapping (light detection and ranging or laser imaging detection
and ranging) whose official description is ‘Mapa-LiDAR 2019 CC-BY 4.0 as published by
the Instituto Geografico Nacional. The density of the LIDAR point cloud is a minimum of
0.5 points per square metre (first returns), with a point spacing < 1.41 metres. From a basic
filtering of the LiDAR data, road infrastructure and buildings have been included in the
DEMs used for both hydrological and hydraulic analysis.

The basin indicated by the Jicar Water Authority (Confederacion Hidrografica del
Jucar) and the basin termed the “urban basin” in the Benidorm flood plan [36] were taken
as references and compared with our own delimitation made from a reconstruction of
the basin based on historical maps such as ‘National Topographical Map (MTN50)—with
information between 1915 and 1960’ (these maps are colloquially known as “catastrones’ due
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to the type of paper on which they were printed and have been available since 2016 in the
Web Map Service of the Instituto Geografico Nacional, together with aerial photographs of
the “American Flight, Army Map Service, 1956-1957 CC-BY 4.0 Series B’). In this way, we
have made a historical reconstruction and compared the various delimitations of the basins
shown in official maps to analyse the cause of these differences.

4.2. Historical Changes in Land Use

Due to the implications of a change in runoff and the increased danger of floods, a
quantitative analysis of the drastic changes in the study area has also been made. For
objective criteria on the changes in recent land use and land cover in the Barcel6 watershed,
we used aerial photographs from 1956 as well as the most recent images from the National
Aerial Orthophotography Plan of the Instituto Geografico Nacional (‘'PNOA 2021 CC BY
4.0"), in addition to constructing GIS vector layers from the reclassified information of the
databases of the Information System for Land Occupation in Spain (SIOSE) and the 2018
Corine Land Cover data, to adapt to a reference scale of 1:25,000 vector layers and raster
layers with a pixel resolution of 50 cm. The Land Cover data in Spain, both CLC and SIOSE,
share the same standardised support provided by the European Environment Information
and Observation Network (EIONET Network) of the European Environment Agency (EEA).
SIOSE has become a large geographic information infrastructure for multidisciplinary use
and is periodically updated, ready for integration with other European land cover databases
(e.g., CORINE Land Cover) and worldwide (e.g., Global Cover), and constitutes one of the
best examples of geographic information harmonised in its databases and standardised
in its procedures [44]. These two data sources are not exactly comparable; however, they
are complementary for our purposes. The digitised raster data from aerial photography,
with the help of fieldwork and the consultation of cartographic documentation from each
period, allow us to improve the spatial resolution of the CLC data and reduce its ambiguity
at a detailed scale. The classification used for the unification of both land use data sources
is given in [38], where hydrological behaviour is equated with land use.

The reclassified land use classes that most influence changes in runoff are: (1) artificial
surfaces and settlements; (2) irrigated crops; (3) rainfed crops; and (4) forest and scrub.

Using the SAGA and QGIS programs, each class was assigned specific codes (according
to the year) to make a time intersection of the layers of uses and coverages obtained from
the interpretation of the 1956 and 2021 flights.

With the results of each class, cross-tabulation matrices were made for the Barceld
watershed to identify the persistence, gain, and loss in land use for each case. Additionally,
other parameters were found that have been offered as percentages, such as total change,
exchange, and net change, to enable a detailed determination of the land use and land
cover changes.

Table 1 shows the calculations made to obtain the parameters shown in [45,46]. The
exchange value (S) results from twice calculating the minimum value between gains (G)
and losses (Ls). This calculation assumes that each cell that gains is paired with a cell that
loses, thus producing an exchange. The net change (NC) results from the absolute value
of the difference between G and Ls, with the result corresponding to the cells that did not
exchange. The total change (TC) was calculated from the sum of NC and S.

Table 1. Calculation of land use and land cover change (LULC) parameters according to the method-
ology in [45,46] Authors.

LULC Gain (G%) Loss (D%) Total Change (TC%) Swap (S%) Net Changes (NC%)
1 LULC Class Gl L1 TC1=Gl+L1 51 =2 x min (G1 & L1) CN1 = |G1-L1|
n LULC Class Gn Ln TCn=Gn +Ln Sn =2 x min (Gn & Ln) CNn = |Gn-Ln|
Totals Gl+...+Gn L1+...+Ln (TC1+...+TCn)/2 S1+...+5n)/2 (CN1+...+CNn)/2
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4.3. Calculation of the Runoff Threshold

The severe change in the rural landscape, the disappearance of traditional rainfed
agriculture, and the increase in artificial surfaces have drastically changed the runoff
threshold and increased the amount of water that reaches the mouth of the ravine in the
centre of Benidorm. This aspect is the third line of work of the research and includes the
consideration of this landscape change in the calculation of the runoff threshold by means
of applying the curve number method developed by the Soil Conservation Service (which
has been constantly updated since 1972) and the Spanish Road Drainage Standard 1.C.5.2.
(a standard that must be observed when making flood studies in Spain and which includes,
following its revision in 2013, an adaptation of its methodology for calculating flows
in small basins in the SE Iberian Peninsula). Important methodological proposals have
also been considered in specific studies related to ephemeral streams in this geographical
area [1,47,48]. Thanks to these contributions, it can be inferred how the situation has
worsened at the mouth of the Barceld ravine at Racé de L'oix (East Benidorm) using
hydraulic modelling with the Iber programme [49] (a freely distributed two-dimensional
mathematical model that is frequently used and recommended by the state administrations
and was developed in collaboration with Spanish research groups and the Centro de
Estudios Hidrograficos).

5. Results

From the very beginning, it was difficult to establish a clear delimitation of the basin
because of the significant changes suffered in the study area. To make a detailed reconstruc-
tion, we used the most recent and detailed official LIDAR information from the second
LiDAR flight of the National Aerial Orthophotography Plan [50] for the basic hydrographi-
cal analysis, together with intense fieldwork and historical geographical information.

This detailed layout of the watershed was compared with the official mapping of
the basin as shown in the data produced by the Jacar Water Authority. The comparison
revealed discrepancies between our detailed map and the official map, and several areas
were worth analysing in greater detail.

To better understand the differences, the various delimitations of the basin are shown
in Figure 6, namely: the delimitation obtained from fieldwork and historical geographical
information; the delimitations on the official maps produced in the Benidorm flood plan
and by the Jucar Water Authority; and finally, the delimitation calculated from a 1-metre-
pixel digital elevation model produced from data captured on a LiDAR flight. The vectorial
superimposition in QGIS of the obtained versions enabled us to identify the four areas with
the greatest differences (Figure 7) so that we could make a further analysis.

Zone 1, corresponding to the headwaters of the watershed, includes sectors that the
other three delimitations do not consider to be within the watershed. The detail shown
below (Figure 6) reveals how the Benidorm flood plan includes part of a watercourse that
runs to the west of the Barcelo watershed and corresponds to the Lliriet ravine (and which
is outside the Barcel6 watershed).

Zone 2 is the territory to the north of the regional railway line. All the maps include
this zone as being within the Barcel6 basin, except for the delimitation we have made
from the basic hydrographic analysis and the surface digital model with 1-metre precision
(LiDAR). After an exhaustive analysis of the fieldwork, the conclusion is that this portion of
land cannot be connected to the Barcel6 watershed, as the cultivation terraces and railway
embankment create an authentic drainage divide (see Figures 7 and 8). The historical
cartography reveals the profound man-made alteration of the area and how the drainage
pattern has changed.
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Figure 6. Top left (A), the watershed calculated from a digitisation of the planimetric sketches
(catastrones); top right (B), the watershed shown in the Benidorm flood plan; bottom left (C), the basin
calculated from a basic hydrographical analysis based on the 1-m digital terrain model; and bottom
right (D), the watershed as officially defined by the Jtcar Water Authority.

& 75 5

historical (F
n Watershed: Benidorm flood plan
==== River (AHB with surface digital model 1m LiDAR - 2016)
—=- Rvers (CHJ)

* Watercourses shown in the Marina Alta plan

< Danger points in the Benidorm flood plan

delBafcelo

Figure 7. Representation of all the watersheds-highlighting the areas where the disparity between
the delimitations is greatest. Two details from points 2 and 3 are included.
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Figure 8. The railway that divides the basin. Authors.

Zone 3 includes the dividing line between the two urban basins (the Lliriet and
Barceld) that flow into the Racé de L'oix neighbourhood in East Benidorm. This area
is the most conflictive, as the layout of the basins has been radically altered by recent
urban developments that have superimposed a street layout on the hydrographic network
(Figure 7).

Finally, zone 4 corresponds to the delimitation of the basin that extends along the
south-western slope of the Serra Gelada mountains and where the Benidorm flood plan
map excludes a large watershed (thereby eliminating all the water that this mountain range
drains to the urban areas). Figure 7 shows that the flooding danger points, as defined by
the Benidorm flood plan, coincide with this drainage network descending from the Serra
Gelada (which is clearly shown in the LiDAR 1-metre mapping contained in the basic
hydrographic analysis made in this work).

The discrepancies analysed are shown on the official maps, which offer the greatest
level of detail. If we resort to less detailed maps, such as the master plan for flood defence
in the Marina Baja Region, also produced by the Jicar Water Authority but at a smaller
scale [51], the differences increase considerably in comparison with those shown so far (see
Figure 9).

5 000 Meters

Figure 9. The watershed of the study area is shown in the master plan for flood defence in Marina
Baja [51].
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An analysis of the official geographical information for the Barcel6 watershed confirms
the importance of scale in these small watersheds and the importance of using historical
information for the reconstruction of the landscape. The use of the most current and detailed
geographic information (the LiDAR flight) and fieldwork is also essential to confirm the
results.

5.1. Changes in Landscape and Land Use

The major dynamic of the land use and land cover changes in the Barcel6 watershed
has been net changes and swaps, and these affect rainfed crops, forest and scrub, and
artificial surfaces and settlements. This shows a significant change in land use for around
70% of the study area, which, from a quantitative point of view, means the complete
disappearance of dry farmland. This disappearance has meant the elimination of almost
50% of the old cultivation terraces (now abandoned, in the process of destruction, or
invaded by forest and sclerophyllous scrub). The remaining dry farmland has been replaced
by urban development and, to a lesser extent, by irrigated farmland.

From a qualitative point of view, a significant increase in artificial surfaces and infras-
tructure is notable (see Tables 2 and 3), and this is an important change if we consider the
percentage occupation of this type of land use. This is not the main change from the point
of view of surface data; however, it is significant if we consider that artificial areas have
increased mainly at the cost of farmland. In the Table 2 the most notable changes have been
highlighted in bold.

Table 2. Land use change trend analysis table (1956-2021), Barcel6 watershed. Authors.

LULC Gain Loss Total Change Swap Net Changes Persistence
(%) (%) (%) (%) (%) (%)
Artificial Surface-Settlements 37.34 0.02 37.36 0.04 37.32 7.47
Irrigated crops 6.38 13.06 19.44 12.75 6.69 8.35
Rainfed crops 0 52.90 52.90 0 52.90 0
Forest and scrub 26.88 4.61 31.49 9.23 22.26 13.59
Totals 70.59 70.59 70.59 11.07 59.59 29.41

Table 3. P transition matrix table (land use and land cover changes, P MATRIX) of land use changes
(1956-2021) for the Barcel6 watershed. Authors.

2021
gfltrlfﬁ:cli Irrigated Rainfed Forest and Totals Loss |
Settlements Crops Crops Scrub (1956) (Ha)
Artificial Surface- 114.30 0.1224 0 0.16 114.58 0.28
Settlements
1956 Irrigated crops 129.56 127.77 0 70.28 327.61 199.84
- Rainfed crops 372.11 96.46 0 340.7 809.27 809.27
Forest and scrub 69.62 0.95 0 207.84 278.41 70.57
Totals (2021) — 685.59 225.30 0 619.02 1529.87 1079.96
Gain (Ha) — 527.29 97.53 0 411.14 1079.97 Persistence = 449.91

By analysing the intermediate stages between 1956 and 2021 in the historical aerial
photographs, we can see that most of these changes occur from 1986 onwards, as can
be seen in the 1980-1986 national flight (Instituto Geografico Nacional). In other words,
the change in land use, shown in Table 3, and the catastrophic events have a certain and
worrying relationship.

The concentration of land use and land cover changes has developed, firstly, due to
the disappearance of dry farmland in its entirety, which largely gave way to the woodland
and forest (dark green on the map in Figure 9) that occupies much of these abandoned and
degraded spaces. Secondly, the replacement of some of the old dry farmland terraces (olive



Geosciences 2023, 13, 247

12 of 21

groves, carob trees, etc.) and much of the irrigated land by artificial surfaces (an extensive
network of motorways, paved roads, housing, and industrial estates), as shown in red in
Figure 10, is of such strategic importance that these artificial areas preferentially occupy the
areas most attractive to the new economic objectives associated with tourism.

0 500 1,000 500 1,000 2,000m
e 4 e

} Forestal ‘ Regado \ Secano \ \ Ocupacién antrépica

Figure 10. (left) land uses in the Barcel6 watershed in 1956 from the photointerpretation of the
American Flight Series B; (right) the correction of the land uses in the SIOSE Land Occupation in
Spain database from a photointerpretation of the Instituto Geografico Nacional flight of 2021.

5.2. Runoff Threshold and Its Effect on Land Use and Land Cover Changes

This part of the research is focused on the consequences of the profound change in
landscape and land use to determine how they affect the calculation of runoff threshold
values (Pp).

Table 4 shows the flows have been calculated by applying various hydrometeorological
methods (the rational method and a method adapted to small basins in eastern Spain
included in IC.5.2) to obtain the value of the runoff threshold for the land uses as interpreted
from the 1956 American Flight Series B and for current land uses as verified in the fieldwork
(Figure 11). Two types of calculations have been made for current land uses: the first with
the total length of the riverbed (including the urban layout in the lower part of the basin)
and the second with the layout of the natural riverbed (only including the still-identifiable
sections). The results obtained have been compared with the official runoff threshold data
that the Ministry entrusted CEDEX (Py Spain) [52] (Figure 12).

Table 4. Runoff threshold results and flow rates calculated from sources for the Barcel6 ravine.

Area Wa- Length

Source Method tershed Stream Experiment .25 T.100 TL.500 P
2 Years Years Years 0
(Km?) (Km) (mm)
Rain (128 mm) (165 mm) (235 mm)

Land use 1956  Rational method 11.01 7.25 Exp-1 16.6 32.6 69.8 27.43
Rational method 12.42 6.03 Exp-2 28.4 51.50 103.5
IC5.2. 12.42 6.03 Exp-3 28.4 103.4 246.0

Land use 2021 (2016) 12.42 8.16 Exp-4 245 445 89.5 22.21
12.42 8.16 Exp-5 24.5 88.1 210.6

Py Spain Ratlo?élg)n;ethod 12.22 6.13 Exp-6 44.5 73.5 134.8 1475
SN 12.22 6.13 Exp-7 445 183.9 4309

(2014)
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Figure 11. Runoff thresholds from the sources used.
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Figure 12. Runoff threshold map for the Barcel6 watershed. Source: official mapping for Spain [52].

Table 5 shows the peak flows for the Barcel6 ravine were taken from the hydrographs,
as detailed in the master plan for flood defence in the Marina Baja (Estudio de soluciones
barrancos Lliriet, Barcel6, Murtal y Xix6) [34].

Table 5. Peak flows for the Barcel6 ravine, plan for flood defence in the Marina Baja [34].

Return Period T.25 Years T.100 Years T.500 Years

Specific discharge 4 mm 12 mm 25 mm

Finally, the flow data obtained from results exp. 1 and 3 in Table 4 was modelled using
the Iber 2D hydraulic modelling program. Figure 13 shows the danger spots indicated in
the Benidorm flood plan (2022) [36], based on my own modelling with the official hazard
categorisation of the Territorial Action Plan for Flood Prevention in the Valencia Region
(PATRICOVA) [31].
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Figure 13. Results of the hydraulic modelling carried out with the IBER application using runoff
values from 1956 (left map) and 2021 (right map). The relief modelling has been carried out based on
a DEM with an accuracy of 1 metre. Authors.

Figure 14 has been included as a graphic example where the consequences of these
events can be visualised on Benidorm’s Levante beach, where the Barcelo ravine flows into

the sea.

Figure 14. Flooding on 5 October 2014 at Benidorm’s eastern beach, in the Rac6 de L'oix and La
Carxana neighbourhoods. This sector of the beach is affected by every event, the most recent of which
was on 19 September 2022. Source: BY CC Meteored, Tiempo.com.
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6. Discussion

Official geographical information sources publish differing borders for the Barcelo
basin, and this represents a fundamental problem. In some cases, such as the basin delimited
by the Jucar Water Authority, the differences can be attributed to the scale of work, since the
official cartography used for the National System for Mapping Floodable Zones (SNCZI) is
made on a general scale for the whole nation, which applies a scale lacking the necessary
detail for a small basin. Disparities in the maps of the various local authorities make it
necessary to propose a geographical description of the basin that unifies these versions or
that clarifies in the metadata how each map should be used in flood studies (as they are
official documents).

Although the study area includes a system of the LLiriet and Barcel6 ravines [51],
which flow to the same point, this research focuses on the delimitation of the Barcel6 basin
because it is the best example of the problems that can arise when delimiting a basin that
has undergone considerable change.

The land use and land cover change analysis (P-Matrix) shows the profound changes
suffered since the 1960s with the implementation of an economic model based on tourism
and intensive urban development [32]. These changes in the study area took place in
the middle of the last century, when traditional agriculture occupied most of the basin
in the form of terraces at the bottom of the ravines. In the aerial photographs of the
American Flight (Series B of 1956), we can see the roads that correspond to some of the
main current communication routes (the N-332a national road and the regional railway
Alicante-Denia) [38] that run perpendicular to the drainage of the river courses.

The drastic transformation of the landscape and the significant level of change in the
occupation of the territory explain much of the increase in the danger of flooding. Dry
farming was terraced and relied on the infiltration of scarce and spasmodic rainwater into
the fields. It was a form of farming oriented towards the retention and use of these flows
and captured a large part of the water in circulation to favour the creation of fertile soil
from the sedimentation of suspended materials [53-55].

The disappearance of this terraced landscape, made for the retention and infiltration
of floods, even if replaced by ruined structures invaded by scrub and trees, implies an
increase in the water circulating on the surface during the heavy showers typical of the
climate of this area (with variations that reflect changes in vegetation) [56].

Moreover, if we consider the multiplication of road infrastructures perpendicular to
the flow of water and the expansion of artificial surfaces linked to settlements [57], we
can assume an increase in the risk of flooding due to the increased circulation of water,
together with the alteration of the watercourses due to the creation of road infrastructures,
and, finally, the increased exposure of inhabited areas. All these aspects, as caused by the
recent change in land use, must be considered in the calculation of the runoff threshold.

After applying the standardised methods for flow estimation, this precipitation can
reach values of 430.9 m3/seg (Table 4). This figure is clearly overestimated because runoff
threshold data taken from a mapping of the whole of Spain [52] is unsuitable for small
catchments. The half-kilometre-pixel spatial resolution used in this information (Figure 12)
produces a highly arbitrary and geographically inaccurate assessment for such small
watersheds. Even so, these values could be indicative examples of what may happen if
measures are not taken to reduce soil sealing.

The runoff threshold value (Py) calculated for 1956 doubles the Py value for Spain
(Table 4 and Figure 11) based on the official government source for all of Spain. This
doubles the resulting flows (from 69.8 m3/seg for a 500-year return period to 134.8 m>/seg
using the rational method). When applying the formulas in the method given for drainage
in Road Instructions IC.5.2 published by the Spanish Ministry of Works and Planning, we
can see how the values shoot up to 430.9 m3/seg for the same 500-year return period.

The report of the flood defence master plan for the Marina Baja reveals that the urban
water collector for the Barcel6 ravine has a capacity of 15 m3/seg. If we compare the
capacity of this collector with the calculations obtained previously, we see that it is clearly
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insufficient, not only for the lowest results but also for the flow for the 500-year return
period included in the study of solutions for the Barcel6 ravine in the master plan for flood
defence in the Marina Baja [34].

Faced with this situation, the priority measures implemented are structurally chan-
nelling the flow to take it to the sea as quickly as possible. However, the canalization
of the final sections, instead of solving the problem, aggravates it [58], since structural
solutions not only fail to reduce flood damage [8,59] but also do not provide a response to
the challenges of climate change [60]. Annex 2 of the master plan for flood defence in the
Marina Baja is dedicated to this ravine and defines a series of non-structural and structural
corrective measures for the Barcelé and Lliriet channels (which are considered a single
system) [51].

The non-structural corrective measures proposed in this plan are very basic (creation
of appropriate flood risk mapping, development and approval of Municipal Action Plans
for Flood Risk, review of municipal urban planning, and a series of recommendations for
promotion and dissemination). It is essential that affected citizens are aware of the risk [61].
However, at no time is any hydro-forestry action or action on runoff to reduce the amount
of water reaching the lower part of the basin considered.

Therefore, it is necessary to add integrated management to the specific actions defined
in the Benidorm flood plan [36] currently being implemented, such as the conditioning
of the rainwater network. It is important to improve rainwater systems dimensioned for
intense precipitation in tourist cities [24], such as the case at hand, as included in the man-
agement documents consulted; however, these structural measures must be complemented
with effective non-structural measures. Figure 13 shows that the danger points in this plan
coincide with the watercourses descending from the slopes of the Serra Gelada (to the
east of the basin), so in the modelling included in the municipal action plan, it is assumed
that the existing rainwater network is well dimensioned (Figure 4). This means that there
are discrepancies between the hazards of official documents and the hazards of our own
elaboration. A good risk map cannot be made unless the criteria for hazard analysis are
unified beforehand.

The renaturalisation of the river beds is not feasible in areas that have undergone such
profound changes. However, it would be advisable to reduce runoff by revising municipal
plans and adding corrective measures in the middle and upper parts of the basin to the
works already carried out in the lower part of the basin. Such measures would reduce soil
sealing and so reduce the flow reaching the mouth (where the consequences of flooding are
the most severe).

Finally, actions carried out in the middle and upper parts of the basin would have
a decisive effect downstream on the volume of water reaching the centre of Benidorm.
Likewise, for an integrated management of the basin, it is necessary to agree on measures
that integrate the municipalities responsible for the basin, since part of the upper basin, in
which there is a considerable degree of occupation, is in the municipality of La Nucia.

7. Conclusions

Much of the city of Benidorm is exposed to the damaging consequences of flash
flooding. Rapid urban growth has been associated with a lack of urban planning, a lack of
foresight for handling the flows that descend from the surrounding hills, a lack of effective
drainage, elevated levels of occupation, and the complete disappearance of the lowest
section of the river course. It was not until the flood of 5 October 1971, that a modification
to the general city plan prohibited the construction of buildings on the riverbed (but it
was still permitted on the slopes and banks of the riverbed). Such measures served little
purpose since these fluvial spaces are now completely occupied by urban construction [33].

Most changes in land use are irreversible; however, they can be better adapted through
a planning policy that recognises the problem. The affected territories can be made more
resilient; this is the line of work followed by the institutions with competence in this
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field [62]. This implies actions that are more than just structural and can mitigate the
consequences of extreme rainfall.

Such watercourses have increased rapidly in artificial areas and on sealed surfaces
because of an acceleration of flow, decreased infiltration, and dragging of suspended ma-
terials, and there has also been the complete disappearance of farmed areas that caused
a deceleration and lamination of flows as well as increased infiltration and sedimenta-
tion. In these areas, urban planning should not focus on structural measures alone but
on more comprehensive measures for flood prevention while considering the peculiar-
ities of wetlands that have been invaded by the rapid growth of urban developments.
Together with essential hydraulic actions, priority must be given to the design of green
infrastructure [63,64] in the remaining unsealed areas in the middle and upper basin areas.
An understanding of the historical functioning of these watercourses must be applied by
creating blue infrastructure [65-67] that will help to restore, albeit partially, the historical
runoff conditions prior to urban development, at least in those areas that have not yet
been sealed. These measures must be agreed upon between all jurisdictions comprising
the catchment in order to comply with PATRICOVA specifications, which state that any
measure must not increase damage downstream.

We cannot forget that this change in land use is taking place in the context of climate
change [5,14,22,25,63,68-71], where there is an increase and change in the seasonality
of rainfall and floods. Therefore, responding appropriately is increasingly urgent; we
cannot simply wait for more catastrophic events. It is advisable to avoid easy and short-
term solutions. State administrations must diagnose the problems in detail, as has been
conducted in the Benidorm flood plan, and take structural and non-structural measures
that will mitigate the disastrous consequences of floods and help prevent their aggravation
in the future.

Nor must we forget to raise social awareness and work with neighbourhood groups
in affected areas by publicising the problem, the solutions, and the remedies that could be
adopted in the future to win public support for tackling the problems more effectively.

Although current trends emphasise the importance of downscaling for studies on
adaptation to climate change [63], it is essential to use a scale that allows for the integration
of neighbouring municipalities in the analysis. These river basins cannot be delimited by
local administrative boundaries, and what happens in a neighbouring municipality can
severely affect downstream and the river’s mouth.

A better understanding of the functioning of these events is necessary so that we can
specify appropriate measures. Maps with inappropriate scales cannot be used without
considering the transformations made in the basin due to drastic changes in occupation.
Measures must be coordinated between all jurisdictions comprising the catchment in
order to comply with PATRICOVA specifications, which state that any measure must not
increase damage downstream. It would be highly recommended to support research on
the behaviour of floods in these channels and how they impact the new urban fabric.
Such research deserves to be conducted with a high level of detail. The capture of data
from drones and suitable sensors would enable us to greatly improve the geographical
information available. This case study of the Barceld basin in Benidorm illustrates a
situation that occurs in many other places in the Spanish Mediterranean, and so the results,
discussion, and conclusions of this work and future methodological revisions could help
alleviate the serious problem of changed ephemeral watercourses caused by rapid urban
growth that is found in many areas of the Mediterranean.

In conclusion, good risk mapping cannot be conducted without accurate hazard
delineation. This requires an accurate representation of the area using any techniques
(mathematical models, geomorphological analyses, radar interferometry, etc.) that allow
a faithful representation of all the elements that modify surface runoff, including road
infrastructure.
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