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Abstract

This paper analyses the Girona River (Spain) flash flood, occurred on the 12th of
October 2007, combining hydrological and hydraulic modeling with geomorphologic
mapping and post-flood survey information. This research aims to reproduce the flood

event in order to understand and decipher the flood processes and dynamics on a system
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of overlapped prograding alluvial fans. The hydrological model TETIS was used to
characterize the shape and dimension of the October 2007 Girona River hydrograph.
Subsequently, the flood event was reproduced using the free surface flow module of the
model RiverFlow2D. The combination of hydrological and hydraulic models was
evaluated using post-flood surveys defining maximum flooded area and flood depths.
Then, simulations with different peak discharges were carried out to estimate the hydro-
geomorphologic response of the Girona River floodplain, through the identification of

the activation thresholds in different geomorphic elements.

Results showed that the unit peak discharge of the October 2007 flood event (5 m’ s™
km™) was among the largest ever recorded in the area, according to the existing
literature. Likewise, the hydraulic model showed a good performance in reproducing the
flood event (Fita = 76 %, RMSE = 0.65 m and NSE = 0.6), despite the complexity of
the case, an ephemeral and ungauged river. The model simulation revealed the existence
of an activation pattern of paleochannels and alluvial fans, which was altered by the

presence of some anthropogenic disturbances.

This multidisciplinary approach proved to be a useful strategy for understanding flash
flood processes in ungauged catchments. It allowed understanding the mechanisms
governing floods in alluvial fans systems and it represented a solid contribution for

early warning plans and risk mitigation policies.

Keywords: Flash floods; hydrological modeling; hydraulic modeling; alluvial fans;

post-flood surveys; geomorphologic mapping; Mediterranean Spain.
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1. Introduction

Flash floods are a recurrent cause of damages and fatalities. According to Barredo
(2007), 40% of the flood-related casualties that occurred in Europe in the period 1950—
2006 are due to this type of flood events, which take place in different geographical
scenarios (Gaume et al., 2009; Marchi et al., 2010; Borga and Morin, 2014; Llasat et al.,
2014). However, they are particularly frequent and relevant in ungauged ephemeral
streams in arid and semiarid zones (House and Baker, 2001; Yatheendradas et al.,
2008). These events are a consequence of intense rainfall and sudden runoff generation.
The flash flood hydrographs have steep rising limbs, sharp peaks and large transmission
losses (Nanson et al., 2002). The runoff coefficient has a high variability (Camarasa-
Belmonte and Segura-Beltran, 2001; Braud et. al., 2010) depending on basin lithology,

soil characteristics and antecedent soil moisture.

In the Western Mediterranean region, flash floods usually occur in spring and autumn,
when intense, heavy and irregularly distributed rain takes place (Segura-Beltrdn, 1990;
Camarasa-Belmonte and Segura-Beltran, 2001; Barredo, 2007; Gaume et al. 2009). The
particular conformation of the Mediterranean basin, with high mountain ranges close to
the sea, steep slopes, sparse vegetation, thin soils and permeable rock, enhances the
magnitude of these natural events. Alluvial fan coastal systems, such as the Girona
River floodplain (eastern Spain), introduce a major complexity on flooding processes
and risk management (Segura-Beltran, 2003; Santangelo et al., 2012), because of the
uncertainty derived from convex topography, channel mobility and overlapping

sequences.
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The impact of flash floods in this region is increased by the intense human use of the
narrow Mediterranean coastal plains. These areas, densely populated, concentrate the
most part of the urban developments, infrastructures and economic activity of the
region. The absence of sound territorial planning in these vulnerable areas usually
worsens the consequences of flash floods (Barrera et al., 2006; Lara et al., 2010;
Camarasa-Belmonte and Soriano-Garcia, 2012). For these reasons, improving the
knowledge on these phenomena is a critical factor in developing resilient adaptation

strategies (Creutin et al., 2013).

Despite the fact that there are numerous studies on flash floods, event comprehension
and flood risk management are not easy tasks. In the last decade, numerous hydrological
(Pilgrim et al., 1988; Vélez and Francés, 2005; Braud et al. 2010) and hydraulic models
(Hall et al., 2005; Bates et al., 2006; Pappenberger et al., 2005 and 2007; Schuman et al.
2009; Di Baldassarre et al.2009; Murillo and Garcia-Navarro, 2010; Lacasta et al.,
2014) have been developed to simulate flood hydrographs and flooded areas. However,
the specific space-time scales of flash flood events, the lack or scarcity of rainfall and
streamflow data, and the short lag time are a cause of high uncertainty. In order to
overcome these difficulties, flash flood modeling requires an integrated approach that
includes, besides the hydrological and hydraulic models, information such as hydro-
geomorphic mapping and post-flood surveys (Borga, et al. 2011; Gaume and Borga,
2008; Marchi et al. 2010) so as to incorporate qualitative information to achieve a better

understanding of flood processes.
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This study analyses the Girona River flash flood, which occurred on the 12" of October
2007. This event caused one casualty and material damages to 1,000 buildings, 1,500
vehicles and numerous agricultural and road infrastructures. Rainfall parameters were
exceptional, in terms of intensity and accumulated precipitation. In some locations,
more than 400 mm accumulated rainfall was registered in 48 hours. The fact that this
flash-flood has been well documented (Segura-Beltran, 2009; Pastor et al., 2010) and
the development of geomorphologic works bring us some new approaches in order to
test hydrological and hydraulic models, considering post-flood surveys and hydro-
geomorphic mapping in order to validate the hydrologic and hydraulic models used to

simulate the event.

Our study has four major objectives: i) to implement a hydrological and a hydraulic
model in order to reproduce the October 2007 flash flood, ii) to evaluate the model
performances in reproducing the aforementioned flood event through the comparison
between model results and post-flood survey levels information, iii) to understand and
decipher the flooding processes in alluvial fans systems combining the use of
geomorphologic mapping and hydraulic simulations, and in addition, iv) to provide

information to improve flood risk management.

2. Study site

2.1. The Girona River basin
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The Girona River basin is located in the Eastern part of the Iberian Peninsula, within the
administrative territory of the Province of Alicante (Spain). The river flows through the
Baetic Cordillera from west to east, along 32 km. The basin area at the river mouth into
the Mediterranean Sea is 117.7 km”. The catchment encompasses various calcareous
mountains with a SW-NE orientation, separated by several corridors covered by
Miocene marls (Figure 1). The river is semi-ephemeral, and presents high transmission

losses, combining dry, intermittent and wet reaches.

The Girona River sources are located at 1,300 m above the sea level. The river crosses
the Ebo Valley, a graben filled with tertiary marls, and downstream it flows through the
Laguar Valley, a deep calcareous canyon cut across Secondary deposits. This canyon
was used in 1945 to construct the Isbert Reservoir (capacity 1 Mm®), now partially
silted and abandoned. Downstream, at the Rectoria Valley, the river built a large

floodplain. The river flows into the Mediterranean at the Almadrava Cape.

The climate in the area is Mediterranean. Mean annual rainfall is between 600 and 900
mm, with a maximum in autumn and a secondary peak in spring. Rainfall intensity in
this area is the highest of the Iberian Peninsula (Martin-Vide, 2004) and the maximum
accumulated rainfall in 24 hours is close to 1,000 mm at some observatories
neighbouring the Girona River (Armengot, 1994). Consequently, flash floods are

frequent, particularly in October.

2.2. The floodplain
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The Girona floodplain is made of a complex sequence of Quaternary prograding and
coalescent alluvial deposits. Early Pleistocene sediments are present at the inner part of
the floodplain (Lendinez et al, 2008), at the Rectoria Valley. This valley is flanked by
the Segaria and Segili mountains, and several small torrential fans (Figure 2). The
mountains constrain the alluvial fan expansion, creating a bajada of 5°-6° slope. The
Girona River dissects this bajada through a train of meanders, incised in late Quaternary
terraces. Two parallel tributaries (Bolata and Trullencs) drain the lateral inter-fan

depression (Figure 2).

Downstream Beniarbeig, the coastal plain widens. The Girona River has created a large
alluvial fan coalescent with the Alberca Ravine sediments, which Vegas et al. (1975)
attribute to Middle Pleistocene. To the west, the alluvial fan is flanked by the Segaria
Mountains, formed by highly karstified Secondary limestone. To the south, various
Tertiary marly hills (Els Tossals, Torrecarrals) close the river floodplain. A Late
Pleistocene alluvial fan (Vegas et al., 1975) overlaps the Middle Pleistocene materials
upstream El Verger. This is an active fan, which has several lobes between El Verger
and the Mediterranean Sea. Finally, at the river mouth, there is a small Holocene fan

that forms a protuberance in the coastline (Almadrava Cape) (Fig. 2).

This system of overlapped and prograding alluvial fans, characteristic of the Valencian
coastal area, exhibits a complex surface morphology of multiple-age segments.

The internal stratigraphy of these systems reveals an ‘ageing’ sequence characterized by
a ‘regime change’ from aggradation to dissection. Periods of aggradation appear to have
coincided with Pleistocene global glacial phases and dissection phases relate to

interglacials (Segura-Beltran, 1990; Segura-Beltran, 2003 and Harvey, 2012). However,
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the Holocene deposits appear to be unusual. Although most fan proximal areas are
dominantly dissectional, many distal zones prograde, probably due to human-induced
erosion (Harvey, 2002). This complex Quaternary sequence originates a prograding
style. Prolonged fanhead incision causes downstream migration of the intersection
points, as the fan morphology becomes progressively ‘telescopic’ (Harvey, 2012). The
morphology of these fan systems has a determinant influence on flood hazard
assessment. On prograding alluvial fans, flow usually exceeds the capacity of the stream
channel at the apexes and intersection points, paleochannels drain fan surface, and inter-

fan depressions and marshes accumulate overbank flow (Segura-Beltran, 2003).

2.3. The October 2007 flood

The synoptic frame of the meteorological situation leading to the torrential rains of 11—
12 October 2007 in the Valencia region was characterized by two phenomena: i) an
easterly maritime wind advection across the Western Mediterranean, lasting for at least
48 hours, and ii) the presence of an upper-level isolated low over the Eastern Iberian
Peninsula. The arrival of a moist air mass over the Valencia Region, and the presence of
a cold pool aloft; caused torrential rainfall. The event was extensively described at the

regional scale by Pastor et al. (2010).

The intense rainfall generated a flash flood, which affected the villages of Beniarbeig,
El Verger and Els Poblets, and also the coastal urban area (Figure 1). At Beniarbeig, the
CV-732 Bridge was destroyed. At El Verger, the flood was 2.4 m depth in some houses
located on the river bank, and the river flow demolished a house and killed a woman.

Most of the urban area of Els Poblets was also affected by the overbank flow.
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According to Segura-Beltrdn (2009), who analysed 12 observatories (Figure 3)
belonging to the Automatic Hydrological Information System (AHIS) of the Jucar Basin
Authority (JBA), rainfall varied between 250 and 420 mm. The highest intensities (>
150 mm/h) were recorded between 10:00 and 12:00 AM (12th October), particularly.in
the middle and upper basin areas (Figures 4a and 4b). Considering a mean catchment
rainfall value of 343 mm, total rainfall was 35.2 Mm®. Rainfall progressively increased
from the coastline to the inland areas. The highest rainfall values were recorded within
the mountain areas (420 mm), whereas in the coastal plain precipitation was between

250 and 300 mm.

The flood was generated in the headwaters area, and progressed towards the coastal
area, supplied by the upper and middle basin tributaries. However, the low basin
tributaries, such as Segaria Mountain Range ravines, did not have relevant flow

(Segura-Beltran, 2009).

3. Materials and methods

This study combined hydrological and hydraulic modeling with geomorphology and
post-flood survey in order to reproduce a particular flooding event and understand and
decipher the flooding processes using geomorphologic mapping. First, the hydrological
model TETIS (Francés et al., 2007) was used to estimate a range of possible
hydrographs for the flood event of October 2007. Then, the range of hydrographs was

simulated using free surface flow module of the model RiverFlow2D (Murillo and
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Garcia-Navarro, 2010; Lacasta et al., 2014). The results were then evaluated using
geomorphology and post-flood survey information to select the hydrograph that shows
the best agreement between simulated and observed information. Finally, this
combination of hydrological and hydraulic modeling and geomorphology was used to

provide information to improve flood risk management.

3.1. Hydrological modeling

The flash flood of October 2007 was reconstructed by means of the hydrological model
TETIS (Francés et al., 2007), a distributed conceptual hydrological model widely used
in Spain and other countries (e.g. Francés et al., 2011; Bussi et al., 2012; Vélez et al.,
2009; Buendia et al. 2015; Rodriguez-Lloveras et al. 2015). In this model, the main
components of the hydrological cycle are represented by means of tanks. The TETIS
model has a specific split-structure of the parameters (Francés et al., 2007) which allows
its calibration without altering the spatial structure of the parameter maps. The model
calibration can be carried out by adjusting up to nine correction factors, which multiply

each a corresponding parameter map.

The Digital Elevation Model (5x5 m resolution) was downloaded from the Spanish
National Cartographic Centre (www.cnig.es). Nevertheless, the scale of soil (1: 50,000)
and geological (1:50,000) maps, and land use maps resolution (1:100,000) was larger.
Therefore, the modelers’ expertise and previous modeling work with the TETIS model
led to increase the mesh size and resample the digital elevation model to 100 x100 m as
a compromise between model accuracy, resolution of the available information and

computational time. The land-use map was obtained from the Corine Land Cover 2006

10
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dataset, from the European Environment Agency (2007), while soil characteristic
information was retrieved from local soil surveys and soil profiles. Geological maps
were also used, obtained from the 1:50,000 geological series of the Spanish Geological
Institute (IGME, www.igme.es). The soil retention capacity was computed as the
difference between the soil water content at saturation and at the wilting point. These
soil properties, as well as the soil infiltration capacity, were calculated depending on
soil texture, organic content, soil structure and salinity according to Saxton and Rawls
(2006) pedotransfer functions. The deep soil percolation capacity was estimated based
on literature values for the geological formations found in this catchment, depending on

their lithology, degree of fracturing and macroporosity.

The rainfall of seven rain gauges within and surrounding the Girona River catchment
(Gallinera, Isbert, la Carrasca, Alcalali, Guadalest, Algar and Assut de Mandem), with
S-minutes series, managed by the Jucar River Basin Authority (Confederacion
Hidrogréfica del Jicar, CHJ) was used (Figure 3). The rainfall aggregation and
interpolation was shown to be highly relevant in flash flood response and modeling
(Borga et al., 2007; Anquetin et al., 2010; Nikolopoulos et al. 2011). In this study, the
rain gauge station records were interpolated with a kriging technique, on a 1x1 km mesh
and with a temporal resolution of 10 minutes. The spatial variations of the temperature
were taken into account by assigning a value to each cell of the 100 x100 m mesh
depending on their distance from the meteorological stations, employing the Thiessen
polygons methodology. No reliable water discharge records were available for the
Girona River catchment. For this reason, a nearby similar catchment was used to
implement the model: the Guadalest reservoir (54.34 km’ drainage basin area) (Figure

3). The TETIS model was calibrated for the October 2007 event (the event to be

11
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reconstructed), by adjusting its model parameters, and its performance was assessed for
three other rainfall events (April 2003, October 2008 and September 2009) for the same

station.

No evapotranspiration data was available for this study. Evapotranspiration is, along
with soil characteristics and their relationships with soil saturation dynamics,
acknowledged to be a key issue in the formation of flash floods in several studies
(Braud et al., 2014, 2010; Nikolopoulos et al., 2011; Norbiato et al.; 2008), because it
determines the soil storage capacity (or soil abstraction capacity) at'the beginning of the
flood event. On the other hand, evapotranspiration is often negligible or almost
negligible during the actual flood event. The lack of precise evapotranspiration data
prevents from initializing the model state variables by means of a warm-up simulation.
Thus, we decide to implement the model at the event scale. This means that the initial
values of all state variables must be calibrated along with the model parameters for each
flood event. In particular, the initial value of the soil static storage, which is a model
state variable related to soil wetness, is a key variable for flash flood modeling, and
must be calibrated carefully. The initial soil storage of the events used to calibrated the
hydrological-model (October 2007 for the first calibration and April 2003, October 2008
and September 2009 for the hydrological model evaluation) was adjusted along with the
model parameters in order to reproduce the observed hydrograph at the Guadalest

reservoir. The initial soil storage value was adjusted separately for each event.

The model calibrated at the Guadalest catchment was used to reproduce the October
2007 hydrograph of the Girona River upstream of the floodplain (indicated as the

hydraulic model area in Figure 1). This was done by running the TETIS model for the

12
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Girona River catchment with the parameterization obtained from the Guadalest
catchment. This process of extrapolation from a gauged catchment to an ungauged one
is widely used in distributed hydrological modeling (Vélez et al., 2009), and it is known
to amplify the uncertainty of the model result. For this reason, we used the extrapolated
model results to obtain only the hydrograph shape, while the actual magnitude of the
Girona River hydrograph was obtained by calibrating the initial soil storage and using
post-flood information as a reference. In particular, the initial soil storage was modified
within a reasonable range in order to obtain a set of hydrographs with the same shape
but different peak flows and volumes, which were used as boundary condition for a
flood model. A flood simulation was run with each of these hydrographs, the resulting
water depth maps were compared with post-flood information similarly to what was
done by Braud et al. (2010), and the simulation providing the best fit was selected. This
was done by comparing visually the observed and simulated flood zone. The final
October 2007 reconstructed hydrograph was the one returning the best fit between

observed and simulated inundation map and flood depths.

3.2. Hydraulic modeling

The set of hydrographs produced by the hydrological model were used as inlet

discharge to simulate the flooding event at the floodplain of the Girona River (Figure 1).

To that end, the free surface flow module of the model RiverFlow2D (Murillo and

Garcia-Navarro, 2010; Lacasta et al., 2014) was used.

3.2.1. Hydraulic model

13
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The 2D Shallow Water Equations, which express the water volume and momentum

conservation in x and y directions, were used in this work (Eq. 1):

h hu hv ag
O hu)+ [ huz+2gn2 |+ 2 huv = [ ~9h (E—i_ Sfx) (1)
*\n 2 Y\ hv? + Tgn? oz

v huv 29 —gh (@ + Sfy)

Where 4 is the water depth, (u, v) are x and y averaged velocity components
respectively, z is the bottom level and the friction losses (Sy) are written in terms of

Manning’s roughness coefficient (n) (Eq. 2):

S = n2uvu?+v? _ nzvx/u2+v2/2
fx — h4/3 »Ofy = h4/3 N )

In order to solve the system of equations, an upwind cell-centered finite volume model
was applied (Toro, 2001, Murillo and Garcia-Navarro, 2010).The domain was
discretized into triangular cells and, assuming a piece wise representation of the
variables, an explicit first order Godunov (1959) method based on Roe’s approach was

considered (Roe, 1981, Murillo and Garcia-Navarro, 2010) (Eq. 3):
A s oam, "
Ut = up =S ENE 3R (A - 7)) ] 3

where U= (h, hu, hv) is the vector of conserved variables, NE indicates the number of
edges in cell i, ; is the length of each edge k, A and & are the eigenvalues and
eigenvectors of the Jacobian matrix, respectively, and ¥ accounts for the linearized

fluxes and source terms expressed compactly (Morales-Herndndez et al. 2013).
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Moreover the numerical method was implemented in GPU architectures in order to

accelerate the computations. More information can be found in Lacasta et al. (2014).

3.2.2. Topography

A Digital Terrain Model (DTM) of 1x1 m resolution derived from LiDAR (Light
Detection and Ranging) data was used as base information to perform the final domain
discretization. LiDAR data was collected in 2009 by the PNOA (The National Plan of
Aerial Ortophotogrammetry, Government of Spain), using an‘Optech ALS50-II sensor,
with a minimum laser pulse rate frequency of 45 kHz, affield of view angle of 50° and a
scan rate of 70 Hz. The final density ranged between 0.5 (most of the area) and 2
points/m2 (flight overlapping). Reported vertical and planimetric (X, Y) errors were
lower than 40 and 36 cm, respectively. Then, a Digital Elevation Model (DEM) was
performed using ground returns.in Fusion software v3.30 (McGaughey, 2009).
Likewise, a building map was carried out using the building returns in Fusion software

v3.30 (McGaughey, 2009). Both models were combined to perform the DTM.

However, the following modifications of the DTM were carried out in order to represent
accurately the simulated domain: i) as the LIDAR does not represent the terrain behind
the bridges, this task was carried out manually using the nearest neighbour interpolation
of ArcGis9.3 software (ESRI, Redlands CA); ii) introduction of the two pillars in CV-
729 bridge as topographical element as they were not represented by the LiDAR iii)
some buildings were removed from the building map as they did not exist in 2007; iv)
agricultural walls and irrigation infrastructures were also modified in order to represent

the terrain of 2007. Besides, some of them were not accurately reproduced by LIDAR

15
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data, and were manually introduced; and v) riverbanks, gravel bars and ripraps were
also modified according to the topography of 2007. Finally the modified DTM is

discretized to perform an unstructured triangular mesh with 1,858,396 cells.

The roughness of the domain was defined depending on the land use, which was
obtained from the Corine map (European Environment Agency, 2007). The Manning
roughness coefficient was assigned to each habitat according to the recommendations
found in the specialized bibliography (i.e. Chow, 1959; Acrement and Schenider, 1990;

Rhee et al., 2008; Gonzalez-Sanchis et al., 2012).

The inlet boundary condition was the hydrograph derived from the hydrological model.
On the contrary, the only outlet boundary condition was that of the sea level, which was

established following the tidal levels suggested by GIOC (2001).

3.3. Geomorphology-and post-flood surveys

3.3.1. Geomorphologic works.

A geomorphologic survey of the study area was developed in order to assess and
reconstruct flood processes. This task was based on field surveys along the river and
throughout the whole Girona floodplain, topographic analysis through GIS and
geological maps interpretation (Vegas et al., 1975; Lendinez et al., 2008), so as to
identify geomorphological features and processes. Geomorphologic mapping was

developed using orthoimages (1:5,000) dating from 2007 (Instituto Geogréfico

16
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Nacional, IGN, www.cnig.es). Panchromatic black-and-white aerial photographs dating
from 1946 (1:40,000) and 1956 (1/:33,333) (Ministry of Defense, CECAF) were used to
identify forms recently transformed by urban expansion processes. The photographs
were scanned at a resolution of 400 dpi to obtain average pixel dimensions of 1 m and
1.15 m respectively, and they were georeferenced to IGN orthophotos using ArcGIS
TM version 9.3 (ESRI, Redlands, CA, 2009). The LiDAR-based DEM performed for

hydraulic modeling was also used for topographic and geomorphologic analysis.

3.3.2. Flooded area

The mapping of the flooded area was obtained from two different sources. First, some
days after the flood, the external edge of the flooded area was surveyed using GPS.
These data were exported to shape file format to be processed with ArcGIS™ version
9.3 (ESRI, Redlands, CA, 2009): This information was compared with a map composed
by the Plataforma Ciutadana Riu Girona (PCRG) association. This organization was
created by some citizens affected by the October 2007 flood, in order to promote
research on this river basin and to prevent future floods. The PCRG collected
information from both local administrations and witnesses to map the evolution of the
flood, which was simulated through a video (PCRG, 2009, https://vimeo.com/5487707).
Some small discrepancies were found between the GPS mapping and the PCRG video-
mapping. Part of them was solved after visiting the area and consulting some members
of the PCRG and other interviewed witnesses. Finally, the flooded area between
Beniarbeig and El Verger was selected for evaluation, because it did not present
significant discrepancies between the two sources and reproduced with the highest

precision the flooding event (Figure 5).
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3.3.3. Maximum flood depths.

The day after the flood, some technicians from the municipality of El Verger visited all
the buildings affected by the flood, in order to produce an assessment to be used to
calculate economic compensations for damages. Flood levels recorded by this report
were compared with flood marks observed in pictures taken by the authors or included
in the report, in order to correct some over-dimensioned records. A total of 64 points
with a register of the maximum flood depth were used to assess the performance of the
hydrological and the hydraulic model. These data are limited to the town of El Verger,

which represents only a small fraction of the total flooded area (Figures 5 and 6).

Table 1. Contrasted maximum flood depth marks in El Verger.

Flood UTM Flood UTM
depth depth

Id (m) X y Street Id (m) X y Street

I 03 761256 ©4303653 Abadia 33 1,8 761354 4303776 Miraflor

2 03 761269 4303654 Abadia 34 1,6 761384 4303839 Miraflor

3 03 761269 4303649 Abadia 35 1,8 761352 4303761 Miraflor

4 07 760985 4303663 Calvari 36 1,8 761354 4303770 Miraflor

5 01 761032 4303670 Calvari 37 1,8 761345 4303716 Miraflor

6 1,7 761376 4303759 Xile 38 0,2 761504 4303905 Miraflor

7 L5 761380 4303762 Xile 39 1,8 761344 4303707 Miraflor

8 8% 761381 4303757 Xile 40 2,4 761288 4303585 Riu

9 0,1 761395 4303754 Xile 41 3 761290 4303584 Riu
10 0,1 761402 4303753 Xile 42 1,7 761363 4303887 Sant Isidre
11 0,1 761045 4303710 Constitucié 43 0,3 761350 4304060 Sant Vicent
12 22 761301 4303711 Divina Aurora 44 0,25 761360 4304111 Sant Vicent
13 22 761308 4303814 Divina Aurora 45 0,3 761348 4304055 Sant Vicent
14 22 761310 4303842 Divina Aurora 46 0,25 761353 4304091 Sant Vicent
15 22 761311 4303850 Divina Aurora 47 0,3 761352 4304068 Sant Vicent
16 22 761308 4303821 Divina Aurora 48 0,2 761346 4304066 Sant Vicent
17 22 761301 4303704 Divina Aurora 49 0,2 761353 4304085 Sant Vicent
18 22 761309 4303831 Divina Aurora 50 0,25 761357 4304100 Sant Vicent
19 22 761301 4303716 Divina Aurora 51 0,1 761342 4304052 Sant Vicent
20 22 761299 4303727 Divina Aurora 52 1,8 761370 4303808 Santo Domingo
21 2,2 761310 4303857 Divina Aurora 53 1,6 761374 4303806 Santo Domingo
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3.4 Evaluation of the simulated flooding event.

2,2
0.4
1,7
0,1
0,1
0,3
0,1
1.8
1.8
1.8
1.8

761299
761230
761288
761400
761413
761210
761064
761355
761364
761375
761358

4303730
4304266
4303700
4303692
4303697
4304245
4304354
4303796
4303802
4303821
4303787

Divina Aurora
Els Poblets
Forn
Girona
Girona

La Via

La Via
Miraflor
Miraflor
Miraflor
Miraflor

54
55
56
57
58
59
60
61
62
63
64

1,6
1,2
0,8
1,2
0,5
0,5
0,3
0,1
0,8
0,8
0,3

761377
761388
761391
761387
761395
761396
761402
761410
761332
761336
761336

4303809
4303804
4303797
4303799
4303801
4303793
4303791
4303788
4303639
4303643
4303638

Santo Domingo
Santo Domingo
Santo Domingo
Santo Domingo
Santo Domingo
Santo Domingo
Santo Domingo
Santo Domingo
Venecuela

Venecuela

Venecuela

The results of the hydraulic model fed with the results of the hydrological model were

evaluated using the post-flood surveys: maximum flooded area and flood depth. The

observed maximum flood extension was compared to the estimated one following Bates

and De Roo (2000) criteria, in which the accuracy of the calculated flood extent versus

the observed is defined on:

Fita(%)

FAobs N FAmod

" FAobsUFAmod

x 100 (4)

Where FIT4is a goodness-of-fit index, and FAobs and FAmod are the observed and

modelled flooded areas respectively. The observed and simulated maximum flood

depths at the 64 points of El Verger are compared using the following goodness-of-fit

indexes: Root Mean Square Error (RMSE) and Nash and Sutcliffe Efficiency - NSE

(Nash and Sutcliffe, 1970).

3.5. Hydro-geomorphologic response to model simulations
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Simulations varying flow conditions, with peak flows ranging from 150 m’ s to 900
m’s” with intervals of 10 m’ s were carried out to estimate the hydro-geomorphologic
response of the Girona River floodplain. The aim of these simulations was to identify
the threshold of activation for different geomorphic elements: alluvial fans, inter-fan
depressions, paleochannels and tectonic depressions, and to analyse the flood risk (and

how to prevent it) within the study area.
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4. Results

4.1. Hydrological modeling

The hydrological model TETIS was calibrated at the Guadalest Reservoir flow gauge,
by comparing the predicted and the observed water discharge. As explained in-the
methodology section, given that the model was implemented at the event scale, the
initial state of soil moisture was unknown and was also calibrated. The results are
shown in Figure 5. The model provided a NSE of 0.88. It was'evaluated on different
episodes, showing NSE of 0.88, 0.92 and 0.91 for the April 2003, October 2008 and
September 2009 events respectively (different initial conditions of soil moisture were
adjusted manually for each case), providing satisfactory results. More information about
the TETIS model implementation can be found in Francés et al. (2011), CHJ (2012) and

Bussi et al. (2012).

The October 2007 hydrograph of the Girona River was reconstructed using TETIS. A
set of 26 hydrographs was generated (Figure 7) varying the initial soil storage from 35%

to 60%, and it was used as the input of the flood model.

Table 2. — Characteristics of the reconstructed flood event (October 2007) for the

Girona River catchment, following the results of the hydrological model.

Total precipitation — catchment average (mm) 343

Max rainfall intensity — catchment average (mm h™') 69.5

Total rainfall volume (catchment) at the hydraulic model inflow section (Mm3) 352
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Total hydrograph volume (Mm®) 11.2
Proportion of overland flow to total rainfall (%) 15.5
Proportion of interflow to total rainfall (%) 16.7
Maximum dischaurge(m3 ) 515
Unit dischaurge(m3 s km™) 0.58
Unit peak discharge(m’ s km™) 5.0

Runoff coefficient (%) 319

The observed precipitation series showed two rainfall peaks. The first occurred between
10:00 and 10:45, with maximum intensity over 100 mm h! in the headwaters (Ebo
Valley). The second took place between 11:15 and 11:45 in the central part of the
catchment, mainly at the southern part of Laguar Valley. Again, the rainfall intensity
was above 100 mm h™'. The average hyetographs describes well both peaks, with

intensities above 69.5 mm h™ (Figs. 4a and 4b).

According to the hydrological model results, the discharge at the catchment outlet
(hydraulic model inflow) started to rise at 8:30AM (12th October) and reached a peak at
13:00 (515 m” s*) (Fig. 8). The hydrograph lag-time was established as the difference in
time between the precipitation peaks (11:20 at Isbert and Carrasca and 11:40 at Alcalali
and Gallinera) and the peak discharge time. That provides a lag time of 1h20” — 1h40’,
which is typical for flash floods in similar catchments (Camarasa- Belmonte and

Segura-Beltrdn, 2001) and slightly higher than those estimated by Marchi et al (2010).

The flood lasted two days, although the largest discharges (above 100 m’s”) only took

place during 8 hours and 40 minutes. Using the methodology detailed in Salazar et al.
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(2013), the peak discharge return period was estimated to be 40 years, while the
expected return period of daily rainfall was estimated to be slightly lower than 50 years.
As expected, the single rainfall burst observed produced a single discharge peak. A
second and smaller rainfall burst took place at 19:30 and produced a relatively reduced

discharge peak (150 m’ s™) at 21:00, repeating the 1-2 h lag time observed above.

4.2. Hydraulic modeling

The set of 26 hydrographs generated with the hydrological model varying the initial soil
storage from 35% to 60% was used as input to the hydraulic model. The simulation
results were analysed according to the post-flood survey information available and the
geomorphology. Following this analysis, the hydrographs derived from the initial soil
storage between 35 and 40 % showed a simulated flooded area smaller than the
observed, likewise, initial soil storages higher than 45 %, causes a much larger flooded
area than that occurred during the October 2007 event. Thus, the hydrographs obtained
with initial soil storages between 35 and 40 %, and between 46 and 50 % were

dismissed.

In order to select only one hydrograph that represented the flood of October 2007, the
results of the hydrographs with initial soil storage between 41 and 45 % were analysed
in detail by comparing the simulated and the observed maximum flooded area and flood
depth (see Table 3). The comparison showed a good agreement between observed and
simulated flooded area for the five hydrographs, whose Fit, varied from 75.3 to 76.4 %

(see Table 3). Likewise, the flood depth showed an acceptable accuracy, with a NSE
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and RMSE that ranged between 0.58-0.61 and 0.64-0.69, respectively (see Table 3). All
five hydrographs accurately reproduced the flooded area. However, the best
compromise between flooded area and flood depth accuracy was that provided by the
hydrograph generated with initial soil storage of 44 % (see Table 3 and Figure 9). Thus,
according to the combination between hydrological and hydraulic modeling with post-
flood information it can be stated that the flash flood occurred in October 2007 at the

Girona River reached a peak discharge of 515 m®s™.

Table 3. Results of the comparison between observed and estimated maximum flood
depth (NSE and RMSE) and maximum flooded area (Fits) using the hydrographs

derived from the initial soil storage between 41 and 45 %.

Initial soil storage (%) | 41 42 43 44 45
NSE 0.58 0.59 0.59 0.60 0.61
RMSE 0.69 0.68 0.66 0.65 0.64
Fit, 75.61 76.13 76.39 76.14 75.28

4.3. Floodplain geomorphologic configuration

The morphology and evolution of the systems of prograding fans is strongly related to
flood dynamics. The complex configuration of the features of the fans system, the
location of geomorphic elements -such as paleochannels, interfan depressions and
intersection points-, and the fluvial scarp height, determine the activation or inactivity

of the different portions of the fan system. Thus, in order to understand the relationship
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between geomorphic units and flood processes, several morphological units have been

identified:

1) Middle Pleistocene fan (F1)

Downstream Beniarbeig, where the river valley widens, numerous avulsion processes
created a complex system of prograding alluvial fans, with different paleochannels
(Figure 10). The older fan (F1) has the apex beside the AP-7 Motorway and, according
to Vegas et al. (1975), was formed in the Middle Pleistocene. ‘Another fan (F2) overlaps
part of this sediment body, dividing it into two portions: the Clot del Francés and the

Alberca sectors.

The area locally named Clot del Francés (literal translation: the Frenchman’s Hollow)
lies on the left side. It is a corridor which is determinant for the Girona River flooding
processes, because it concentrates part of the overbank flow coming from the western
river bank, through the P3 and P4 paleochannels. The Cremadella Ravine, which also
flows into this corridor, forms a small torrential fan (F3) at the western side of the Clot

del Francés depression (Figure 10, 11ay 11b).

To the right, The Alberca Ravine flows through the external side of another fan sector,
attached to several Miocene hills. Two paleochannel are clearly identified in this area
(P1 and P2) (figure 11b). Due to the convexity of the fans surface, an inter-fan
depression is formed between fans F1 and F2, which can concentrate overbank flow

from Girona and Alberca channels (Fig. 10).
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i1) Late Pleistocene fan

A prograding fan (F2), attributed to the Late Pleistocene by Vegas et al. (1975),
overlaps the F1 fan (Figure 10). The apex is located upstream El Verger. Cross sections
3 and 4 (Figure 11c and 11d) show the marked topographic convexity of this sediment
body, in comparison with the F1 fan. Moreover, fan F2 is formed by several prograding
lobes, with different paleochannels created through numerous avulsion processes. The
intersection point IP1 is the apex of the dissymmetric lobe L1, well developed at the left
bank. Immediately downstream El Verger, the river turns to the East, leaving a
paleochannel (P5) to the North. At this point there is a crevasse splay, clearly marked at
the microtopography, which presents an accumulation of boulders transported by the
2007 flood (Figure 6¢). Paleochannels P5 and P6 prologue the alluvial fan towards the
coastline. Another lobe (L2) is developed from the intersection point IP2, at Els Poblets.
It has also a paleochannel (P7), which flows towards the inter-fan depression. At the
distal area of the F2 fan, a small Holocene alluvial fan (F6) forms the triangular shaped

protuberance of the Almadrava Cape.

iii) Portelles fans

Girona River fans coalesce with deposits formed by the Portelles ravine (Figure 10).
During floods, paleochannels can connect these systems. In fact, during the event that
occurred in 2007, overbank flow from the Girona River was partially drained by the
Portelles channel. The Portelles Ravine forms a small torrential fan at the foot of the
Segaria Mountain (F4). At the connection with the Clot del Francés paleochannel (P3),

there is a wide fan, jointly built by the paleochannels of the Girona River and Portelles
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ravine, in contact with the Pego-Oliva marsh. In its last reach, the channel almost

completely vanishes, and leaves a Holocene fan (F5) on this coastal marsh.

iv) Fluvial scarp

Fluvial scarp has 5 m depth in the F2 fanhead area, and 4 m between El Verger and the
F6 apex. From this point, the fluvial scarp markedly decreases until disappearing at the
river mouth. The river banks are markedly dissymmetric (Figure 12). The right one is
higher than the left one in most of the study area. This favours overbank flow on the left
bank of the fan system. Figure 12 also shown the critical effect generated by the silted
weir of the historical water mill of Alcovir, which artificially reduces the depth of the

fluvial scarp, facilitating overbank flow towards the P3 paleochannel.

v) Human floodplain occupation and impacts on the river channel

Valencian floodplains have been largely urbanized during the last four decades. In the
Girona River basin, the historical villages grew over the fans, terraces and point-bars. In
the El Verger urban area, some of the houses located on the left bank of the Girona
River narrowed the river section before the 2007 flood. After 1970, touristic residences
were massively built on the coastal area. This urbanized sector altered the original
topography of P5 and P6, facilitating overbank flow dispersion. Besides, over the
floodplain, several irrigation canals and walls built for agricultural or industrial
purposes protect some areas from floods, partially altering flow distribution in the Clot

del Francés (P3) area.
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At the river channel, as explained above, the impact of the Moli d’ Alcovir weir is also
remarkable. This weir alters the slope of the river talweg (Figures 12 and 13).
Moreover, numerous bridges cross the river channel in the study area, but most of them,
placed in urban channelized reaches, do not modify significantly the river section
(Figure 13). The only exception in the model area is the CV-729 bridge, which reduces
the trapezoidal section of the river channel from 82.26.m” to a 58.52 m’ rectangular
section. The AP-7 motorway bridge is high and wide, however, the height of this

infrastructure, artificially raised, can act as a dike for overbank flow.

4.4. Flooding thresholds for morphological units

Hydro-geomorphological responses for different flow conditions were estimated
through various simulations. Results (Table 4, Figure 9) showed an activation sequence
for paleochannels and alluvial fans, altered by the Clot del Francés depression (P7) and

the impact of the CV-729 Bridge, in the Motorway A-7.

Table 4. Flooding thresholds for geomorphologic units

Flow (m’ s')  Effects Fans Activation

No impact on point-bars or paleochannels.

190 Overbank flow at river mouth meander, immediately ~ F6 (Holocene)
upstream F6.

300 Point-bars flooded. L1in F2 (Late
Crevasse splay and P5 and P6 initial activation. Pleistocene)
350 Overbank flow from IP2 left bank (Els Poblets) to P52 in F2 (Late
Pleistocene)
N e . Left side of F1
360 P3 (Clot del Francés) initial activation. (Middle Pleistocene)
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648

649

650

651

652

653

Initial overbank flow at P4.

400
Overbank flow at L2 over F2 distal area.

515 Optimal coincidence between flooded area and F5 (Holocene,
hydraulic model. Portelles Ravine)

527 P7 initial activation.
P7 active.

590 Overbank flow from IP2 right bank also flooding the ~ Inter-fan depression
inter-fan depression.

610 Initial overbank flow at Beniarbeig Bajada

640 AP7 motorway creating stagnation effect on
overbank flow from Beniarbeig
Return flow from P4 to Girona River at the

650 beginning of the urban area of El Verger
(immediately upstream IP1)

670 Initial overbank flow on the right side of CV-729 Right side of F1
Bridge. (Middle Pleistocene)
Overbank flow on the right bank at the

800 beginning of El Verger urban area (immediately

upstream [P1)

5. Discussion

The hydrological model provided a high unit peak discharge of 5.0 m’ s”' km”. For the

Spanish Mediterranean, Gaume et al. (2009) found a maximum unit peak discharge of

around 10 m’ s”' km? for a 100 km” catchment. The Girona River unit peak discharge

for the October 2007 event is also within the range of peak discharge data collected by

Marchi et al. (2010). The ratio of the unit peak discharge (5 m s’ km'z) and the unit

average discharge (0.58 m’ s km™) is 8.65. Given the outcomes of these studies, the

October 2007 can be classified as an extreme rainfall event whose magnitude is very
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close to the unit peak discharge envelope curve showed by Gaume et al. (2009) and

Marchi et al. (2010).

In this study, we calculated a runoff coefficient of 0.319 (Table 2). This is similar to
what was found by Marchi et al. (2010). These authors analysed 25 flash floods in
Europe and found that the mean value is 0.35, with standard deviation equal to/0.18,
median value 0.37 and 0.20-0.45 interquartile range. However, the value found in the
present study is substantially higher than the runoff coefficients found by Goodrich
(1990) who analysed five large flash floods events at the semi-arid-catchment of Walnut
Gulch (US) occurred within a 20-year period and foundunoff coefficients between
0.07 and 0.21. Segura-Beltrdn (1990) and Camarasa-Belmonte and Segura-Beltran
(2001) found that, in other limestone catchments of the Valencia region, for a 25-year
time series and 35 floods, the runoff coefficients were between 0.007 and 0.16. These
values, observed in karstified limestone catchments, indicate that the infiltration is
relatively high, as well as the initial abstractions and the soil retention. The catchments
can infiltrate a large amount of water, and when they are saturated they produce a

sudden pulse of runoff (Camarasa-Belmonte and Segura-Beltrdn, 2001).

Simulated and observed maximum flooded area and flood depth were compared in order
to adjust the hydrograph. This comparison showed the accuracy of the model predicting
the maximum flooded area (see the goodness-fit indicator Fita in Table 3), which is a
good test of model capabilities and is of a significant practical interest (Bates and De
Roo, 2000). The goodness-fit indicator Fits reached 76.14 %, and is similar to that
reported by Gonzdlez-Sanchis et al. (2012) using the same hydraulic model, which

ranged from 64 to 92 %. The resulted accuracy is also comparable to other studies, such
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as Horritt and Bates (2001), who obtained a FitA = 0.84% or Tayefi et al (2007) who

reported a Fits between 51 and 65 %.

Regarding the evaluation of the maximum flood depth, the results showed an acceptable
accuracy, although slightly lower than the one reported in other studies (Connell et al.
(2001), Erpicum et al. (2010), Biittner et al. (2006)). However, the lower accuracy
registered in this study could be due to the fact that none of these studies simulate the
whole flooding event, but only steady-state peak flows. Gonzdlez-Sanchis et al (2012)
simulated five transient flooding events using the same hydraulic model and obtained a
slightly higher accuracy than the one reported in this study. Thus, our lower accuracy
might not only be due to the transient characteristics of the simulated flood, but also to
the high complexity of the case. Unlike the cited studies, this study is highly complex in
terms of simulation and event reconstruction, as the Girona River is ephemeral,
ungauged, the inlet discharge was estimated from a hydrological model and the outlet

discharge was unknown.

With regard to.the flooding processes, alluvial fan systems have flood-hazardous
conditions due to their convex topography, which creates high flow direction
uncertainty downstream the intersection point (and/or fan apex). The determination of
the active zone (area where flooding, erosion, and sedimentation are possible) of these
alluvial forms is a complex task, which can be solved with the combination of
hydrologic, hydraulic and geomorphologic techniques. Several authors have addressed
this topic with different approaches. Santangelo et al. (2012), in their analysis of fan
systems, considered as active zone all the fan portions located down-fan of the

intersection point. This is consistent with the NRC (1996) recommendations, which
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followed a geo-chronological criterion, considering the Holocene fans as the most active

zZones.

Moreover, Segura-Beltran (2003) showed that, in the Valencia Region coastal plains,
the topographic complexity of alluvial fans structure requires a more detailed analysis,
in order to discriminate between morphological units with different flood-hazard. In
these contexts, the activation of paleochannels and the presence of inter-fan depressions
play a major role during flood events. During the Girona 2007 flash flood,
paleochannels conveyed an important proportion of the overbank flow, preventing other
areas of the alluvial fans from flooding, as it was shown'in the real event and model
simulations. Besides, inter-fan depressions should be also considered as active zones,
due to its capability to drain flow from both the fan distal areas and the paleochannels,

as it is shown in simulations with stream flow > 600 m° s,

In this work, the simulation of different flow conditions showed various thresholds for
fans flooding and paleochannels activation (Figure 9). In this fan system, throughfan
trenching and progradation difficult the interpretation of the flooding processes.

Along the Girona fan system throughfan trenching has been observed, and the fluvial
scarp is deeper in the fan Pleistocene areas than in the Holocen fans (Figure 12).
Throughfan trenching and lobes progradation creates a geochronological flood
sequence, causing first the activation of the Holocene sector, subsequently the Late

Pleistocene fan (F2), and finally the Middle Pleistocene areas (F1).

The lower flooding thresholds were located both at the point-bar areas and the Holocene

fan (F6). IP3 played a major role in F6 activation and the whole area downstream this
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point —where the fluvial scarp is between 1 and 3 m— was flooded in the 350 m’ s
simulation. For these reasons, the Holocene fan should be considered as an active area.
Inside each of Pleistocene units (F1 and F2), other factors —natural and anthropogenic--
determine the activation of the different elements of the fan system. Regarding the
natural factors, palaeochannels seem to be more relevant than intersection points. Thus,
P5 is activated at 300 m3s'1, before overbank flow takes place at IP2 (350 m’ st ), and

P3 (360m’ s™') before than IP2 (Table 4 and Figure 14).

Moreover, some human-induced factors contribute to enhance overbank flow in several
river reaches, such as: i) the effect generated by the silted weir of Moli d’ Alcovir, which
facilitates overbank flow towards the P3 paleochannel and ii) the effect of the CV-732
bridge, which artificially narrows the river section, prematurely activating the P4
paleochannel and also causing unexpected overbank flow activating the highest reach of
the inter-fan depression beyond the 670 m’ s’ (Figure 14 c). Besides, other human
infrastructures, such as walls and roads, alter the overbank flow on the fan surface

(Figure 14).

It should be underlined that the Alberca sector of the Middle Pleistocene fan (F2) was
not activated by any of the simulations launched. It is the only feature that should be
considered as an inactive fan in this complex fan system, whereas the F2 and the Clot

del Frances depression should be considered as quiescent areas.

In this regard, the urban use of some of these morphologies is considerably increasing
exposure to floods in the area. While the older part of urban areas (previous to 1950)

were in most cases not affected by the 2007 flash flood, recent constructions occupy
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sensitive zones such as point-bars or paleochannels. The massive occupation of the
coastal front blocks the flow descending to the Sea. For these reasons, the role played
by the Clot del Frances paleochannel (P3) during this flash flood and the simulated
scenarios demands the preservation of this area, free of constructions, for flood

attenuation.

6. Conclusions

The analysis of the flash flood of the Girona River in 2007 has reconstructed the
flooding susceptibility of this Mediterranean alluvial floodplain. From a methodological
point of view, this integrated perspective is be a useful strategy for ungauged drainage
basins. The combination of hydrologic and hydraulic modeling, and geomorphologic
information allows understanding and generalizing the mechanisms governing floods in

alluvial fans.

The implementation of both hydrologic and hydraulic models was complex in terms of
simulation and evaluation, as this river is ephemeral and ungauged, but results are
consistent with similar works. The interaction of the hydraulic model with the
geomorphologic information was determinant to decipher flooding processes and to
provide a better understanding of overlapping alluvial fan systems response. Results
from this multidisciplinary research are a useful tool to perform risk prevention works
and may be effectively used by the public administrations for early warning and risk

mitigation purposes.
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1017

1018  Figure 1. Sketch of the Girona River basin. Location of the model area is indicated
1019  through the red polygon beside the coastline.

1020  Figure 2. Geomorphologic sketch of the Girona River alluvial plane.

1021  Figure 3. Location of the rainfall observatories used for event reconstruction and

1022 hydrologic modeling.

1023  Figure 4. Rainfall intensity at Isbert and Gallinera observatories (a), and Guadalest
1024  reservoir (b) during the October 2007 event.

1025  Figure 5. Post-flood surveys information and area used for hydraulic model evaluation.
1026  Figure 6. Pictures taken after the October 2007 event: a) Flood marks at Divina Aurora
1027  street (El Verger); b) House destroyed at the right river bank in El Verger; c) Crevasse
1028  splay deposits at El Verger.

1029  Figure 7. Observed and simulate hydrographs at the Guadalest Reservoir for all the
1030  events used for model calibration and validation.

1031  Figure 8. Simulate hydrographs of the Girona River. The red solid line represents the
1032 simulated hydrograph obtained calibrating the initial soil storage 'based on post-flood
1033  information. The grey-shaded area lines represents the simulated hydrograph range
1034  obtained using initial soil moisture spanning from 35% to 60 % of soil saturation

1035  capacity.

1036  Figure 9. Flooded area and flood depth obtained with the final simulation of the

1037  hydraulic model, under flow conditions of 515 m’ s,

1038  Figure 10. Geomorphologic map of the model area.

1039  Figure 11. Cross sections of the Girona River floodplain.

1040  Figure 12. Longitudinal section of the Girona River. Talweg (solid line), right river
1041  bank (dashed line), left river bank (points).

1042 Figure 13. Infrastructures altering flow propagation.

1043  Figure 14. Model simulations and activation thresholds with different flow conditions a)
1044 360m’s’;b)515m’s™;¢) 900 m’ s,
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1049  Only for black and white edition:

1050  Figure 1. Sketch of the Girona River basin. Location of the model area is indicated
1051  through the polygon beside the coastline.
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1058
1059
1060
1061

1062

We simulated the Girona River flash flood using hydrologic and hydraulic models
Models results were validated with post-flood surveys
The connection between geomorphologic structure and flooded area was analyzed

We identified flood activation thresholds in different geomorphic elements
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