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overlapped prograding alluvial fans. The hydrological model TETISus@es to
characterize the shape and dimension of the October 2007 &re@a hydrograph.
Subsequently, the flood event was reproduced using the freeesfidf@anodule of the
model RiverFlow2D. The combination of hydrological and hydraulic nzodelks
validated using post-flood surveys defining maximum flooded areficodidepths.
Then, simulations with different peak discharges were choug to estimate the hydro-
geomorphologic response of the Girona River floodplain, through the idatitih of

the activation thresholds in different geomorphic elements.

Results showed that the unit peak discharge of the Oc20B&rflood event was among
the largest ever recorded in the area, according to thengXistrature. Likewise, the
hydraulic model showed a good performancex(Ei76 %, RMSE = 0.65 m and NSE =
0.6), despite the complexity of the case, an ephemeral aadiged) river. The model
simulation revealed the existence of a geo-chronologitiabéion pattern of
palaeochannels and alluvial fans, which was altered by ésepce of a tectonic

depression and bridges construction.

This multidisciplinary approach proved to be a useful strafimgynderstanding flash
flood processes in ungauged catchments. It allowed understahdingethanisms
governing floods in alluvial fans systems and it represensaticacontribution for

early warning plans and risk mitigation policies.

Keywords: Flash floods; hydrological modeling; hydraulic modeling; &lfans;

post-flood surveys; geomorphologic mapping.
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1. Introduction

Flash floods are a recurrent cause of damages and fata#litesrding to Barredo
(2007), 40% of the flood-related casualties occurred in Eurofiee period 1950-2006
are due to this type of flood events, which take placéffierent geographical scenarios
(Gaume et al., 2009; Marchi et al., 2010; Borga and Morin, 20a4aL kt al., 2014).
However, they are particularly frequent and relevant in unghegbemeral streams in
arid and semiarid zones (House and Baker, 2001; Yatheendrada€08).These
events are a consequence of intense rainfall and sudden rumefagen. The flash
flood hydrographs have steep rising limbs, sharp peaks anddangenission losses
(Nanson et al., 2002). The runoff coefficient has a high viéitiaCamarasa and
Segura, 2001; Braud et. al., 2010) depending on basin lithology, adlatéristics and

antecedent soil moisture.

In the Western Mediterranean region, flash floods usually eo@pring and autumn,
when intense, heavy and irregularly distributed rain takee f&egura, 1990;
Camarasa and Segura, 2001; Barredo, 2007; Gaume et al. 2009)rtiCuepa
conformation of the Mediterranean basin, with high mountaiges close to the sea,
steep slopes, sparse vegetation, thin soils and permeablemnbekces the magnitude
of these natural events. Alluvial fan coastal systemsh as the Girona River
floodplain (eastern Spain), introduce a major complexity on floodioggsises and risk
management (Segura, 2003; Santangelo et al., 2012), becdlisaintertainty derived

from convex topography, channel mobility and overlapping sequences.
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The impact of flash floods in this region is increased byrtense human use of the
narrow Mediterranean coastal plains. These areas, denselytpdpuatancentrate the
most part of the urban developments, infrastructures and ecoaotivity of the
region. The absence of sound territorial planning in these vuleenatds usually
worsens the consequences of flash floods (Barrera et al., 2&@6et al., 2010;
Camarasa-Belmonte and Soriano-Garcia, 2012). For these reagmasing the
knowledge on these phenomena is a critical factor in develoggilgent adaptation

strategies (Creutin et al., 2013).

Despite the fact that there are numerous studies on flash,flogets comprehension
and flood risk management are not easy tasks. In the lastejexanerous hydrological
(Pilgrim et al., 1988; Vélez and Francés, 2005; Braud et al. 20itDhydraulic models
(Hall et al., 2005; Bates et al., 2006; Pappenberger et al.,&2@D3007; Schuman et al.
2009; Di Baldassare et al. 2009; Murillo and Garcia-Navarro, 2CGidsta et al.,
2014) have been developed to simulate flood hydrographs and flaoekesi However,
the specific space-time scales of flash flood evenéslack or scarcity of rainfall and
stream flow data, and the short lag time are a causgloiincertainty. In order to
overcome these difficulties, flash flood modeling requirestegrated approach that
includes, besides the hydrological and hydraulic models, informgticim as hydro-
geomorphic mapping and post-flood surveys (Borga, et al. 2011; Gaughi&oega,
2008; Marchi et al. 2010) so as to incorporate qualitativenmdtion to achieve a better

understanding of flood processes.
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This study analyses the River Girona flash flood, occuhed " of October 2007.
This event caused one casualty and material damages taoditifgs, 1.500 vehicles
and numerous infrastructures. Rainfall parameters werg@taal, in terms of
intensity and accumulated precipitation. In some locations, thare400 mm
accumulated rainfall was registered in 48 hours. Thetlfiattthis flash-flood has been
well documented (Segura, 2009; Pastor et al., 2010) and thepeeit of
geomorphologic works bring us some new approaches in order to test higdicéogl
hydraulic models, considering post-flood surveys and hydro-geomorgipiping in

order to validate the hydrologic and hydraulic models usedhrtolaie the event.

Our study has four major objectives: i) to implement a hydroé@ind a hydraulic
model in order to reproduce the October 2007 flash flood, iialidate the models
through the comparison between model results and post-flood samnady |
information, iii) to understand and decipher the flooding processmhivial fans
systems using geomorphologic mapping, and in addition, iv) to provioienation to

improve flood risk management.

2. Study site

2.1. The Girona River basin

The Girona River basin is located in the Eastern parteof@rian Peninsula, within the

administrative territory of the Province of Alicante (Spaift)e river flows through the

Baetic Cordillera from west to east, along 32 km. The basa at the river mouth into
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the Mediterranean Sea is 117.7%ifhe catchment encompasses various calcareous
mountains with a SW-NE orientation, separated by sevematloms covered by
Miocene marls (Figure 1). The river is semi-ephemeral paasents high transmission

losses, combining dry, intermittent and wet reaches.

The Girona River sources are located at 1300 m above thevedallhe river crosses
the Ebo Valley, a graben filled with tertiary marlegalownstream it flows through the
Laguar Valley, a deep calcareous canyon cut across Secomgasitd. This canyon
was used in 1945 to construct the Isbert Reservoir (cgdadim®), now partially

silted and abandoned. Downstream, at the Retoria Valleglltheal plain starts to
widen. Two ephemeral tributaries (Bolata and Trullencs) droswalley, parallel to the
Girona River. After crossing the town of Beniarbeig, theriwilt a large floodplain,
through the superposition of a complex sequence of alluvial fade ofdPleistocene
and Holocene deposits. Two ravines, Portelles and Albesmacahtributed to fill this
alluvial plain. To the north, the floodplain is flanked by 8egaria Mountains, formed
by highly karstified Secondary limestone. To the south, variousamehills close the
river floodplain (Vegas et al., 1975). The river flows irfte Mediterranean at the
Almadrava cape. This floodplain has been largely urbanized dimenigst four
decades. The historical villages grew over the fanscesrand point-bars, whereas
touristic residences were massively built on the coastal &s a result of this, flood

vulnerability has enormously increased.

The climate in the area is Mediterranean. Mean annuabhambetween 600 and 900
mm, with a maximum in autumn and a secondary peak in sitaigfall intensity in

this area is the highest of the Iberian Peninsula (MartileV2004) and the maximum
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accumulated rainfall in 24 hours is close to 1000 mm at sdreervatories
neighbouring the Girona River (Armengot, 1994). Consequently, flash faveds

frequent, particularly in October.

2.2. The October 2007 flood

The synoptic frame of the meteorological situation leadintpé torrential rains of 11—
12 October 2007 in the Valencia region was characterizeddpltenomena: i) an
easterly maritime wind advection across the Western keditean, lasting for at least
48 hours, and ii) the presence of an upper-level isolated lomtloy&astern Iberian
Peninsula. The arrival of a moist air mass over the \éadRegion, and the presence of
a cold pool aloft, caused torrential rainfall. The everd exensively described at the

regional scale by Pastor et al. (2010).

The intense rainfall generated a flash flood, which aftetite villages of Beniarbeig,
El Verger and Els Poblets, and also the coastal urbanfrBeniarbeig, the CV-732
Bridge was destroyed. At El Verger, the flood was 2.4eptldin some houses located
on the river bank, and the river flow demolished a houseidlad a woman. Most of

the urban area of Els Poblets was also affected by the owefitbav.

According to Segura (2009), who analyzed 12 observatories beloogimg Automatic
Hydrological Information System (AHIS) of the Jucar Ba&ithority (JBA), rainfall
varied between 250 and 420 mm. The highest intensities (> 150)wuere recorded

between 10:00 and 12:00 AM (1B®ctober), particularly in the middle and upper basin
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areas (Figures 2, 3a and 3b). Considering a mean catchnméaif kealue of 343 mm,
total rainfall was 35.2 Mrh Rainfall progressively increased from the coastlingaéo
inland areas. The highest rainfall values were recordtétdrvthe mountain areas (420

mm), whereas in the coastal plain precipitation was éetm250 and 300 mm.

The flood was generated in the headwaters area, and prabresseds the coastal
area, supplied by the upper and middle basin tributaries. ¥oywthe low basin
tributaries, such as Segaria Mountains ravines, did not béxeant flow (Segura,

2009).

3. Materials and methods

This study combined hydrological and hydraulic modeling with geomargii@nd
post-flood survey in order to reproduce a particular flooding em@shunderstand and
decipher the flooding processes using geomorphologic mapping tiér$tydrological
model TETIS (Francés et al., 2007) was used to estimatege of possible
hydrographs that represent the flood event of October 2007. Heergrige of
hydrographs was simulated using free surface flow module of the RodeFlow2D
(Murillo and Garcia-Navarro, 2010; Lacasta et al., 2014). &helts were then
validated using geomorphology and post-flood survey information totsb&e
hydrograph that shows the best agreement between simulated aneéolis®rmation.
Finally, this combination of hydrological and hydraulic modeling g@oimorphology

was used to provide information to improve flood risk manageme
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3.1. Hydrological modeling

The flash flood of October 2007 was reconstructed by means bfytirological model
TETIS (Francés et al., 2007), a distributed conceptual hydeallogodel widely used

in Spain and other countries (e.g. Bussi et al., 2012; \é&tlalz, 2009). In this model,
the main components of the hydrological cycle are represbytagtans of tanks. The
TETIS model has a specific split-structure of the pararegfrancés et al., 2007)
which allows its calibration without altering the spatialisture of the parameter maps.
The model calibration can be carried out by adjusting up to oimeation factors,

which multiply each a corresponding parameter map.

The Digital Elevation Model (5x5m resolution) was downloaded fioenSpanish
National Cartographic Centre (www.cnig.es). Neverthelbégssidsolution of soill,
geological and land use maps was larger. Therefore, the engideipertise and
previous modeling work with the TETIS model led to increasertésh size and
resample the digital elevation model to 100x100 m as a comprobetiseen model
accuracy, resolution of the available information and computatioma. The land-use
map was obtained from the Corine Land Cover 2006 dataset, lisoEuropean
Environment Agency (2007), while soil characteristic informatuas retrieved from
local soil surveys and soil profiles. Geological maps watge used, obtained from the
1:50,000 geological maps of the Spanish Geological Institutesdiheetention
capacity was computed as the difference between the @@t wontent at saturation
and at the wilting point. These soil properties, as welhasoil infiltration capacity,
were calculated depending on soil texture, organic contenstaagture and salinity

according to Saxton and Rawls (2006)pedotransfer functions. Thesdié@ercolation
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capacity was estimated based on literature valudbéogeological formations found in

this catchment, depending on their lithology, degree of fragf@nd macroporosity.

The rainfall of seven rain gauges within and surroundin@ihena River catchment
(Gallinera, Isbert, Carrasca, Alcalali, Guadalest, Algad Azud de Mandem), with 5-
minutes series, managed by the Jucar River Basin Autl{Grtyfederacion
Hidrogréfica del Jucar, CHJ) was used (Figure 2). Thealhaggregation and
interpolation was shown to be highly relevant in flash floogaase and modeling
(Borga et al., 2007; Anquetin et al., 2010; Nikolopoulos et al. 201 1hidrstudy, the
rain gauge station records were interpolated with a kriggolgnique, on a 1x1 km mesh
and with a temporal resolution of 10 minutes. The spatigt@ns of the temperature
were taken into account by assigning a value to eachfabk A00x100 m mesh
depending on their distance from the meteorological stationspgmglthe Thiessen
polygons methodology. No reliable water discharge records wedalzledor the
Girona River catchment. For this reason, a nearby sindtahment was used to
implement the model: the Guadalest reservoir (54.34dkainage basin area). The
TETIS model was calibrated for the October 2007 event {tbeteo be reconstructed),
by adjusting its model parameters, and validated for thies ainfall events (April

2003, October 2008 and September 2009) for the same station.

No evapotranspiration data was available for this study. Thikéy variable in flash
flood modeling (Braud et al., 2010; Vannier et al., 2013) bedads¢ermines the
wetness of the catchment soils at the beginning of the fldoels®il characteristics and
their relationships with soil saturation dynamics are acknowlgdg be a key issue in

the formation of flash floods in several studies (Braual.e2014, 2010; Nikolopoulos

10
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et al., 2011; Norbiato et al., 2008). For these reasons, aeul gjig lack of precise
evapotranspiration data, we decide to implement the model evéime scale. This
means that the initial values of the model state variadalesot be initialized by means
of a warm-up simulation and must be calibrated along witimihdel parameters. In
particular, the initial value of the soil static storaghijch is a model state variable
related to soil wetness, is a key variable for flasbd modeling, and must be calibrated
carefully. The initial soil storage of the calibratioreat(October 2007) and validation
events (April 2003, October 2008 and September 2009) was adjustedvétioige

model parameters in order to reproduce the observed hydrogridnghGuadalest

reservoir.

The model calibrated and validated at the Guadalest canthwas used to reproduce
the October 2007 hydrograph of the Girona River upstream ofotbe: plain (indicated
as the hydraulic model area in Figure 1). This was done by rutienbeTIS model
for the Girona River catchment with the parameterizattoiained from the Guadalest
catchment. This process of extrapolation from a gauged catcioremiungauged one
is widely used in distributed hydrological modeling (Vélealet2009), and it is known
to amplify the uncertainty of the model result. For thisoeasve used the extrapolated
model results to obtain only the hydrograph shape, while thel actgmitude of the
Girona River hydrograph was obtained by calibrating the intidlssorage and using
post-flood information as a reference. In particular, th@irgoil storage was modified
within a reasonable range in order to obtain a set of hydrogvéatihthe same shape
but different peak flows and volumes, which were used as boundadjtion for a
flood model. A flood simulation was run with each of these hywigls, the resulting

water depth maps were compared with post-flood informatioitesiynto what was

11
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done by Braud et al. (2010), and the simulation providing the ibestd selected. This
was done by comparing visually the observed and simulated flood Hoadinal
October 2007 reconstructed hydrograph was the one returning thi: besteen

observed and simulated inundation map and flood depths.

3.2. Hydraulic modeling

The set of hydrographs produced by the hydrological model were sisaéta

discharge to simulate the flooding event at the floodplathefsirona River (Figure 1).

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

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

3.2.1. Hydraulic model

The 2D Shallow Water Equations, which express the water volumeramgntum

conservation irx andy directions, were used in this work (Eq. 1):

0

h hu hv 0z
Ol hu |+ | hu2 +2gh? |+ 2 huv —gh (52 + Sy )
ot 2 4 h 2 4 = hZ 0z

hv huv v 9 —gh (£+ Sty

Whereh is the water depthu(v) arex andy averaged velocity components
respectivelyz is the bottom level and the friction losses are writteteims of

Manning'’s roughness coefficiem)((Eq. 2):

12
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n?uvu2+v2 n?vvu2+v2
Sfx = h4/3 ’Sfy = h4/3 (2)

In order to solve the system of equations, an upwind cell4ezhiimite volume model
was applied (Toro, 2001, Murillo and Garcia-Navarro, 2010).The ithowas
discretized into triangular cells and, assuming a piece rgjsresentation of the
variables, an explicit first order Godunov method based on Roe’s apprae

considered (Roe, 1981, Murillo and Garcia-Navarro, 2010) (Eq. 3):
Urtt = up = TERE SR (- o) k] 3

whereU= (h, hu, hv) is the vector of conserved variabIBlg indicates the number of
edges in cell, I is the length of each edgel andé are the eigenvalues and
eigenvectors of the Jacobian matrix, respectively,yaaatounts for the linearized
fluxes and source terms expressed compactly (Morales-Hernénale2013).
Moreover the numerical method was implemented in GPU aralniéscin order to

accelerate the computations. More information can be foundcastaet al. (2014).
3.2.2. Topography

A Digital Terrain Model (DTM) of 1x1 m resolution deriveefn LiDAR (Light
Detection and Ranging) data was used as base informapenftom the final domain
discretization. LIDAR data was collected in 2009 by the PNDie National Plan of
Aerial Ortophotogrammetry, Government of Spain), using an @pieS50-I1 sensor,
with a minimum laser pulse rate frequency of 45 kHz, ld fsé view angle of 50° and a

scan rate of 70 Hz. The final density ranged betweeMm@ost of the area) and 2
13
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points/nf(flight overlapping). Reported vertical and planimetric (Xg¥rors were
lower than 40 and 36 cm, respectively. Then, a DigiteaV&tion Model (DEM)was
performed using ground returns in Fusion software v3.30 (McGaughgs).20
Likewise, a building map was carried out using the buildingrnstin Fusion software

v3.30 (McGaughey, 2009). Both models were combined to perforiTive

However, the following modifications of the DTM were carrad in order to represent
accurately the simulated domain: i) as the LIDAR does muesent the terrain behind
the bridges, this task was carried out manually using theesieneighbour interpolation
of ArcGis9.3 software (ESRI, Redlands CA); ii) some buildingere removed from the
building map as they did not exist in 2007; iii) agriculturallsvahd irrigation
infrastructures were also modified in order to represertetinain of 2007. Besides,
some of them were not accurately reproduced by LIDAR datayvarel manually
introduced; and iv) riverbanks, gravel bars and ripraps weoenabdified according to
the topography of 2007. Finally the modified DTM is discretizepgeidorm an

unstructured triangular mesh with 1,858,396 cells.

The roughness of the domain was defined depending on the lanhise was
obtained from the Corine map (European Environment Agency, 2001dheing
roughness coefficient was assigned to each habitat accooding tecommendations
found in the specialized bibliography (i.e. Chow, 1959; AcremenBahénider, 1990;

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

14



347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

The inlet boundary condition is the hydrograph derived from the hydralagicdel.
On the contrary, the only outlet boundary condition is that oféhdevel, which was

established following the tidal levels suggested by G(2@D1).

3.3. Geomorphology and post-flood surveys

3.3.1. Geomorphologic works.

A geomorphologic survey of the study area was developed intordssess and
validate flood processes. This task was based on field rassanee along the river
and throughout the whole Girona floodplain. Panchromatic black-ane-e#iial
photographs dating from 1946 and 1956 (Ministry of Defense, CECAI€) uged to
identify forms recently transformed by the urbanization proce3$esphotographs
were scanned at a resolution of 400 dpi to obtain averagedomehsions of 1 m and
1.15 m respectively, and they were georeferenced to orthophatgsArsGIS TM
version 9.3 (ESRI, Redlands, CA, 2009). The LiDAR-based DEKbpeed for

hydraulic modeling was also used for geomorphologic analysis.

3.3.2. Flooded area

The mapping of the flooded area was obtained from two diffem@mntes. First, some
days after the flood, the external edge of the flooded arsawsaeyed using GPS.
These data were exported to .shp format to be processednsf#S TM version 9.3

(ESRI, Redlands, CA, 2009). This information was compareu awihap composed by

15



372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

the Plataforma Ciutadana Riu Girona (PCRG) associatitis.ofFganization was
created by some citizens affected by the October 2007, floaider to promote
research on this river basin and to prevent future floods. R d®llected information
from both local administrations and withesses to map takigen of the flood, which
was simulated through a video (PCRG, 2009, https://vimeo.com/548 &g small
discrepancies were found between the GPS mapping and the W@#Gnapping.
Part of them was solved after visiting the area anduttimg some members of the
PCRG and other interviewed witnesses. Finally, the floodeal ls@tween Beniarbeig
and El Verger was selected for validation, becauselihdi present significant
discrepancies between the two sources and reproduced witlykiest precision the

flooding event (Figure 4).

3.3.3. Maximum flood depths.

The day after the flood, some technicians from the municipafliBl Verger visited all
the buildings affected by the flood, in order to produce an assassobe used to
calculate economic compensations for damages. Flood levels redxyrtlds report
were compared with flood marks observed in pictures takehebguthors or included
in the report, in order to correct some over-dimensionedasc@rtotal of 64 points
with a register of the maximum flood depth were used taatdithe performance of
the hydrological and the hydraulic model. These data arestint the town of El

Verger, which represents only a small fraction of the ft@added area (Figure 4).

3.4 Validation of the simulated flooding event.
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The results of the hydrological and hydraulic model was Malitlasing the post-flood
surveys: maximum flooded area and flood depth. The observed maXimod
extension was compared to the estimated one following Raté®e Roo (2000)
criteria, in which where the accuracy of the calculdlieat] extent versus the observed

is defined on:

FAobs N FAmod
"~ FAobs U FAmod

Fita(%) x 100 (4)

WhereFITais a goodness-of-fit index, amobs andFAmod are the observed and
modelled flooded areas respectively. The observed and sichof@emum flood
depths at the 64 points of El Verger are compared using tlainlf goodness-of-fit
indexes: Root Mean Square Error (RMSE) and Nash and Sutgfiftéency - NSE

(Nash and Sutcliffe, 1970).

3.5. Hydro-geomorphologic response to model simulations

Simulations varying flow conditions, with peak flows ranging fr2@® nt s*to 900 ni
s with intervals of 100 rhs* were carried out to estimate the hydro-geomorphologic
response of the Girona River floodplain. The aim of therelations was to identify
the threshold of activation for different geomorphic elemaihsvial fans, inter-fan
depressions, palaeochannels and tectonic depressions, anlyse #maflood 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 GuatiReservoir flow gauge,
by comparing the predicted and the observed water dischargepksned in the
methodology section, given that the model was implemented avém scale, the
initial state of soil moisture was unknown and was alsbredéd. The results are
shown in Figure 5. The model provided a NSE of 0.88 (Fraet@s2011). The model
was temporally validated on different events, showing NSE&8, 0.92 and 0.91 for
the April 2003, October 2008 and September 2009 events respectioeiginmy
satisfactory results. More information about the TETIS modplementation can be

found in Francés et al. (2011), CHJ (2012) and Bussi et al. (2012).

The October 2007 hydrograph of the Girona River was reconstrusitegl TETIS. A
set of 26 hydrographs was generated (Figure 6) varying tied 80il storage from 35%

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

Table 1 — Characteristics of the reconstructed flood e@gtbber 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 modebinfsection (M) | 35.2

Total hydrograph volume (MM 11.2
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Proportion of overland flow to total rainfall (' 15.t
Proportion of interflow to total rainfall (9 16.7
Maximum discharg (m° ™) 51E
Unit discharg (m® s km™) 0.5¢
Unit peak dischar¢ (m® s km™) 5.C

Runoff coefficient (% 31.¢€

441
442 The observed precipitation series showed two rainfall pdddesfirst occurred between
443  10:00 and 10:45, with maximum intensity over 100 mhirnthe headwaters (Ebo

444  Valley). The second took place between 11:15 and 11:45 in thralogsrt of the

445 catchment, mainly at the southern part of Laguar Vallegi®ghe rainfall intensity

446 was above 100 mnmi'h The average hyetographs describes well both peaks, with
447  intensities above 69.5 mnith

448

449  According to the hydrological model results, the dischargeeat@atchment outlet

450 (hydraulic model inflow) started to rise at 8:30AM (12th Octola@d reached a peak at
451 13:00 (515 msY). The hydrograph lag-time was established as the differin time

452  between the precipitation peaks (11:20 at Isbert and Camaschl:40 at Alcalali and
453 Gallinera) and the peak discharge time. That providag ame of 1h20 — 1h40, which
454 s typical for flash floods in similar catchments (Caasarand Segura, 2001) and

455  slightly higher than those estimated by Marchi et al (2010).

456

457  The hydrograph lasted two days, although the largest dischabhge® (300 ms™) only
458 took place during 8 hours and 40 minutes. Using the methodology deta$athzar et

459 al. (2013), the peak discharge return period was estinateel 40 years, while the
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expected return period of daily rainfall was estimateltalightly lower than 50 years.
As expected, the single rainfall burst observed produced k& slisgharge peak. A
second and smaller rainfall burst took place at 19:30 and produedatively reduced

discharge peak (150%sY) 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 modehgahe initial soil
storage from 35% to 60% was used as input to the hydraulic mMidaekimulation
results were analysed according to the post-flood survey iatmmavailable and the
geomorphology. Following this analysis, the hydrographs derived fromitia¢ soil
storage between 35 and 40 % showed a simulated floodesnaadiar than the
observed one and a lack of hydraulic conductivity at the palaeoch&theltsd P4 (see
Figure 8). Likewise, initial soil storages higher than 45 %dpced an activation of the
P7 palaeochannel (see Figure 8) that did not occur duringptiek df October 2007.
Thus, the hydrographs obtained with initial soil storagesdmtvd5 and 40 %, and

between 46 and 50 % were dismissed.

In order to select only one hydrograph that represented thedfdddtober 2007, the
results of the hydrographs with initial soil storage betw&keand 45 % were analysed
in detail by comparing the simulated and the observed maxitmaaieid area and flood
depth (see Table 2). The comparison showed a good agreemesehetvserved and
simulated flooded area for the five hydrographs, whoseviitied from 75.3 to 76.4 %

(see Table 2). Likewise, the flood depth showed an acceptahleaay, with a NSE
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and RMSE that ranged between 0.58-0.61 and 0.64-0.69, reshe(iee Table 2). All
five hydrographs accurately reproduced the flooded area. Hovikedyest
compromise between flooded area and flood depth accuracy wasatided by the
hydrograph generated with initial soil storage of 44 % (see Taafa Figure 7). Thus,
according to the combination between hydrological and hydraulielngdwith post-
flood information it can be stated that the flash flood ocdumeOctober 2007 at the

Girona River reached a peak discharge of 51§'m

Table 2.Results of the comparison between observed anthtsdi maximum flood
depth (NSE and RMSE) and maximum flooded area)Xk#ing 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
Fita 75.61 76.13 76.39 76.14 75.28

4.3. Floodplain geomorphologic configuration

The Girona floodplain is made of a complex sequence of Quayaatiavial deposits,
developed by the Girona River and the Alberca and Portedlen&s. Middle
Pleistocene sediments are present at the inner part fbdddkglain, whereas Late
Pleistocene and Holocene fans are located towards thdiremaBhis system of
overlapped prograding alluvial fans, palaeochannels and inter-faresdmns are

characteristic of Valencian coastal plains and they hadeterminant influence on

21



507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

flood hazard assessment (Segura, 2003). Overbank flow usualypiake at the apex
of alluvial fans and the flooding areas are located at pateanels, inter-fan
depressions and tectonic depressions, as well as marshesstad area, several

morphological units have been identified:

i) Structural depression of Clot del Francés

This rectangular depression, parallel to the Girona Rivett@n&egaria Mountains, has
a probably tectonic origin (Figure 8). In fact, some raisetidown-dropped Miocene
blocks were identified in the coastal plain (Vegas etlll75). The depression creates a
corridor which is determinant for flooding processes, becausedentmtes part of the
overbank flow coming from the western river bank. The Cretf@Bavine, which also
flows into this corridor, forms a small torrential fan (F7jhe western side of the Clot

del Francés depression (Figure 8).

if) Girona overlapped prograding fans

Downstream Beniarbeig, where the river valley widens, numeraulsion processes
created a complex system of prograding alluvial fans, avitarent palaeochannels
(Figure 8). The older fan is located at the right river b@1il, oriented to the southeast,
and it has a long palaeochannel (P1) which could have connect@ddha River with
the Alberca Ravine streambed in the past (Figure 8). ®Ererether two palaeochannels

at the left bank (P3 and P4), which go down the Clot deldé@mdepression.
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Immediately downstream, there is a dissymmetric fan, {#ich is well developed at
the right bank, but almost unrecognizable in its left side. iEhisie to the probable

subsidence of the Clot del Francés area, subsequentdevialopment.

At the distal area of this fan (F2), two more recent @luans (F3 and F4) were
constructed. The first one (F3) comes from a 90° meantierevihe rivers twists to the
East, leaving to palaeochannels to the left (P5 and P&isApoint, there is a crevasse
splay, clearly marked in the micro-topography, which presengsaumulation of
boulders transported by the 2007 flood. The second one (F4) lies mghthend it is
flanked by another palaeochannel (P7). These fans (F3 andeFaNeatapped by
another two (F5 and F6), the last one of which forms the trianghiégped protuberance

of the Almadrava Cape.

iii) Alberca and Portelles fans

Girona River fans coalesce with deposits formed by the Rri@hd Alberca ravines
(Figure 8). During floods, palaeochannels can connect thesensysitefact, during the
event in 2007, flow from the Girona River was patrtially draibgdhe Portelles

channel.

The Portelles Ravine forms a small torrential fan afabé of the Segaria mountain
(F8). At the connection with the Clot del Francés palaeoch@iRBg there is a wide
fan, built with Girona materials, in contact with thege-Oliva wetland. In its last
reach, the channel almost completely vanishes, and leavesctiateone (F10) on this

coastal marsh.

23



556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

The Alberca Ravine flows attached to several Miocene. liilhas also constructed an
alluvial fan (F11) in its lower reach. Due to the convegityhe fan surface, an inter-fan
depression is formed between the Alberca (F11) and Girona (F2ylfiéh can

concentrate the overbank flow from both channels.

4.4. Flooding thresholds for morphological units

Hydro-geomorphological responses for different flow conditions waimated

through various simulations. Results (Table 3, Figure 9) showed-ahronological

activation sequence for palaeochannels and alluvial fhesed by the Clot del Francés

depression (P7) and the impact of the CV-729 Bridge.

Table 3. Flooding thresholds for geomorphologic units

Flow (n s?) | Effects Fans Activation

200 No impact on point-bars or palaeochannels. F6 (Holocene)
Overbank flow at river mouth meander, immediatgly

upstream F6.

300 Point-bars flooding. F3 (Late Pleistocene)

P5 and P6 initial activation.

400 P3 (Clot del Francés) activated. F5 and F4(Late
Initial overbank flow at P4. Pleistocene)

Overbank flow at F5 apex over F4 distal area.

515 Optimal coincidence between flooded area and | F10 (Holocene,

hydraulic model. Portelles Ravine)
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582

583

584
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527 P7 initial activation. F4(Late Pleistocene)

592 - 600 P7 active. F9 (Late Pleistocene,
Overbank flow from F4 apex also flooding the interPortelles Ravine)

fan depression.

700 Overbank flow on the right side of CV-729 Bridge.| F2 (Late Pleistocene)
900 Overbank flow at Beniarbeig and AP7 motorway | Middle Pleistocene
creating stagnation effect. Bajada

5. Discussion

The hydrological model provided a unit peak discharge of 8.'km?. According to
Gaume et al. (2009), this is a rather high unit peak dischBogehe Spanish
Mediterranean, Gaume et al. (2009) found a maximum unit peaiadigcof 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 dischargealiateted by Marchi
et al. (2010). The ratio of the unit peak discharge {5 hkm?) and the unit average
discharge (0.58 is* km?) is 8.65. These values compares well with the extreasé fl
floods described by Gaume et al. (2009) and Marchi et al. (20dMediterranean
catchments. Given the outcomes of these studies, the Octobera20b& classified as
an extreme rainfall event whose magnitude is very clo#teetanit peak discharge

envelope curve showed by Gaume et al. (2009) and Marchi 2040)(
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In this study, we calculated a runoff coefficient of 31.9%M(€ 1). This is similar to
what found by Marchi et al. (2010). These authors analysed 2&flibegls in Europe
and found that the mean value is 0.35, with standard deviatiah teq 18, median
value 0.37 and 0.20-0.45 interquartile range. However, the f@lne in the present
study is substantially higher than the runoff coefficients foun@agdrich (1990) who
analysed five large flash floods events at the semieatichment of Walnut Gulch (US)
occurred within a 20-year period and found runoff coefficientwéxen 0.07 and 0.21.
Segura (1990) and Camarasa and Segura (2001) in other limedtimeear#s of the
Valencia region found that, for a 25-year time series arftb88s, the runoff
coefficients are between 0.007 and 0.16. These values, obsekardtified limestone
catchments, indicate that the infiltration is relativielgh, as well as the initial
abstractions and the soil retention. The catchments craiefa large amount of
water, and when they are saturated they produce a suddefpulreff (Camarasa

and Segura, 2001).

Simulated and observed maximum flooded area and flood depth weparezhin order
to adjust the hydrograph. This comparison showed the accurduoy witdel predicting
the maximum flooded area (see Table 3), which is a good tesba| capabilities and
is of a significant practical interest (Bates and De R0600). The goodness-fit
indicator Fii reached 76.14 %, and is similar to that reported by Gon&aechis et
al. (2012) using the same hydraulic model, which ranged from 64% J92e resulted
accuracy is also comparable to other studies, such astldodiBates (2001), who
obtained a FitA = 0.84% using the TELEMAC-2D hydraulic modelsatdllite
imagery data for the validation step. However, this commparshould be carefully

interpreted as Horritt and Bates (2001) only simulated atsiate flow peak and the
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satellite imagery data are less accurate than our validdata. Likewise, Tayefi et
al.(2007) reported a Rithat ranged from 51 to 65 % using a 2D diffusion wave
hydraulic model and surveyed wrack lines measured on the @aytadtflood event as

a validation data.

Regarding the validation of the maximum flood depth, the iesblbwed an acceptable
accuracy, although slightly lower than the one reported in sthdies. Connell et al.
(2001), reported +0.26 m Standard Error in water depth using H:RB model and
resident-supplied information and photographs for the validation prrgogicum et

al. (2010) obtained a difference between measured and ¢attwater depth that
ranged from 0.01 to 0.25 m using a 2D hydraulic model basedsimithe one used in
this study. Buttner et al. (2006) reported a difference betwessured and calculated
water depth that ranged from 0.1 to 0.40 m using the hydrauddel RMA-2.

However, the lower accuracy registered in this study coeldue to the fact that none
of these studies simulate the whole flooding event, but onlgyst&ate peak flows.
Gonzéalez-Sanchig al (2012) simulated five transient flooding events using the same
hydraulic model and obtained a difference between measured apdtedrfiood depth
between 0.16 and 0.36 m, which is slightly lower than the gratesd in this study.
Thus, the lower accuracy might not only be due to the trandimanécteristics of the
simulated flood, but also to the high complexity of the cdsdike the cited studies,
this study is highly complex in terms of simulation anddagion, as the Girona River
is ephemeral, ungauged, the inlet discharge was estimmatacahfhydrological model

and the outlet discharge was unknown.
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With regard to the flooding processes, alluvial fan systhave flood-hazardous
conditions due to their convex topography, which creates high fil@etithn

uncertainty downstream the intersection point (fan apex). Thendasgion of the

active zone (area where flooding, erosion, and sedimentatigrossiéle) of these
alluvial forms is a complex task, which can be solvedh whie combination of
hydrologic, hydraulic and geomorphologic techniques. Several authasabdvessed
this topic with different approaches. Santangelo et al. (201 ®)eir analysis of fan
systems, considered as active zone all the fan portiongtbdatvn-fan of the
intersection point. This is consistent with the NRC (1996)meuendations, which
followed a geo-chronological criterion, considering the Holoceng && the most active

zones.

Moreover, Segura (2003) showed that, in the Valencia Regiotatpssns, the
topographic complexity of alluvial fans structure requires a rdetailed analysis, in
order to discriminate between morphological units with diffefletd-hazard. In these
contexts, the activation of palaeochannels and the presémter-fan depressions play
a major role during flood events. During the Girona 2007 flash flpalheochannels
conveyed an important proportion of the overbank flow, preventing atbas of the
alluvial fans from flooding, as it was shown in the realn¢\aad model simulations.
Besides, inter-fan depressions should be also consideretiveszanes, due to its
capability to drain flow from both the fan distal areas tiiedpalaeochannels, as it is

shown in simulations with stream flow > 600 m3 s-1.

In this work, the simulation of different flow conditions showedous thresholds for

fans flooding and palaeochannels activation (Figure 9). dWerlflooding thresholds
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were located both at the point-bar areas and the HolocelfeGarintersection points
and palaeochannels located in the Late Pleistocene fang3F24, F5, F9 and F10)
were activated in the following flow thresholds. The inattiaf the Middle
Pleistocene fan and palaeochannels revealed the existemgeo-chronological
activation pattern. Only the Middle Pleistocene bajadaemi&@beig was activated

during the maximum flow simulations calculated (900sA1).

This geo-chronological sequence was uniquely altered in the atadyby two effects:
i) the topographic anomaly generated by the tectonic depredstlatalel Frances,
activating the P3 and P4 palaeochannels, and ii) thet efffoe CV-732 bridge, which
artificially narrows the river section, prematurely aciivgthe P4 palaeochannel and
also causing unexpected overbank flow on the right (eastern)egokd the 700 Prs
! This is actually the only case of overbank flow inconsistetit thie geomorphologic

expected response, being a clear consequence of anthropogenic action

In this regard, the urban use of some of these morphologiessslerably increasing
flood vulnerability in the area. While the older part of urbasas (previous to 1950)
were in most cases not affected by the 2007 flash floodhtreoastructions occupy
sensitive zones such as point-bars or palaeochannels. Morbeverassive occupation
of the coastal front blocks the flow descending to the Earathese reasons, the role
played by the Clot del Frances palaeochannel (P3) during thisfftaod and the
simulated scenarios demands the preservation of this eweaffconstructions, for

flood attenuation.
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6. Conclusions

The analysis of the flash flood of the Girona River in 2083 reconstructed the
flooding susceptibility of this Mediterranean alluvial floodplaFrom a methodological
point of view, this integrated perspective appears touseful strategy for ungauged
drainage basins. The combination of hydrologic and hydraulic modalwig,
geomorphologic information allows understanding and generalizing theamsois

governing floods in alluvial fans.

The implementation of both hydrologic and hydraulic models was esniplterms of
simulation and validation, as this river is ephemeralaghuged, but results are
consistent with similar works. The interaction of the hydramigadiel with the
geomorphologic information was determinant to decipher flooding pracasseo
provide a better understanding of overlapping alluvial fan systesponse. Results
from this multidisciplinary research are a useful togbéoform risk prevention works
and may be effectively used by the public administrationsddy warning and risk

mitigation purposes.
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*Highlights (for review)

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



Figure captions

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

Figure 2. Location of the rainfall observatories used for event reconstruction and
hydrologic modeling.

Figure 3. Rainfall intensity at Isbert and Gallinera observatories (a), and Guadalest
reservoir (b) during the October 2007 event.

Figure 4. Post-flood surveys information and final observed flooded area used for
hydraulic model validation.

Figure 5. Observed and simulate hydrographs at the Guadalest Reservoir for all the
events used for model calibration and validation.

Figure 6. Simulate hydrographs of the Girona River. The red solid line represents the
simulated hydrograph obtained calibrating the initial soil storage based on post-flood
information. The grey-shaded area lines represents the simulated hydrograph range
obtained using initial soil moisture spanning from 35% to 60% of soil saturation
capacity.

Figure 7. Flooded area and flood depth obtained with the final simulation of the
hydraulic model, under flow conditions of 515 m®s™.

Figure 8. Geomorphologic map of the model area.

Figure 9. Model simulations with different flow conditions a) 400 m*®s™; b) 515 m3s*;
c) 900 m* s™*. Geomorphologic mapping is represented to show the activation of the
different alluvial fans, palaeochannels and depressions under different flow conditions.

Only for black and white edition:

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