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A B S T R A C T

The flash flood registered in November 1997 in the city of Badajoz (Spain) in the basin of Rivillas river is 
analysed by means of the numerical code Iber+. This event constitutes one of the most destructive flash-floods 
registered in an urban area in the Iberian Peninsula. Starting from precipitation data obtained from rain sta
tions, the runoff of the entire river basin was simulated to obtain the discharge of the Rivillas river in Badajoz. 
The flood maps obtained with Iber+ reproduce accurately the field data registered during the actual event. 
Likewise, the numerical time evolution of the flood and water depths are in accordance with testimonies of the 
witnesses. Once the capability of Iber+ to reproduce the event was assessed, several scenarios were considered in 
order to analyse the main causes of the event. In particular, simulations show that the catastrophic magnitude of 
the flood was mainly due to the blockage of bridges. Different hypothetical scenarios were simulated to analyze 
the role of rain intensity and bridge maintenance, concluding that similar floods can occur under much lower 
rainfall but with poor bridge maintenance.   

1. Introduction

The recent release of the 6th Assessment Report by the International
Panel of Climate Change (IPCC, 2021) confirms that humans are already 
having a very significant impact in many branches of the climate system 
and that this will increase in the coming decades, independently of the 
climate scenarios considered. The effects of Climate Change are wide
spread including a number of changes in the hydrological cycle, namely 
in terms of the increment of extreme precipitation events both in fre
quency and intensity (Groisman et al., 2005; Beniston, 2009; Morss 
et al., 2011). It is within this context that most experts have framed the 
recent flood events registered in July 2021 in China and Central Europe 
(Germany and Belgium) that caused more than 500 deceases and billions 
of euros in economic loses (EFAS, 2021). Therefore, the capability to 
predict well in advance these events is a crucial task in order to minimise 
their future negative effects. One of the main approaches to deal with 
this problem is through numerical simulations. In recent years, the 
development of numerical tools, strongly sustained on the increment of 
the computational power, has facilitated the ability of the numerical 

simulations to reproduce such events with increasing detail. These 
simulations allow a far better understanding of the effect of Climate 
Change related with flood events and can contribute with relevant in
formation to mitigate their downsides. According to the European 
directive (E.D. 2007/60/C), it is important to assess potential risks 
derived from flood events through: “a description of the floods which have 
occurred in the past and which have had significant adverse impacts on 
human health, the environment, cultural heritage and economic activity and 
for which the likelihood of similar future events is still relevant, including their 
flood extent and conveyance routes and an assessment of the adverse impacts 
they have entailed”, which highlights the importance of reproducing past 
extreme flood events with numerical tools. 

Literature shows many examples of past flash-floods derived from 
extreme precipitation events. Vennari et al. (2016) provide a database of 
about 500 flash-flood events registered in small catchments located in 
Campania (Southern Italy) from 1540 to 2015. Zêzere et al. (2020) 
provide a comprehensive collection of floods registered in mainland 
Portugal in the period 1865–2015 located in the Tagus, Douro, Mon
dego, and Vouga valleys. Trigo et al. (2016) analyse the main causes 
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behind one of the deadliest flash-floods occurred in Portugal, which took 
place on the 25 and 26 November 1967. 

Following a historical perspective, Eulenstein and Kellerer- 
Pirklbauer (2020) provide a detailed description of the flood event 
registered in central Europe (catchments of Danube and Vltava) in 1572 
using geographical sources. Bárdossy et al. (2020) analyse the historical 
flood event registered in 1882 in Neckar catchment (West Germany) 
using the fully distributed spatial modelling HBV (Bergström, 1992). 
Elleder et al. (2020a) describe the catastrophic flood registered in the 
Bohemian-Moravian Highlands (Sázava River) in 1714 and Elleder et al. 
(2020b) analyse the consequences of torrential rain event in the city of 
Prague (Czech Republic) in 1872. Other interesting works focused on 
past flood events are Buzzi et al. (1998) where the flood registered in 
1994 in Piedmont (northwestern Italy) is reproduced or Bartholmes and 
Todini (2005) where the authors reproduce the extreme event registered 
in November 1994 in the catchment of the Po river. One of the most 
important years concerning the number and magnitude of flood events is 
1876. The bibliography shows several examples of floods registered all 
over the world that year. For example, Benito et al. (1996) and Font 
(1988) describe floods of several rivers in Spain. Other countries were 
also affected during that year by extreme floods: Portugal (González, 
1995; Trigo et al., 2014), France, and Germany (Pfister et al., 1999). 
Recently, González-Cao et al. (2021) have also applied a 
multi-modelling approach to the analysis of historical floods in western 
Iberia. In that work the authors reproduce the flood event registered on 
5 December 1876 in Badajoz using the numerical code Iber+ (García-
Feal et al., 2018) and the effects in the city are analysed in detail. The 
reader can find other interesting works related to historical floods in 
Máyer Suárez (2002) where a series of flood events registered in Las 
Palmas (Spain) from 1865 to 1999 are described and in Laguarda (1962) 
where the flood registered in Valencia in 1957 is shown. More recent 
events are analysed by Chao et al. (2021). This study analyses flood 
events registered from May 2013 to September 2014 in the Daheba 
Watershed (China). Hermoso et al. (2021) analyse the event registered 
on 12 and 13 September 2019 in several Eastern areas of the Iberian 
Peninsula. 

One of the most destructive flash-floods registered in an urban area 
in the Iberian Peninsula during 20th Century was registered on the 5th 
and 6th November 1997 in the city of Badajoz. During the last hours of 
5th and the first hours of day 6th, the Rivillas river flooded several areas 
of the city causing 21 deceases and high economic losses. As it was 
previously pointed, the capability to reproduce and predict such events 
by means of numerical tools is a crucial task in order to minimise 
negative effects in future scenarios. Iber is a numerical code widely used 
in many fields of hydrology. For example, González-Cao et al.(2019) and 
Fernández-Novoa et al. (2020) developed an early warning system for 
flood prediction in the Miño river (Northwestern Spain) based on rain
fall forecast by coupling the code HEC-HMS to model the runoff pro
cesses and Iber to obtain hazard maps at several locations. In González- 
Cao et al. (2020) the authors reproduced the flood derived by the break 
of Malpasset dam (France) in 1959. Bonasia and Ceragene (2021) car
ried out an application of Iber to define the potential flood points located 
in the ungauged river basin of La Sabana river (Mexico). Related with 
past events, Benito et al. (2021) reproduced a series of floods registered 
in the Duero basin (Spain) from 1250 to 1871. In this work Iber allows an 
accurate estimation of the peak values of discharge associated to these 
events starting from field data obtained from documentary evidences as 
minute books, newspapers and water marks. In Bermúdez et al. (2021) 
Iber was applied to analyse past and future flood events registered in 
coastal river areas analysing the effects of the climate change both in 
river discharges and in the rising of mean sea level. Similar to these 
works Ruman et al. (2021) applied Iber to estimate the discharge of the 
flood event registered in December 2000 in Crete (Greece) by using six 
paleostage indicators to calibrate the model. In addition to the analysis 
of flood events, the Iber model has been applied to other fields. Thus, 
Mateo-Lázaro et al. (2020) shows an application of Iber to analyse the 

impact of structures, as for example bridges, on the current of rivers 
comparing velocities and water depths before and after the installation 
of such structures. Aranda et al. (2021) applied Iber to design effective 
drainage systems of transportation facilities. In García-Alén et al. (2021) 
the authors applied Iber to reproduce the water flow in the presence of 
obstacles as weirs. A dataset of 194 experiments of nine different weir 
geometries were used to quantify the discrepancies of the numerical 
results. Finally, to show the wide range of applications of Iber, the reader 
can find an interesting application to the analysis of water quality in 
García-Feal et al. (2020). In this paper the authors develop the IberWQ 
suite based on Iber to compute the most relevant parameters used to 
evaluate water quality as, for example, dissolved oxygen, organic ni
trogen, ammonia, nitrates among others. 

The main aim of the present work is both the numerical reproduction 
of the event registered on the 5th and 6th November 1997 in the city of 
Badajoz using the Iber+ numerical code and the analysis its causes 
through the reproduction of a series of hypothetical flood scenarios in 
order to prevent and reduce the risk of similar events in the future. The 
document is organized as follows: in Section 2, the area of study, the 
evolution of the flood event and its consequences in Badajoz are 
described. Then, the precipitation dataset along with hydraulic model 
used are briefly presented in Section 3. The numerical results of 
discharge flow and the water depths registered during the flood event in 
Badajoz are shown in Section 4. Moreover, numerical results are also 
shown, obtained for various hypothetical scenarios derived from the 
current one. Finally, Section 5 provides the main conclusions of this 
work. 

2. Area of study and description of the event 

The whole area of study (Fig. 1) can be divided into two subareas, 
namely the basin of the Rivillas river before reaching the city of Badajoz, 
and the urban area where the river is canalized. The basin of the Rivillas 
river is located in the south-west of the Iberian Peninsula and covers an 
area of 314 km2 (Fig. 1a). The Rivillas river has an approximate length of 
41 km and, as such, can be considered a small tributary of the Guadiana 
river. The elevation of Rivillas catchment ranges from 350 m.a.s.l. at the 
headwater near Valverde de Leganés (see Fig. 1b) to near 174 m.a.s.l. at 
the mouth, located in Badajoz (Spain). Calamón river is the main trib
utary of Rivillas river and their junction, located in the urban area of the 
river (Fig. 1c), is located ~ 1.5 km upstream from the mouth of Rivillas 
river. Several bridges are located in the urban area of the domain. Fig. 2 
shows the current location of these bridges. Some of them acted as 
barriers during the event registered in 1997. A detailed description of 
the Rivillas river is shown in Zamora-Cabanillas (1999) and in Ortega 
(2007). 

Badajoz suffered the most adverse effects derived from the floods 
registered on the 5th and 6th November 1997. The event corresponds to 
one of the most extreme precipitation events in the western Iberian 
Peninsula in 20th Century. Other cities or villages like Mérida or 
Valverde de Leganés, in Spain, and several areas in Portugal were also 
affected by this event but the consequences were less dramatic than in 
Badajoz. Newspapers and testimonies of survivors are the main source of 
information related to the impact of this extreme precipitation event. 
Several newspapers in Spain described in detail the evolution and con
sequences of the flood in the city of Badajoz. They highlight the con
sequences of the event: 21 deceases and economic losses of $100 M USD. 
First-hand testimonies from survivors are also a valuable source of in
formation in order to understand the evolution of the flood. Technical 
reports and other studies (CEDEX, 1998; Zamora-Cabanillas, 1999; 
Ortega, 2007) have also focused on this extreme flood. All these works 
show that during the days 5th and 6th the precipitation registered in 
several rain stations near Badajoz reached historical records. For 
example, in Talavera La Real the total amount for those two days (from 8 
a.m., 5th November to 8p.m., 6th November) was 119 mm, in La 
Albuera 110 mm and in Pantano de Piedraguda 133 mm. These figures 
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far exceed previous historical peak values: 75 mm in Talavera La Real, 
63.5 mm in La Albuera and 56.5 mm in Pantano de Piedraguda. The 
location of these rain stations is shown in Fig. 1b. 

Unfortunately, only one of these stations (Talavera la Real) is 
equipped with a sensor that allows obtaining continuous precipitation 
data. The hyetograph obtained from this station shows that the precip
itation event started at 15:00 of 5th November and lasted 10 h. The main 
stage of the event was registered between 23:00 and 24:00 of 5th 
November. According to testimonies, peak flows were reached in the 
first hours of 6th November. All these data sources and additional in
formation allow classifying the event as a flash-flood (Brenna et al., 
2020). It is also important to note that precipitation recorded during the 
five previous days of the flood was quite high reaching a cumulated 
value near 84 mm in Talavera La Real rain station. This value is a clear 
outlier since the mean cumulated precipitation in five days, computed 
using the precipitation data registered in Talavera la Real rain station 
from January 1980 until January 2020, is equal to 5.9 mm. This pre
cipitation and the effect of blocked bridges located in the urban area of 
Badajoz amplified the height of the water maximum level and therefore 
increased the damages derived from the flood. According to testimonies, 
the bridge “Puente Nacional V” (Bridge 2 in Fig. 2) was almost totally 
blocked by water conduction pipes even before the event. This situation 
worsened during the event due the existence of heavy debris flows both 
in the Rivillas and Calamón rivers. These debris also blocked the bridges 
located upstream Bridge 2. Bridges “Cerro de Reyes”, “Salvador 
Allende”, “San Mateo”, “Pardaleras” and “Puente del Obispo” (Bridges 1, 
3, 4, 5 and 6 in Fig. 2) were also blocked almost from the beginning of 
the event. Bridges 7 to 10 (see Fig. 2) were blocked but their influence on 
the dramatic consequences of the event was less than the effect produced 
by Bridge 2 and bridges located upstream. 

3. Material and methods 

3.1. Precipitation dataset 

The main precipitation dataset was obtained from meteorological 
station 4452 located in Talavera La Real base (see Fig. 1b). This station is 

managed by AEMET (Agencia Estatal de Meteorología). Daily precipi
tation data is publicly available for the period January 1955 to January 
2022 and can be freely downloaded from AEMET OpenData: (https://o 
pendata.aemet.es/centrodedescargas/productosAEMET). Precipitation 
data recorded with a step-time of ten minutes was used to define the 
hyetograph for the simulations carried out with Iber+. Additional pre
cipitation data used as complementary information in this work was 
obtained from the rain stations of Piedra Aguda dam (Cod.: 4484), 
Albuera (Cod.: CR2-42), and Badajoz (Cod.: 4478) (all represented in 
Fig. 1b). These stations are managed by the CHG (Confederación 
Hidrográfica del Guadiana). 

The atypical nature of the event registered on 5–6, November 1997 is 
highlighted when comparing the volume of rainfall recorded during that 
event (119 mm) with the historical time series of daily precipitation 
recorded from 1876 to 2022 (Table 1). 

3.2. Hydraulic model: Iber+

Iber is a numerical tool that solves the 2D depth-averaged shallow 
water equations using the finite volume method (Bladé et al., 2014). 
Recently some of the authors (García-Feal et al., 2018) have developed a 
new implementation of the model in C++ and CUDA (NVIDIA, 2020), 
namely Iber+. This new implementation of Iber improves the efficiency 
of the simulations by achieving a speed-up of two-orders of magnitude 
with the same precision by using GPU (graphical processing unit) 
computing HPC (high performance computing) techniques. These opti
mizations rise the possibility to employ the model in large spatial and 
temporal domains (González-Cao et al., 2020, García-Feal et al., 2020; 
Fernández-Nóvoa et al., 2020, Gonzalez-Cao et al., 2021) or time con
strained applications (Fraga et al., 2020, González-Cao et al., 2019). 
Also, some applications of hybridization of Iber+ with other Computa
tional Fluid Dynamics (CFD) models like DualSPHysics (Domínguez 
et al., 2021) have been developed to analyse the behaviour of dams in 
high precipitation scenarios (González-Cao et al., 2018). The software 
package is freely available and can be downloaded from its official 
website (https://iberaula.es). It also includes a GUI (graphical user 
interface) with both pre-processing and post-processing tools. In the 

Fig. 1. Area under study: (a) location of the Rivillas river basin in the Iberian Peninsula; (b) map of elevation of the basin; (c) urban area of the Rivillas river.  
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present study, Iber+ was applied to the Rivillas river domain aiming to 
analyse the flood event registered in Badajoz (Spain) in November 1997. 
All the numerical simulations of Iber+ in Badajoz were performed using 
a GPU GeForce RTX 2080 Ti. 

The domain defined in Iber+ along with its inlet and outlet bound
aries in the urban area of Badajoz is shown in Fig. 3. The inlet condition 
is defined as a Critical/Subcritical condition by defining the daily mean 
flow registered in the gage station 4030 of the CHG (Confederación 
Hidrográfica del Guadiana) located in Badajoz during the event and the 
outlet condition is defined as a Supercritical/Critical condition. The 
hyetograph defined corresponds to the precipitation data recorded every 
ten minutes at the rain station located at Talavera la Real airbase. The 
daily flow of Guadiana river registered in Badajoz and the precipitation 
registered in Talavera la Real airbase are shown in Fig. 4 (panels a and b, 
respectively). 

The domain was discretized using a mesh of unstructured triangles 
whose characteristic size varies from 5 to 30 m, with a total of ~1.2 M of 
elements. The highest mesh size was defined to discretize the basin of 
the Rivillas river while the lowest values were defined to discretize 
urban areas of the domain in the city of Badajoz near the urban reach of 
the river. Medium mesh size was defined in the rest of the numerical 
domain. Once the numerical domain was defined and discretized, it was 
adapted to the topography of the area by means of a DEM (Digital 
Elevation Model) with a spatial resolution of 5 m that was retrieved from 
the web of the Centro Nacional de Información Geográfica (CNIG; 
http://centrodedescargas.cnig.es/CentroDescargas/index.jsp#). This 
DEM corresponds to current topography of the area of study. It should be 
stressed that some relevant modifications were carried out in the urban 
area in the city of Badajoz since 1997, including the widening of the 
river channels, upgrading works in the riverbanks of the river, and the 
demolition of some of the riverine buildings. However, taking into 

Fig. 2. Actual location of the bridges in the urban area of Badajoz.  

Table 1 
Peak values of daily precipitation registered in the histor
ical time series (1876–2022) in the gauge stations located 
in the area of study.  

Date Daily precipitation 
(mm) 

5/11/1997  119.1 
4/11/1951  84.4 
5/11/1906  83.2 
16/9/1957  75.0 
26/9/1928  73.7 
1/2/1943  73.4 
11/11/1969  70.5 
3/11/1908  70.0 
29/11/1910  70.0 
29/11/1902  67.8 

Note that the 2nd peak value was 84 mm (4/11/1951), 
more than 30% lower than recorded for the case under 
study. This approach allows identifying the event as a clear 
outlier in an objective way, without the high level of in
accuracy associated to other methodologies to classify 
extreme values as, for example, the return period (Mateo- 
Lázaro et al., 2016). 
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Fig. 3. Numerical domain of Rivillas river basin and topography obtained from DEM downloaded from IGN defined in Iber+ (left) and characteristic sizes of the 
elements of the mesh (right). 

Fig. 4. Daily streamflow in Badajoz (panel a), sub-hourly precipitation registered in Talavera La Real (panel b) and accumulated precipitation registered previous 
days of the event (panel c). 
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account that these buildings were one of the main factors that increased 
the negative effects of the flood, we decided that they should be included 
in the area of study. 

The 3-D shapes of the buildings were obtained by digitizing old 
photographs and maps of the area. Also, some footbridges were recon
structed after the flood as bridges. All these modifications were taken 
into account to reproduce the physical constrains that led to the event as 
accurately as possible. On the one hand, land uses were obtained from 
raster data of European Corine Land Use Land Cover data of 2000 (CLC, 
2000) and, on the other hand, data of infiltration was obtained from 
raster file of the CN of the Iberian Peninsula computed according to the 
methodology proposed by Ferrer i Juliá (2003). In the present work, and 
taking into account that the volume of precipitation registered in the five 
previous days of the event is near 85 mm (see Fig. 4c), moist conditions 
for the CN were considered (Eq. (2)). The mean value of CN in the entire 
basin is equal to 85 ± 5. Fig. 5 shows the maps of land uses and CN 
defined in the basin of the Rivillas river. 

One of the main difficulties in the numerical reproduction of his
torical flood events is the analysis of the uncertainty associated with the 
input data, that is, discharges, rainfall, DEMs, land uses and values of 
CNs. When it comes to more recent events, the available data is much 
larger than for historical events, and, therefore, the analysis of the un
certainty is an affordable task. The reader can find detailed analysis of 
uncertainty associated with hydrological analysis of recent events in Xu 
et al. (2006), Jin et al. (2010), Shen et al. (2012), Abro et al. (2020) or 
Nanding et al. (2021). Specifically, for the uncertainty associated with 
rain gauge data, Reynolds et al. (2020) show the influence of limited 
discharge data for flood prediction and Chen et al. (2022) show the 
influence of rain gauge density and distribution on Gauge-Satellite 
Merged Precipitation Estimates. Furthermore, the uncertainty associ
ated with the accuracy of DEMs is often analysed for recent flood events 
(Pakoksung and Takagi, 2022; Xu et al., 2022). This is not the case when 
it comes to historical events where the amount of data is limited and 
therefore uncertainty analysis is beyond the scope of this type of works. 

CN =
25400

Ia
0.2 + 254

(1)  

CNmoist =
23 • CN

10 − 0.13 • CN
(2) 

According to testimonies, most of the bridges located in the urban 

area of the Rivillas river were partially blocked from nearly the begin
ning of the flood event. Therefore, in the Iber+ simulations the bridges 
were considered as barriers with constant height during the entire 
simulation. 

4. Results and discussion 

4.1. Estimation of the discharge flows in Badajoz 

The flows obtained with Iber+ for Calamón and Rivillas rivers at 
three control points are shown in Fig. 6 with the location of these three 
control points represented in the left panel. Initial time of simulations 
corresponds to 15:00, 5th, November. Control points 1 and 2 (CP1 and 
CP2 in Fig. 6) correspond to flows of Calamón and Rivillas rivers, 
respectively, before reaching Bridge 2. Control point CPm corresponds 
to flow of Rivillas river near the mouth of this river. The right panel in 
Fig. 6 shows that the peak value of Rivillas river (obtained before Bridge 
2) is higher than the peak value obtained for Calamón river (521 m3 s−1 

and 441 m3 s−1, respectively). The maximum value of Rivillas is reached 
before (around 2:40 a.m) than the maximum value of the Calamón river 
(around 3:50 a.m) on November 6. The maximum flow value of the 
Rivillas river obtained at its mouth reached a value equal to 879 m3 s−1 

(observed at 3:00 a.m.). 

4.2. Numerical analysis of the evolution of the flood event 

The maximum extent of the flood obtained with Iber+ and the cor
responding maximum extent obtained from field data in the urban area 
of the domain are shown in Fig. 7 (left panel). The numerical results 
(area delimited with red lines) reproduce quite well the field data (area 
delimited with green lines). There are some areas (e.g. A, B and C in 
Fig. 7, left panel) where the numerical results overestimate the actual 
values of the extent. These differences can be attributed, at least 
partially, to the resolution of the DEM data and uncertainties associated 
to values of CN. The right panel of Fig. 7 shows a detailed image of the 
area upstream near Bridge 2 where the orange polygons refer to the 
buildings located within this area. It is important to notice that this area 
corresponds to the sector of the city most affected by the flood during 
this event. The blue area corresponds to the maximum flood extent sit
uation obtained with Iber+ confirming that it reached buildings located 
in both riverbanks of Calamón and Rivillas rivers. Therefore, we can 

Fig. 5. Land uses obtained from Corine Land Cover (left panel) and map of curve numbers (righ panel) defined in the basin of the Rivillas river.  
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conclude that Iber+ reproduce quite well the situation registered during 
the event. 

However, flash flood events evolve quite rapidly and therefore 
require a more dynamic assessment of the areas affected, preferably at 
the sub-hourly temporal scale. Fig. 8 shows such evolution of the flood 
event water depth maps obtained with Iber+. From 10:20p.m. to 10:30p. 
m. on 5 November, flows of Rivillas and Calamón rivers arrive at urban 
areas of Badajoz (Fig. 8a). Flow of Rivillas river reaches the canalisation 
before flow of Calamón river. Near 0:45 a.m. on 6 November, flow of 
Rivillas impacts into Bridge 2 (Fig. 8b), while flow of Calamón overtop 
Bridge 4. Then, flow from Rivillas returns upstream following the Cal
amón riverbed (Fig. 8c). At 1:00 a.m. on 6 November, flows of Rivillas 

and Calamón impact near Bridge 5. This causes the flood on the right 
and left riverbanks of Calamón river (Fig. 8d). The maximum extent of 
the flood can be observed at 2:30–3:00 a.m. on 6 November (Fig. 8e). 

In addition to the evolution of the water depth maps, the evolution of 
water depth at five control points is represented in Fig. 9a. Control 
points CP1 and CP2, also depicted in Fig. 6, and CP5 and CP6 are located 
upstream near Bridge 2 and control point CP3 is located downstream 
near Bridge 2. CP1 is located in the riverbed of Calamón river while CP2 
and CP3 are located in Rivillas riverbed. Control points CP4 and CP5 are 
located at the beginning of the canalisation of Calamón and Rivillas 
rivers, respectively. Fig. 9b shows that flow arrives downstream Bridge 2 
at the beginning of the simulation at CP3. This flow comes from 

Fig. 6. Location of the control points CP1, CP2 and CPm (left panel) and discharge flow at these control points (right panel). Dashed line refers to flow obtained for 
Calamón river (CP1), dot-dashed line refers to flow obtained for Rivillas river before Calamón (CP2) and solid line refers to flow obtained at mouth of Rivillas 
river (CPm). 

Fig. 7. Left-panel: Maximum extent of the flood obtained in the numerical simulations (area limited by red lines) and maximum extent obtained from field data (area 
limited by green lines). Right panel shows a zoom over the area most affected by flood. Blue area denotes the flooded area and orange polygons represent buildings. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Guadiana river. At around 1:00 a.m. on 6 November, flows from Rivillas 
and Calamón reach control points CP1 and CP2 respectively. From 9:00 
a.m. on 6 November, water depth is higher upstream bridge 2 than 
downstream this bridge. This effect is due to the Bridge 2 acting as a 
barrier during the event. Fig. 9c confirms that flow from Calamón ar
rives at the starting point of the canalisation, i.e. before the flow from 
Rivillas river. This is because the beginning of canalisation of Calamón 
river is located farther away from Bridge 2 than the start of canalisation 
of Rivillas river. 

A temporal flow chart of the numerical model evolution vs field data 
obtained from testimonies is shown in Fig. 10. Time evolution obtained 
through testimonies is quite similar to those obtained in the numerical 
simulations carried out with Iber+. Some discrepancy is observed in the 
timing for the maximum peak flow. Whereas timing obtained from field 
data is ~1:30 a.m. on 6 November, the corresponding timing from nu
merical simulations is situated near 3 a.m. Nevertheless, it is known that 
testimonies have some difficulty in defining exact timing of peak flow 
values during the event. This difficulty results since they can be affected 
by subjective perceptions as well as the lack of objective references to 
measure peak values. It is worth mentioning that it was night, the 
electric lighting stopped working and the weather conditions were 
adverse with rain and strong gusts of wind. Moreover, people do not 
usually stand at the same place during the entire event, and this can lead 
to misleading perceptions to define accurately the time of peak flow. 

Once the numerical model has been validated to reproduce such 
event, a more in depth analysis was carried out. The characteristics of 
the implementation of Iber+ allows an analysis of a series of 

hypothetical flood scenarios considering different conditions. It can be 
stated, from previous analysis, that there are three main causes for the 
dramatic consequences of this event. First, the large amount of precip
itation registered from 5:00p.m. on 5 November to 1:00 a.m. on 6 
November; second, the high levels of antecedent soil moisture content 
due the continuous precipitation registered during the previous days of 
the event; third, the poor maintenance and cleaning conditions of most 
bridges, that quickly become partially blocked during the event. The 
precipitation and previous conditions of the soil are distributed over the 
entire basin of the river being related with meteorological conditions out 
of control of water management institutions. On the other hand, the 
conditions of the bridges only affect the urban area of the Calamón and 
Rivillas rivers and are directly controlled by water management in
stitutions by means of a correct maintenance of these structures. To 
analyse the effect of the conditions of the bridges in the flood event, 
eight hypothetical scenarios with different conditions have been 
defined. Three different hyetographs have been defined starting from 
the “actual” one and reducing it a factor equal to 75%, 50% and 25%. 
Therefore, in this study we analyse four hyetographs: H100, H75, H50 
and H25. The probability of occurrence of these three last hyetographs is 
much higher than the probability associated to H100. For each hyeto
graph two different conditions were analysed: bridges partially blocked 
(B-B) and free bridges (F-B). The rest of conditions associated to the 
event, i.e., the time distribution of the precipitation and the antecedent 
moisture soil content remain equal to the actual event. For each scenario 
we obtain the maximum hazard maps according to Cox et al. (2010) and 
also the time evolution of the water depth at control point CP1 (see 

Fig. 8. Evolution of water depth maps obtained with Iber+. Panel (a) shows the water depth map when flood arrives to urban areas of the city; panel (b) corresponds 
with the instant when the flow of Calamón impacts with Bridge 2; panels (c) and (d) show to the evolution of the flood in the Calamón riverbed when the flow from 
Calamón and the flow from Rivillas impacts near Bridge 5; panel (e) refers to the maximum extension of the flood event (2:30 – 3:00 a.m. on 6 December). 
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Fig. 6). This control point is located in the area most affected during the 
actual flood event and, therefore, it can be considered representative to 
analyse the consequences of the event. The results of this analysis are 
shown in Fig. 11. Red areas of panels (a), (b), (c), and (d) stand for 
maximum hazard maps obtained with B-B condition for the four 
different analysed hyetographs and green areas of these panels refer to 
maximum hazard maps (Cox et al., 2010) obtained with F-B conditions 
for H100, H75, H50 and H25 hyetographs, respectively. Red and green 

lines of panels (e), (f), (g) and (h) stand for time evolution of water depth 
with B-B and F-B, respectively, for the analysed hyetographs. 

Maximum hazard maps obtained for H100 with B-B and F-B condi
tions (Fig. 11a) are similar to each other. Fig. 11e shows that peak values 
of water depth obtained for B-B and F-B are also similar: 8.1 and 7.6 m, 
respectively (difference ≈ 6%). This is due the high total amount of 
precipitation accumulated during the event. For H100, the recessing 
part of curve depicted in Fig. 11e obtained with B-B is lower than the 

Fig. 9. Evolution of water depth obtained with Iber+ at control points CP1, CP2 and CP3 (panel (b)) and at control points CP4 and CP5 (panel (c)). The location of 
these control points is shown in panel (a). Control points CP1 and CP2 are equivalent to control points depicted in upper panel of Fig. 6. 

Fig. 10. Scheme of the numerical time evolution vs. field data obtained from references and testimonies.  
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recessing part of the curve obtained with F-B condition. This effect in
creases the negative effects of the event since it prevents the access of 
rescue services to affected areas. Results obtained for H75 are similar to 
those obtained for H100: flooded areas are similar for B-B and F-B 
(Fig. 11b). In this case peak values of water depth obtained with B-B and 
F-B are 7.1 m and 6 m, respectively. Therefore, in this case, the differ
ence between peak values is near 15%. This indicates that the effect of 
blocked bridges is greater that with H100. For H50 flooded areas 
downstream Bridge 2 obtained for B-B and F-B (Fig. 11c) are similar but 
the difference between the flooded areas upstream Bridge 2 are evident. 
Fig. 11g shows that peak value of water depth for B-B is much higher 
(6.3 m) than peak value obtained with F-B condition (3.7 m). The dif
ference between these values (2.6 m) is greater than the difference be
tween peak values obtained with the same conditions but for H100 and 
H75 (0.6 m and 1.2 m, respectively) and represents a drop of almost 
45%. This stresses that for this case (H50) the effect of blocked bridges 

increases its influence in the flooded areas versus the amount of water 
registered during the precipitation event. This effect is even more 
obvious for H25, as in this case flooded areas obtained with B-B 
(Fig. 11d) conditions are much higher than those obtained with F-B. 
Peak value of water depth obtained with B-B is near 5 m while peak 
value obtained with F-B conditions is less than 1 m (corresponding to 
80% less). Finally, the values of wet areas obtained with the four ana
lysed hyetographs and the B-B and F-B conditions in the urban area of 
the Rivillas river are depicted in Fig. 12. For both conditions wet areas 
increase as the amount of precipitation increases. Wet areas obtained 
with B-B conditions are 31 ha, 50 ha, 65 ha and 73 ha for each hyeto
graph while for corresponding F-B conditions wet areas are 12 ha, 30 ha, 
56 ha and 67 ha. The difference of wet areas obtained with B-B and F-B 
conditions decreases as peak values of hyetographs increases. For H25 
and H50 the difference is equal to 19 ha and 20 ha, respectively, for H75 
is equal to 9 ha and for H100 is equal to 6 ha. This means that the effect 

Fig. 11. Maximum hazard maps obtained with partially blocked bridges and wet conditions (B-B; red areas) and with unblocked bridges and wet conditions (F-B; 
green areas) for the hyetograph H100 (panel (a)), for hyetograph H75 (panel (b)), for hyetograph H50 (panel (c)) and for hyetograph H25 (panel (d)). Time evolution 
of water depth obtained with H100, H75, H50 and H25 are depicted in panels ((e), (f), (g) and (h)), respectively, for the analysed scenarios: B-B (red lines) and F-B 
(green lines). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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of the blocked bridges decreases as the amount of precipitation in
creases. This is in accordance with the results of water depth. 

5. Conclusions 

In this work, the numerical simulation of the flood event registered in 
Badajoz on 5th and 6th in November 1997 was carried out by means of 
the Iber+. This event corresponds to one of the most catastrophic urban 
flash floods registered in the Iberian Peninsula in the 20th century. The 
unprecedented level of this event is summed up by the amount of pre
cipitation registered during the event, the number of fatalities (21), and 
the economic losses. 

The numerical simulations carried out with Iber+ allows undertaking 
the coupled analysis the urban area and the rest of the basin of the 
Rivillas river. The urban area of the river is characterized by the cana
lization of the main stream of the Rivillas river as well as of the main 
tributary of this river, i.e, the Calamón river. In this urban area, the 
existence of several bridges and buildings had a crucial impact in the 
evolution and the consequences of the urban flood, especially for me
dium intensity hydrographs. 

The numerical results obtained with Iber+ reproduce quite well the 
event registered in 1997 both the extension and the temporal evolution 
of the flood compared with field data. Also, peak values of water depths 
are in agreement with data provided by testimonies. 

One of the conclusions of this work is that with a similar deficient 
maintenance, the same temporal evolution and maximum flooded areas 
recorded during the past event would be reached today. Obviously, the 
demolition of the houses located near the river bed would minimize the 
negative effects under a similar event. According to the analysis, there 
were three main factors that increased the negative effects of the event: 
(1) the amount of precipitation registered from 5:00p.m. on 5 November 
to 1:00 a.m. on 6 November; (2), the high levels of antecedent soil 
moisture content; (3), the poor maintenance condition of bridges, 
partially blocked during the event. 

A series of hypothetical scenarios were considered to assess the effect 
of precipitation and the maintenance conditions of the bridges during 
the event. Four hyetographs (H100, H75, H50 and H25) and two 
maintenance conditions (partially blocked or free bridges) were ana
lysed. The results show that a significant part of the area can be flooded 
even with low intensity hyetographs, especially when the span of the 
bridge is blocked. The flooded area is much smaller when the bridge is 
not blocked. 

In summary, the work has highlighted Iber+’s ability to reproduce 
extreme flash flood events in urban areas. Moreover, the model allowed 
designing hypothetical scenarios that can help to a better maintenance 
of hydraulic structures. This can constitute a powerful tool within the 
present framework of climate change. 
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Diego Fernández-Nóvoa: Conceptualization, Formal analysis, Investi
gation, Methodology. Orlando García-Feal: Formal analysis, Investi
gation, Methodology. Jose R. Figueira: Conceptualization, Formal 
analysis, Investigation, Methodology, Resources. José M. Vaquero: 
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review & editing. Moncho Gómez-Gesteira: Conceptualization, Formal 
analysis, Investigation, Supervision, Writing – review & editing. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgements 

This research was partially supported by under project RISC_ML 
(Code: 0034_RISC_ML_6_E) co-funded by the European Regional Devel
opment Fund (ERDF) and by Xunta de Galicia under Project ED431C 
2021/44 “Programa de Consolidación e Estruturación de Unidades de 
Investigación (Grupos de Referencia Competitiva)”. DFN was supported 
by Xunta de Galicia through a post-doctoral grant (ED481B-2021-108). 
JMV was supported by the Economy and Infrastructure Counselling of 
the Junta of Extremadura through project IB20080 and grants GR21080 
(co-financed by the European Regional Development Fund). The aerial 
pictures used in this work are courtesy of the Spanish IGN (Instituto 
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número de curva: perfiles de suelos y teledetección, 2003. Editor. :CEDEX. ISBN: 84- 
7790-389-1. 

Font, I., 1988. Historia del clima en España. Cambios climáticos y sus causas. Instituto 
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