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Abstract: The floodplain of La Sabana River, Guerrero State, Mexico, was subject to disastrous
floods due to the passage of extreme weather phenomena. This is a situation facing many ungauged
rivers in Mexico, as well as in other developing countries, where increased urbanization and a lack
of monitoring systems make many inhabited areas more vulnerable to flooding. The purpose of
this work is to provide a tool for determining the flood terrain response to flooding based on a
hydraulic study. This methodology combines a hydrological analysis of the river basin with the
floodplain hydraulic study for the precise identification of overflow points and the resulting flood
levels. Results show that, for an ungauged river, hydraulic analysis is an essential tool for determining
the main potential flood points and establishing whether the river has the capacity to contain floods.
Specifically, it is shown that La Sabana River is predisposed to overflow long before the river reaches
its maximum flow, even in correspondence with more frequent flood scenarios. This study shows a
further application that a hydraulic model can have to improve flood risk preparedness for ungauged
rivers of regions where other types of monitoring tools cannot be used.

Keywords: hydraulic numerical model; Iber; ungauged river; terrain response to floods

1. Introduction

The sub-basin of La Sabana River, located in Guerrero, a state in southern Mexico,
occupies an inhabited area characterized by strong economic and social contrasts. The
floodplain of this river has been almost completely covered by urban settlements of a
medium-low socio-economic level in the northernmost regions, and of a higher level
approaching the beach, where Acapulco, the famous tourist Mexican destination, is located.
The population increase in the last 20 years has determined the uncontrolled growth of
settlements that stick to the riverbed, which has led to an increase in vulnerability of this
area [1]. Linked to this increase in urbanization is the fact that the Mexican territory loses
hundreds of hectares of forest and jungle every year due to an intense deforestation [2,3].
In particular, from 1970 to 2010 the state of Guerrero lost 110 km? of natural vegetation to
produce building land, and it is estimated that the deforestation of the mountainous region
of the state has doubled the susceptibility to flooding of the alluvial plains with particular
consequences precisely on the Acapulco area [1]. This, along with other problems such as
the increase in non-formal economic activities and hydro-meteorological effects caused
by climate change, has caused an increase in the susceptibility of the area to flood events,
especially in correspondence with the occurrence of extreme weather phenomena.

As a matter of fact, due to its particular geographical location in the Pacific Ocean,
the coast of the Guerrero state has been subject, over the years, to the impact of several
hurricanes, some of which formed in front of the coast and others that landed at the port of
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Acapulco [4]. In particular, for the period between 1970 and 2011, this state has suffered
the direct impact of at least 24 tropical cyclones, highlighting the years 1974 and 1996
when three cyclones occurred in each season [5]. During the 2015 hurricane season, there
were 18 hurricanes in the Pacific Ocean, some of which had a direct impact on the coast
of Guerrero [6]. Among the events that occurred in the mentioned periods, the cases of
hurricanes Pauline and Manuel are sadly well known. The first one occurred in October
1997. The global analysis of rainfall during this event indicates that in the La Sabana River
Basin a maximum precipitation of 297 mm was recorded during a single day, equivalent
to 1.9 times the average precipitation of the month of October [7]. This was an event that
caused a high environmental, economic and social impact, due to violent floods, water
erosion and high mass transport of sediments, which resulted in the loss of human life, as
well as an economic loss of the order of $447.8 million of dollars [7].

In September 2013, two simultaneous hurricanes affected Mexico: Manuel on the
Pacific Ocean side and Ingrid on the Gulf of Mexico. This meteorological phenomenon
produced torrential rains over a large part of the country that led to the overflow of various
rivers. According to information from the World Meteorological Organization [8], the
antecedent of the presence of two tropical cyclones affecting both coasts of the country was
in 1958, when Hurricane Alma, through the Gulf of Mexico, and Tropical Storm Number 2
in the Pacific ocean, struck at the same time in mid-June.

During the passage of Hurricane Manuel, the coast of Guerrero registered a consider-
able flood in various urban settlements and hotels located in the Acapulco tourist area. The
accumulated rain sheet from 12 September to 17 September was 619.33 mm. The heavy
rains forced the overflowing of La Sabana river towards the settlements located on the
right bank, 6 km from the river mouth in the Tres Palos lagoon. The overflow verified after
the first heavy rains, which suggests that the channel does not have sufficient hydraulic
capacity to carry a volume like the one that accumulated during this hurricane [9]. The
two cited extreme events caused enormous damage to the entire floodplain, affecting both
urban settlements in the northern portion and tourist areas towards the coast.

Extreme weather phenomena capable of producing heavy rainfall are far from being
unlikely or infrequent at present. Emanuel [10] finds an increase in the global average
frequency of tropical cyclones in the range of 10-40% during the first three quarters of
the 21st century. Along with the frequency, the average intensity of tropical cyclones is
also increasing by ~15% [11]. Shamir et al. [12], in their review of current knowledge on
climate change trends of precipitation, found that heavy rainfall events are expected to
intensify as well as the frequency and intensity of large eastern pacific tropical cyclones.
The increase of the storm and precipitation intensity are connected with an increase in
the heat content of the oceans [13], so the combination of warmer air and cold water can
lead to an increase in rainfall [14]. All these considerations are also in agreement with
Knutson et al. [15], who find, through the global simulation of a tropical cyclone using a
High-Resolution Atmospheric Model, that while the global number of tropical cyclones
tends to decrease in the warmer climate of the late 21st century, their intensity increases as
does the precipitation rate.

On the basis of these evidences, it is therefore clear that there is a need to develop
and apply methodologies that make it possible to identify and propose possible solutions
capable of minimizing the risk of flooding in areas like La Sabana River floodplain, which
are highly exposed to extreme weather phenomena, and lack both meteorological and
maximum flood level monitoring systems. Note that this need is even more significant
in areas of developing countries, such as Mexico, susceptible to severe flooding, where
there is a lack of an extensive know-how, resources are limited and the scarcity of data
make the situation even more complicated. Moreover, in Mexico there is not a policy
particularly dedicated to the prevention of damage caused by extreme weather phenomena
and the decentralization policy of the organizations dedicated to people protection [16]
makes the need to develop methodologies for the analysis of high-risk areas and for the
determination of solutions aimed at the risk prevention and minimization more urgent.
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Areas at risk of flooding and without monitoring or extensive studies on the hydrological
and hydraulic situation in Mexico are many, however, research focused at analyzing the
individual and specific situations that cause flood risks is still few or fragmented. At the
government level, the National Water Commission (CONAGUA), in 2014, established
guidelines for the preparation of flood risk maps [17], which led to the creation of a
national risk atlas, available online at the Water Information Systems Portal [18]. This portal
provides hydro-meteorological information, vulnerability indices and flood susceptibility
maps of some regions of the country. However, probabilistic studies aimed at characterizing
the occurrence of the natural phenomenon, as well as at calculating the damage it can
cause in the short and long range, are scarce, although this type of study is essential to
provide the authorities with the necessary elements to define possible scenarios of risk and
for adequate territorial planning. This derives from the hydrological complexity of the
country, which makes an integral study of the whole territory very complex, but also from
the lack, in many risk zones, of rivers monitoring.

Methodological approaches aimed to prevent damage caused by floods or to minimize
them are varied: starting with the construction of hazard maps, which are a fundamen-
tal tool for prevention plans given their strong space-time component [19], then passing
through the use of data driven models, which are useful for prediction purposes with the
great advantage of requiring minimal inputs [20,21], arriving at hydrological, and hydrolog-
ical and hydraulic combined models that allow, among other things, to determine rainfall
thresholds and critical flood levels. Deriving rainfall thresholds is the most commonly used
method for developing flash flood warning systems, because it provides information on
the amount of rainfall that, for a given duration and a given basin, can cause a flood [22].
The methodologies developed in recent decades to calculate rainfall thresholds responsible
for triggering floods are based on the use of distributed and semi-distributed hydrological
models [23,24]. The combination of a hydrological study and a hydraulic model not only
allows to accurately predict the design hydrographs of the basin but, very important,
consent to simulate flooding in the alluvial plain in order to analyze the specific terrain
response to flooding [25,26]. This combined methodological approach is particularly useful
in the case of ungauged rivers where in-situ measurements of river critical levels as well as
flood susceptibility maps are lacking.

The main objective of this study is therefore to demonstrate the usefulness of applying
a hydrodynamic numerical model to characterize the terrain response to a river flood event
in areas where there are no meteorological or flood levels monitoring systems. Hydraulic
simulations can provide detailed information on the potential flood points of a river, even
in correspondence with non-extreme weather events, and can also indicate which critical
tie rods can lead to the flooding and the respective flood levels in the floodplain. The
application of such methodology, in countries like Mexico where there is no free access
or the availability of observations deriving, for example, from radar or meteorological
satellites covering the whole territory, can certainly facilitate the characterization of flood
zones, to improve the preparedness to flood scenarios. The application of a hydraulic
model, therefore, can facilitate, both at the local and at the basin scale, the analysis of
the area with respect to the risk of flooding, because it can identify the causes that can
facilitate the runoff and the consequences that derive from it. This preliminary analysis
of the territory can be carried out without the need for on-site inspections or without
resorting to expensive on-site monitoring tools; a prospect that is advantageous in flood-
prone areas of developing countries.The importance of demonstrating the reliability and
practicality of the application of hydraulic models lies, finally, in the trend, for the future,
to implement high-performance hydrodynamic models that predict full-scale river flood
processes starting from the source, that is, using the rainfall data as input. In recent years,
scientific advances in high-throughput computation, management and file format for data
transfer have made the application of hydrodynamic numerical models more precise and
widespread. Currently, there is a great variety of tools for simulating free-sheet water flows
in two dimensions, among which the most consolidated are Mike-21 [27], and the various
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calculation modules of SMS which is equipped with 1D and 2D models for the calculation
of flood levels, water quality and analysis of hydraulic structures [28,29]. Moreover, models
that use finite volumes for solving the St. Venant equations in two dimensions [30] are,
among others, the latest version of Mike-21 and the Iber software [31], which will be used
for the hydraulic analysis of this work. The choice of this model is based on its extensive
validation which has shown it to be adequate for solving various engineering problems
and makes it particularly effective for the calculation of discontinuous flows and for areas
with complex geometries.

Therefore, in this work a study of the alluvial plain of La Sabana River was carried
out, applying a combined methodological approach (hydrological and hydraulic), with
the aim of studying the terrain response of the floodplain in terms of flood levels and
determining the main critical points of flooding and associate them with certain rainfall
sheets and their duration. Specifically, the methodology of this work develops as follows:
first of all, a hydrological study of La Sabana River basin was carried out, with the objective
of calculating project hydrographs in correspondence with different return periods and
different precipitation duration; these hydrographs were then be used as input for the
hydraulic analysis of the study area using the Iber hydrodynamic model. Results not only
provided the flood levels, but also allowed to identify the potential points of the river
first flooding.

The reminder of this paper is organized as follows. Section 2 presents a description
of the study area, the hydrological study applied for the estimation of flood discharges
within La Sabana catchment, and the description of the methodology used for numerical
simulations of different inundation scenarios. In this section, in order to validate the model
in the study area, the numerical simulation of the hurricane Manuel hydrograph is also
presented, and results of the calculated flood levels are compared with values measured on
site. Results of this work are shown in Section 3, where inundation levels, first flood point
and occurrence times in correspondence with two precipitation duration (10 and 30 min)
and different return periods are described. Results discussion is presented in Section 4.

2. Materials and Methods
2.1. Study Area
La Sabana River is located in the hydrological region named “Costa Grande de Guer-

rero”. Tts basin has an area of 762 km? and a maximum elevation of 2250 m above sea level
(Figure 1).
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Figure 1. Map of La Sabana River sub-basin. Hydrographic network, scale 1:50,000, of the National
Institute of Statistics and Geography (INEGI).
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The channel has a length of of 72.72 km with an average slope of 2.1%. The floodplain
of this river has a great socio-environmental peculiarity in the region. The increase in
tourist activities and the urban transformation of the Acapulco city have impacted on the
configuration of the sub-basin. Residential areas were built to shelter the inhabitants of the
colonies located to the north of the city, which concentrated many migrants from different
regions of the Guerrero state [32]. In fact, starting from the 1970s, when the first buildings
were concentrated only in the area called “traditional Acapulco”, several urbanization
plans led to the almost complete coverage of the flood plain. Figure 2 shows the urban
distribution of the area under study. In the northern part of the flood plain, along the right
edge of the river, there are urban settlements of a medium-low socio-economic level (e.g.,
“El Coloso” and “Llano Largo”), while, going down towards the coastal area, always on the
right side of the river, there are higher-quality urban settlements (e.g., “La Marquesa” and
“Las Gaviotas”), constructed very close to the edge of the river. Further south, separated by
a river channel called “Canal Geo”, is the “Ciudad Luis Donaldo Colosio” urban unit, as
well as a couple of shopping centers. These urban settlements are located in the areas of the
alluvial plain that suffered the greatest floods during the 2013 event (Hurricane Manuel).
The left bank of the river was left to be mainly used for agriculture. The southern part of
the study area, close to the coast, is mostly destined for tourist, hotel and residential uses.
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Figure 2. Location map of the study area, delimited by the red line. Yellow polygons represent the
areas covered by urban settlements.

The prevailing climate within the study area is savanna, warm due to its temperature
and sub-humid due to its precipitation. It ranges from warm sub-humid in the coastal
plain to sub-humid semi-warm in the upper parts of the basin. This classification is based
on the fact that the average annual temperature of the coldest month is greater than 18 °C,
with rains in summer and a temperature oscillation of less than 5 °C, with June being the
warmest month. The pluvial precipitation is more abundant in summer, extending until
autumn (May-October) while the dry season occurs from November to May. The recorded
precipitation values vary from 1017 to 1295 mm, with an annual average of 1035.5 mm [33].
The study area is located in a mangrove formation [34], however the land use that prevails
throughout the La Sabana River region is urban settlement.

2.2. Estimation of Flood Discharges of La Sabana Catchment

The hydrological study of La Sabana River basin was carried out starting from the
analysis of the meteorological stations that are located within a radius of 5 km in the study
area and selecting the ones that have a minimum of 20 years of rainfall records. Based
on these criteria, the operating climatological station number 12,183, “La Sabana”, was
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selected. Precipitation logs every 24 h were extracted from the Database of Surface Weather
Stations of Mexico [35]. The maximum annual precipitation data were analyzed on the
basis of independence and homogeneity tests and a frequency analysis was performed with
a Gumbel-type distribution function. The analysis of Precipitation-Duration-Frequency
was carried out using Chen’s method [36] to convert the maximum annual rainfall of
24 h into 60 min precipitations. Finally, applying the Bell’s method [37], precipitation
was recalculated for short duration up to 240 min with time intervals of 5, 10, 15, 30, 60,
120 and 240 min for different return periods. River flood discharges were calculated in
correspondence with the return periods of 10, 50, 100, 500 and 1000 years, using the Unit
Hydrograph method of the Soil Conservation Service. To this end, peak flows related to
each return period were calculated by means of the following formula:

_ 0.208AP,
, = 22084k

/ )

t

P
where A is the catchment area, ¢, the peak time and P, the effective precipitation. The
effective precipitation was calculated as

[P — 238 508
p— 2% 2032’

P, = @)
being P the precipitation calculated as the intensity times duration (P = ID). The curve
number n was calculated as a weighted average of the curve numbers associated with
the soil types present in the basin (cambisol, phaeozem and regsol) and the slopes of the
associated areas. The curve number used to calculate the excess precipitation is therefore
n=7222.

Catchment hydrological characteristics for flood discharges calculations, are shown in
Table 1.

Table 1. Hydrological characteristics of La Sabana River Basin.

Basin area (km?2) 446.05
Length of the main channel (m) 72,720
Average slope of the main channel (%) 2.10
Concentration time (h) 797
Peak time (h) 7.60
Peak flow rate (m®/s/mm) 12.20

The excess precipitation and flood discharge values associated with each return period
and calculated for a rain duration equal to 10 and 30 min, are shown in Table 2.

Table 2. Accumulated precipitation, excess precipitation and flood discharges estimated for La
Sabana Catchment for each return period and two precipitation duration: 10 and 30 min.

Precipitation Duration  Return Period (Years) P (mm) P, (mm) Q,  (m3/s)

10 14.104 6.734 109.440

50 17.170 9.266 150.598

10 min 100 18.041 10.008 162.647
500 20.154 11.841 192.449

1000 21.184 12.751 207.222

10 20.045 15.317 248.922

50 29.274 20.123 327.021

30 min 100 30.758 21.508 349.532
500 34.360 24.899 404.633

1000 36.116 26.565 431.708
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Hydrographs constructed for a precipitation lasting 10 min are shown in Figure 3,
while Figure 4 shows hydrographs referring to a 30 min precipitation. These inflow scenar-
ios will be used as inputs to simulate flood depths with the Iber hydrodynamic model.
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Figure 3. Hydrographs of La Sabana catchment associated to different return periods for a precipita-
tion with a 10 min duration.
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Figure 4. Hydrographs of La Sabana catchment associated to different return periods for a precipita-
tion with a 30 min duration.

2.3. Numerical Simulations of Inundation Scenarios

Flood depths in La Sabana river floodplain were simulated in correspondence with
different return periods and for precipitations lasting 10 and 30 min using the Iber soft-
ware [31]. This model, that solves the shallow water equations in two dimensions on
the basis of a finite volume numerical scheme, has been already extensively validated by
the first author of this work in previous publications as well as in other previous studies
applied to river floods and rainfall-runoff modeling [38-40]. However, to further validate
the model in the study area of the present work, the precipitation produced during Hurri-
cane Manuel was simulated using, as input, the hydrograph of the event reconstructed by
Mejia [9]. From the project hydrograph shown on page 38 of the cited thesis, it can be ob-
served that its peak was reached at 5.00 a.m. on 15 September 2013. For the hydrodynamic
simulation of this event, the computational domain corresponds to the area enclosed by the
red line shown in Figure 2. This area was defined considering the greatest effects in terms
of damage to people and property caused by the hurricane in the river plain. The geometry
of the study area was constructed using the digital surface-type elevation model with 5 m
resolution derived from satellite remote sensor data provided by the National Institute of
Statistics and Geography (available at https://www.inegi.org.mx/app/mapas/. Accessed
on 2 September 2021). The area was subsequently discretized with an unstructured trian-
gular mesh of 290,291 elements, in order to allow different levels of spatial resolution in
the computation domain. This mesh was obtained by providing the following elements
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dimensions: 15 m for the river, 20 m for the rural area and 25 m for the urban area. The
geometry has been assigned an initial condition of water depth equal to zero, since the
river is dry for most of the year, the flow is intermittent so the water level can be considered
minimum at the beginning of the precipitation event. Furthermore, three types of soil were
considered: “river” for the canal, “urban vegetation” for the rural area and “residential” for
the inhabited area. Geometry characteristics, initial condition and soil types, will also be
maintained for flood scenarios determined by the hydrographs calculated in the previous
section. The maximum simulation time for Hurricane Manuel is just over three days, 5 h
after the maximum peak of the hydrograph had been reached and the river had flooded
according to the observations. The result of this simulation, for maximum water depths, is
shown in Figure 5.

Water depth (m)
<=091
0.91-1.80
1.80-270
270-3.59
3.59-4.49
449-5.38
$52 | 15.38-6.28
[1628-718
[ 718-8.07
[ 8.07-8.97
W 8.97-9.86
B 9.86-10.76
B 10.76 - 11.65

1860000.0

I 16.13-17.02
I >17.02

1855000.0

410000.0 415000.0 420000.0

Figure 5. Simulation results of maximum inundation waterdepths occurred as consequence of the
hurricane Manuel. The red line delimits the computational domain; the black line delimits the area
where the flood level measurements were made according to [9].

From the figure, it can be seen that the water depths in the most affected area reach
and in some cases exceed 5 m. This result is in agreement with the observations and
measurements made by academic staff of the Institute of Engineering of the National
Autonomous University of Mexico (IIUNAM), after the event, and described in [9]. In
particular, the black line encloses the area of control points considered by the IUNAM
personnel in which water depth measurements were carried out after the event (see Figure
4.18, page 34 in [9]). In this area, flood levels measurements vary from 3.73 m to 5.43 m,
values fairly coinciding with flood depths calculated with our simulation, which vary from
3.3 mto 6.6 m.

Once the model was validated in the study area, simulations of the project hydrogrphs
calculated in the previous section were carried out for the considered return periods and
in correspondence with two rainfall durations: 10 and 30 min. For these simulations the
maximum simulation time was 9 h, about an hour and a half longer than the time required
to reach the peak flow calculated in the hydrograph. This time allows the maximum flow
to pass through the major risk zone during the entire simulation.

3. Results

Figure 6 shows the maximum flood levels calculated for a precipitation lasting 10 min,
for the return periods 10 and 1000 years. Results obtained for the other return periods can
be seen in the Appendix A. From a qualitative and general look at the two maps of Figure 6
it can be observed that for the lowest return period (10 years), the flooding is minimal, with
depths mainly less than 50 cm. At the greatest return period (1000 years) the flooded area
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increases covering a predominantly rural zone, with flood levels ranging from 50 cm to
more than 1 m.
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Figure 6. Simulation results of maximum inundation waterdepths calculated for a precipitation
duration of 10 min and the return periods: (a) 10 years and (b) 1000 years.

As it would be expected, the situation changes if we look at the effects of a longer
lasting precipitation (30 min). In Figure 7, it can be seen that, already in correspondence
with the lowest return period (10 years), the flooded area is more extended, touching the
inhabited areas in the southern part of the alluvial plain, with flood levels greater than
60 cm, while, still in the south, the rural area can be covered by flood levels that exceed 1 m
in depth. Both the flooded area and the water depths increase in the highest return period
(1000 years), with flood levels reaching 3 m in the inhabited area south of the river.
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Figure 7. Simulation results of maximum inundation waterdepths calculated for a precipitation

duration of 30 min and the return periods: (a) 10 years and (b) 1000 years.

Simulations results also allowed the identification of the main potential river flood
points and to obtain the time in which the first flood occurs based on the input hydrographs.
Figure 8 is a snapshot of the moment when the first river flood occurs and refers to the
simulation of a rain with a 10 min duration for the 10 years return period. The moment of
the simulation corresponds to the time-step 28,800 s (8 h), shortly after the peak flow in the

hydrograph has been reached.
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Figure 8. Snapshot of the first flood of the river for a precipitation lasting 10 min and a 10 years
return period. The moment of the simulation corresponds to the time-step 28,800 s. The yellow
shaded area delimits the river overflow point.

The overflow point is located slightly south of the residential settlement “Las Gavio-
tas”, the area where the river first flooded during Hurricane Manuel. As the return period
increases, the overflow time is anticipated, occurring up to 2 h before the maximum flow
is reached in the corresponding hydrograph. By increasing the duration of precipitation
(30 min), other two flood points can be identified (Figure 9), which correspond to the first
area from which the river flooded during the hurricane of 2013.
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Figure 9. Snapshot of the first flood of the river for a precipitation lasting 30 min and a 10 years
return period. The moment of the simulation corresponds to the time-step 22,500 s. The yellow
shaded area delimits two river overflow points that correspond to the first overflow area during
hurricane Manuel.

With precipitation of longer duration, the overflow occurs about 2 h earlier than
the time in which the peak flow is reached in the hydrograph, already with the lowest
return period.
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4. Discussion

Simulation results provided water depth values deriving from hydrographs con-
structed with two rainfall durations (10 and 30 min) and in correspondence with five return
periods (10, 50, 100, 500 and 1000 years). The flood level maps shown in Figures 6 and 7
and in Appendix A show that critical flood scenarios occur at high return periods, confirm-
ing the tendency of the area to suffer the effects of important floods only when extreme
meteorological phenomena occur, which involve intense and long-lasting rainfall. During
less frequent events (return periods from 100 years upwards), the urban settlements located
in the southern part of the alluvial plain, in particular “Las Gaviotas” and “La Marquesa”
neighborhoods, as well as part of the “Llano Largo”, can flood with levels ranging from
1 m to more than 2 m. The flood area increases when scenarios originated by precipitation
of longer duration are simulated, reaching part of the tourist area south of the river. These
are the areas that were most damaged during the hurricanes that hit the zone. However,
even for the lowest return periods, with the increase in rainfall duration it is possible to
notice that the river floods occur at very specific points, as it can be seen in Figure 9. The
points identified by the hydrodynamic model actually correspond with the flooded areas
during Hurricane Manuel, as reported in Mejia [9]. This result once again confirms the
reliability of the Iber model for the hydraulic terrain response analysis to flood phenomena.
Furthermore, results of the numerical simulations also provide the time of delays with
respect to the input hydrograph in which the first flood occurs. This element is important
to have information on the relationship between the moment in which the maximum peak
discharge is reached and the moment when the overflow occurs. For short-term rainfall,
during the most frequent events (return periods from 10 to 100 years), the flooding occurs
when the peak flow of the hydrograph is reached, while for infrequent events (return
periods from 100 to 1000 years) flooding can occur up to one hour before the river reaches
its maximum discharge. For a longer precipitation duration, overflow may occur 2 h before
the time of the maximum peak, even at the lowest return periods. This result is significant
for the study area, as it indicates that the river does not have the capacity to contain the
maximum flow when a precipitation occurs with a rain sheet greater than 20 mm falling
for 30 min. These considerations can have an important implication for both long- and
short-range prevention. For the purpose of long-term prevention, this result tells us that
if the river is no longer able to contain the maximum design flow, this is probably due to
the change in land use of the basin which has determined a decrease in infiltration, and
therefore it serves to plan actions that can reduce superficial runoffs. The overflow of the
river in specific points of the alluvial plain can also be a consequence of the expansion of
the urban area which has reached the river margins in a few years. The study area has been
heavily modified by anthropization over the last few decades, which has not only led to
an increase in urban settlements, but also to the diversion of the river to obtain irrigation
canals. The application of accurate numerical models and advanced methodologies aimed
at combining the prediction of land use change with hydraulic models [41,42], in addition
to methods that exploit analytical hierarchy processes for the construction of risk maps in
urban areas [43], has greatly improved in recent years, with the aim of accurately deter-
mining peak flow rates according to the forecasts of urbanization. For the specific results
of this work, the application of the hydrological model has allowed the identification of
specific points of overflow of the river in the urban area, providing information on the
attitude of the river in case of flood phenomena, information that is more precise than the
one arising from observations made after an inundation event. This represents a useful
result for an unmonitored river and further applications of a hydrodynamic model could
be devoted to calculating how much flood levels would increase if urban sprawl increases
in an uncontrolled way, as already done by [44], in another region of Mexico at high risk of
flooding due to high urban expansion. For the purpose of short-range prevention, knowing
the rain sheet that determines the first river overflow, represents another aspect that the
application of a hydraulic model can have, as it could lay the basis for a study aimed at
determining rainwater risk thresholds for the area.
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5. Conclusions

This work aims to draw attention to the importance of applying hydrodynamic models
in an increasingly widespread manner for the study of the terrain response to flooding
and for the adequate preparedness to the consequences of such phenomena, particularly
in areas lacking meteorological forecasts or flood levels monitoring. The advantage of
applying these models lies in their high spatial and temporal resolution. Most of the
hydraulic models currently in use, and specifically the Iber model, have been extensively
validated showing their ability to solve 2D shallow water equations and to calculate
water depths with high precision. On the other hand, the disadvantage of applying
hydrodynamic models is represented by the possibility of not being able to have sufficient
spatial resolutions for the construction of the problem geometry. However, digital elevation
models, with resolution of at least 5 m, are currently available with a fairly global coverage,
thanks to advances in remote sensing techniques. The high resolution of hydrodynamic
models allows to study in detail the response to floods in highly critical areas, especially
when monitoring systems are lacking or completely absent. This is the case in areas with
high susceptibility to flooding in regions of developing countries. Results obtained in this
work in addition to confirming that the area under study is susceptible to flooding as a
result of extreme weather events, have above all highlighted the observation that, in the
event of long-lasting precipitation, river flooding occurs long enough before the peak flow
is reached in the design hydrographs, indicating that the river no longer has the ability to
contain its maximum flow. Moreover, simulations allowed the identification of potential
river overflow points, which suggest that an in-depth analysis of the conditions of the river
margins in those areas must necessarily be carried out to avoid damage caused by a possible
flood. Another important implication of this result is that a precise effective precipitation
sheet can be associated with the overflow point, which suggests the application of the
hydraulic model also for the possible determination of rain warning thresholds. Note that
the area under study is a poor area, where there is a lack of resources and intentions on the
part of the institutions to implement an in situ river monitoring system. The application
of a hydraulic model made it possible to characterize the structure of the river without
resorting to expensive tools that employ manpower. This is the reason why, with the result
of this work, we want to emphasize the importance of applying hydrodynamic studies for
an analysis of the areas at greatest risk of flooding for a systematic characterization of their
problems.
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Appendix A

Figure Al shows maximum water depth results of the hydraulic simulations for a
precipitation lasting 10 min and corresponding to the return periods 50, 100 and 500 years.
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Figure A1. Simulation results of maximum inundation waterdepths calculated for a precipitation
duration of 10 min for the return periods: 50, 100 and 500 years.
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Figure A2 shows maximum water depth results of the hydraulic simulations for a
precipitation lasting 30 min and corresponding to the return periods 50, 100 and 500 years.
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Figure A2. Simulation results of maximum inundation waterdepths calculated for a precipitation
duration of 30 min for the return periods: 50, 100 and 500 years.
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