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Abstract

Watershed modelling for hydraulic analysis is necessary to estimate or have information from hydrographs to be
used as basic tools for studying floods in particular times or extreme events. In the present work, a 2D hydraulic
modelling was carried out in Iber with data of the Hurricane Matthew event from September 26th to October 1st,
2010, seeking to identify and quantify the areas with a high risk of flooding in the Tesechoacan river basin, and
providing some proposals that could reduce the impact for future events. Results show a surface area of 29 027.24
ha was flooded with tie rods up to 7.45 m. The areas with the largest runoff surface area are cultivated pasture and
agriculture, representing 80.89 % of the total area. According to the generated hazard map, 33 localities were
affected, with 56.9 % classified as highly hazardous areas. Due to the little information available, the validation of
the model was carried out using the spatial comparison of the margins of the floodplain obtained in Iber with a SPOT
4 image (HRVIR 1), observing good agreement between the model and the satellite image. The following measures
are proposed for flood control: dredging and the construction of marginal borders. This last concept was an option
to consider because it reduces up to 71 % of the impact of floods in the Tesechoacan sub-basin.
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Resumen

La modelacién de cuencas para el analisis hidraulico requiere estimar o contar con informacion de hidrogramas para
utilizarlos como herramientas fundamentales para el estudio de inundaciones en épocas de crecidas o eventos
extremos. En ese sentido, en el presente trabajo se realizé una modelacion hidraulica 2D en Iber, con datos del
huracan Matthew en el periodo del 26 de septiembre al 1 de octubre del 2010, para identificar y cuantificar las zonas
con alta peligrosidad de inundacién en la subcuenca Tesechoacan y, con ello, generar propuestas que ayuden a
mitigar el impacto de acontecimiento futuros. Los resultados indicaron una superficie de 29 027.24 ha inundadas,
con tirantes de hasta 7.45 m. También, se identific6 que las zonas de mayor superficie con presencia de
escurrimientos fueron las de pastizal cultivado y de agricultura, las cuales representaron 80.89 % del area total. En
el mapa de peligrosidad, se observaron 33 localidades afectadas; de ellas, 56.9 % se catalogaron como zonas de
peligrosidad alta. Debido a la poca informacion disponible, la validacion del modelo se realizd mediante la
comparacién espacial de la llanura de inundacién que se obtuvo en el modelo Iber, con una imagen SPOT 4 (HRVIR
1). El resultado fue una buena concordancia entre el modelo y la imagen de satélite. Finalmente, se propone para el
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control de inundaciones, el desazolve y la construccion de bordos marginales. Con base en la simulacién realizada,
la primera es una opcion para disminuir hasta en 71 % el impacto de inundaciones en la subcuenca Tesechoacan.

Palabras clave: Avenidas, cuenca, hidrogramas, Iber, modelo, peligrosidad.

Introduction

Global climate circulation models project more intense temperature and rainfall
events than observed (Trenberth, 2011). The effects of climate change are more
noticeable in developing countries, particularly in communities located in at-risk areas
(Gonzalez-Gaudiano, 2007). Natural disasters pose a threat to both short-term

economic stability and sustainable development (Benson et al., 2007).

Mexico is located in an intertropical region with orographic conditions that render it
vulnerable to climatic conditions; of these, disasters of hydro-meteorological origin
cause the greatest damage amount and losses (Cenapred, 2019), and among them,

floods are responsible for the most damage in the history of mankind (Galban, 2020).

The World Bank (2017), points out that in exceptional years such as 1998 and 2010,
flood damages exceeded US$ 40 billion. In addition, with climate change,
urbanization and population growth, the impact of coastal, riverine and pluvial
flooding is expected to increase significantly in the coming decades. However, there
is a growing global tendency to occupy flood-prone areas for urban settlements
(Borzi et al., 2020).

Flood control measures are classified as structural and nonstructural. The aim of
the former is to prevent or reduce the damage caused by a flood, through the
construction of carefully planned and designed works. The latter are based on the
planning, organization, coordination and execution of a series of Civil Protection
exercises that seek to prevent or reduce the damage caused by floods (Salas-
Salinas, 2014).

160



Revista Mexicana de Ciencias Forestales Vol. 13 (71)
Mayo - Junio (2022)

Historical learning shows that it is important to know in a timely manner, the behavior
of runoff to avoid catastrophic hydrological events. Models that assess water resources
and the degree of environmental protection are used to quantify the impacts of

watershed management strategies (Mankin et al., 1999; Rudra et al., 1999).

In recent years, numerical modeling of free surface flows has undergone rapid
development through the use of several models for the simulation of free surface
flows (Hafnaoui and Debabeche, 2021); such is the case of FLO-2D, DSS-WISE,
TELEMAC, INFO Works, LISFLOOD-FP, and Flood Modeller Pro, described in a timely

manner with their limitations and advantages in Teng et al. (2017).

There are some models in growing supply, such as HEC RAS 2D and Iber 2D, which
stand out for their accessibility and operation under the open access software scheme.
Iber is described as a two-dimensional mathematical model for the simulation of flow
in rivers and estuaries, in which the finite volume method is used to solve the 2D
equations of Saint Venant (Bladé et al., 2014). To solve it, a geometry with
background roughness, initial conditions and boundary conditions are required (Iber,
2014). Iber is a numerical simulation model of turbulent free sheet flow in an
unsteady state and environmental processes in river hydraulics. Its range of
application covers river hydrodynamics, dam break simulation, flood zone
assessment, sediment transport calculation, and tidal flow in estuaries (Bladé et al.,
2014; Cea and Bladé, 2015).

The Iber model allows to define geometries of structures and channel sections in a
relatively simple way in order to exemplify, in a direct way, one and two-dimensional
flow situations in class with the advantage of relying on numerical methods, which
allows to start using computational fluid dynamics (CFD) tools in a pleasant and very
intuitive way (Cueva-Portal et al., 2021). Part of the information required for modeling
includes the determination of the Manning's coefficient, which represents the
resistance to water flow in channels over floodplains; the value is higher when there

is more roughness on the flow contact surface (Kumar-Parhi, 2013). In this context,
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the present study evaluates the Tesechoacan river sub-basin using 2D hydrodynamic
modeling in Iber 2.5 version (Iber, 2019); to identify and quantify the areas with high

flood hazards, and to indicate some proposals to prevent and reduce their impact.

Materials and Methods

Study area

The Tesechoacan river is one of the main tributaries of the Papaloapan river basin, which
is part of Hydrological Region 28-B and is divided into 24 sub-basins; that of the
Tesechoacan river includes the confluence of the Playa Vicente and Manso river, up
hydrometric station 28 136 (Garro). It is located in the states of Veracruz (90.8 %) and
Oaxaca (9.2 %) and encompasses seven municipalities (Figure 1), with a population of
355 250 inhabitants.
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Figure 1. Location of the Tesechoacan sub-basin.

Geomorphological characteristics of the sub-basin

The delimitation of the sub-basin was carried out using digital elevation models from
the Mexican Elevation Continuum 3.0 (CEM 3.0) of the Instituto Nacional de
Estadistica y Geografia (National Institute of Statistics and Geography, Inegi). Vector
information from maps E15A72, E15A81, E15A82, E15C11, E15C12, and E15C21 was
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used at a 1:10 000 scale (Inegi, 2018). The 1:50 000 scale drainage network was
obtained from Inegi's Watershed Water Flows Simulator SIATL (Inegi, 2019). The
raster data were processed within the ArcGIS software environment 10. version 1
with the ArcSwat tool 2012 version.

Watershed information. The polygon, as well as the area, perimeter and drainage
network information of the sub-basins were obtained automatically with the ArcSwat
tool in ArcGIS 10.1. The Vectorial Data Sets of Land Use and Vegetation Scale 1:250
000 - Series V (National Set) of Inegi were processed in order to generate the cover
map which served as the basis for obtaining the Manning's coefficient parameter for

the simulation in the Iber model as part of the required input parameters.

Bathymetric information of the main riverbed. This was provided by the
Organismo de Cuenca Golfo Centro (Central Gulf Basin Organization), with
topographic surveys commissioned by Conagua for the "Topographic study of the

Papaloapan, Obispo, San Juan Evangelista and Tesechoacan rivers" in 2011.

Hydrometric information. Information was obtained from hydrometric station 28
143 (San José Chilapa), located in the upper part of the sub-basin (17°47'60.00"N,
95°51'20.03"W). The data used for the scenario of interest corresponds to the
Hurricane Matthew event from September 26 to October 1t, 2010. The hydrograph
was superimposed on the upstream river for the main riverbed inflow. Data from
station 28 143 corresponding to the period 1974-2014 were used in order to know
the impacts of runoff on the middle and lower part of the watershed, and to compare

them with the available satellite image.

Hydraulic modeling in Iber

The hydraulic modeling of the sub-basin was carried out with the support of Iber

software 2.5 version. In the hydrodynamic module, which forms the basis of Iber, the
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two-dimensional depth-averaged shallow-water equations are solved (St. Venant 2D
equations) (Bladé et al., 2014; Cea and Bladé, 2015).

8h |, dnU, , OhU,
actox T ay, Ms (1)
ohU. dhUZ = O0hULU. 0Z; T T h%a Ohte dhts
x Lyt = —gh =4 X B B2 P 90 send Uy + S 4 X 4 M, (2)
at dx 0y 0x p p p 2 0x oy
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Where

h = Flow depth

Uy, U, = Depth-averaged horizontal velocities

g = Gravity acceleration

Z, = Elevation of the free sheet

7, = Friction on the free surface due to wind friction
1, = Friction due to bottom friction

p = Water density

N = Angular velocity of rotation of the earth

A = Latitude of the point under consideration

T %x, T &y, T &y = Horizontal effective tangential tensions

M, M,, M, = Respectively the source/sink of mass and momentum, by which the

modeling of precipitation, infiltration and sinks is performed (Iber, 2014).
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Mesh geometry in Iber. As a first step, the polygon delimiting the basin and
the riverbeds and main tributaries of the Tesechoacan river generated in Qgis 3.6
were imported. It was then collapsed by merging those lines and points that were

duplicated.

Boundary conditions. An inflow boundary condition was assigned to the upper part
of the main riverbed based on the total flow and the values of the base hydrograph
(Figure 2), with a total of 134 hours for the simulation in Iber. In addition, the water
outlet was identified, and the "supercritical/critical" flow condition was selected
(Bladé, 2014).

Hydrograph of the San José Chilapa station
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Figure 2. Hydrograph recorded during Hurricane Matthew in 2010 in the San José
Chilapa station.

Initial conditions. The initial condition was assigned based on a zero-valued tie rod.

Roughness. The Manning coefficients and keys used in the assignment in the Iber
model were those proposed by Chow et al. (1994), as shown in Table 1.
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Table 1. Manning's Roughness Coefficients.

Land use Code goaer;alcr;(genst
Cultivated pasture PC 0.030
Rainfed agriculture TA 0.035
Watercourses CA 0.025
Tular VT 0.070
Water accumulations Ac 0.040
Semi-permanent agriculture TS 0.040
Secondary vegetation VS 0.035
Human settlements AH 0.020
Urban areas ZU 0.015

Mesh generation. In order to carry out the simulation, it was necessary to create a
calculation mesh based on the geometry. The allocation size per area was 7 m for the
main channel and 70 m for the floodplain for an unstructured geometry. Once the
mesh was generated, the altitude was assignhed from the digital elevation model. For
the topography and a better definition of the main riverbed, the bathymetric
information from the study carried out by the National Water Commission (Conagua)

was used in 2011.

Simulation data. A 31-hour simulation was entered with results every 15 minutes.
In the same section, the indication was given that the software should provide the
risk in the results section in order to generate the corresponding maps. Figure 3
(Iber, 2019) shows the criterion used for the present investigation and on which the
Iber model was based to plot the risk map using the Spanish ACA methodology
(BOE, 2008).
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Figure 3. Risk criteria based on water flow and velocity (Iber, 2019).

Based on the simulations thus generated, the results were analyzed to identify the

flood zones, flood flow, velocity, and overflow zones.

Validation of the model

The flooding surface was validated with satellite images available for the period to be
simulated. A SPOT 4 image (HRVIR 1) of four multispectral bands (R, G, NIR and
MIR), with resolution at 20 m, was obtained for October 10, 2010. A geometric
correction was made to this image in Qgis 3.6 in order to transpose it to the required

cartographic projection.
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Results and Discussion

Geomorphological characteristics of the sub-basin

Table 3 shows the results of the sub-basin delimitation with the ArcSwat tool in
Arcgis 10.1.

Table 3. Geomorphological characteristics of the sub-basin.

Characteristics of the watershed Tesec::hoacén
river
Area of the watershed (Ac) (km?) 1 591.56
Perimeter of the watershed (P.) (km) 408.48
Length of the main riverbed (L) (km) 143.97
Average slope of the watershed (%) 8.98
Average altitude of the watershed (Em) (masl) 52.09
Average slope of the riverbed (S) (%) 0.04

Hydraulic modeling in Iber

Figure 4 shows the results of the simulation of Hurricane Matthew for the period from

September 26t to October 1st, 2010.
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Figure 4. Flooded areas (a) and hazard map of the sub-basin (b).

The total area with runoff (Figure 4a) was 29 027.24 ha with recorded flood depths
of up to 7.45 m in the main riverbed and, to a lesser extent, in the floodplain.
Regarding the hazard map (Figure 4b), 6.1 % of the area was classified as low hazard,

37 % as medium hazard, and 56.9 % as high hazard.

Damage by surface area is shown in Table 3, using Inegi's classification as a frame of
reference. The year 2010 was characterized by the presence of three hurricanes: Alex,
Karl and Matthew, with economic damages of US$ 7 253 million, 64 deaths and one

million people affected in the states where it had an impact (Rodriguez, 2013;
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Cenapred, 2019). In recent years, these hydrometeorological phenomena have
caused the disasters with the greatest impact in terms of loss of human lives (Guha-

Sapir et al., 2015) and economic costs (Larios-Tlalli et al., 2015).

Table 3. Surface with presence of runoff by category.

Surface Percentage

Description Code area (ha) (%)
Cultivated grassland PC 12 909.36 44.47
Semi-permanent rainfed agriculture TS 6 964.04 23.99
Secondary arboreal vegetation of tall VSA/SAP 3 795.5 13.08
evergreen forest
Anr?ual and semi-permanent rainfed TAP 1707.5 5 88
agriculture
Secondary sh_rubby vegetation of high VSa/SAP 1 357.39 4.68
evergreen rainforest
Sen_m—permanent and permanent rainfed TSP 275 86 2.67
agriculture
Permanent rainfed agriculture TP 515.76 1.78
Annual rainfed agriculture TA 344.64 1.19
Annual moisture agriculture HA 263.04 0.91
Water bodies H20 257.47 0.89
Human settlements AH 136.69 0.47

Total 29 027.24 100

Of the 136.69 ha corresponding to human settlements, runoff was present in 33
localities; those with the largest surface area were Playa Vicente (19.68 ha), E/ Marcial
(El Coyolar; 17.31 ha), El Maguey (15.61 ha), El Mosquito (10.57 ha), La Candelaria
(10.04 ha), El Carrizal (Majahual; 7.29 ha) and Villa Azueta (7.25 ha).
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Validation of the model

As pointed out by Alarcon et al. (2020), the main problem with this type of model is
that it requires specific information that is difficult to access in Mexico. However,
spatial validation was sought by comparing some of the flooded areas of the
simulation in the Iber model with respect to the floodplain from the only satellite

image (SPOT4) available close to the date of the event.
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Figure 5. Spatial validation of the model with the support of satellite imagery.
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The comparison was made with the flood margin delineated in the image, with respect
to the model results on the estimated flooding (Figure 6). Based on the delimitation
of the flooded area from the satellite image, a total of 34 276.05 ha with runoff was
found, with a difference of 5 248.81 ha (15.31 %) with respect to the simulated area.
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Figure 6. Observed floodplain versus simulated flooding.

A high percentage of cloud cover was observed in the reference image; however, the

margins of the floodplain in relation to the simulation in Iber showed great similarity
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(84.69 %). In the lower part, there was a notable difference between the flooding
area in the image and the simulated area, mainly due to the fact that, at the time of
delimiting the watershed in ArcSwat, a road was considered as a reference for the
highest part of the area; the above caused the polygon to present the shape observed

at the closure of the lower sub-basin (Figure 6).

Measures for flood control

Based on the results of the hydraulic modeling and the structural and non-structural
solution alternatives classified by Conagua (2011), the generation of hazard maps
and areas susceptible to flooding is suggested as a non-structural measure. In regard
to structural measures, it is proposed to clear and clean riverbeds in the main eroded
areas. For this purpose, a simulation was carried out in which the modification of the
riverbed was proposed, with a 2-meter channel clearance and a 50 % widening of the
banks along 113.250 km of the riverbed. In addition, it was suggested to make a dike

with a rectangular crown. Figure 7a shows the result.
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Figure 7. Drainage proposals (a) and marginal curbs and gutters (b).

The total area with runoff with the modification of the riverbed was 8 268.81 ha,
resulting in a 71 % reduction of the flooded area in the simulation of Hurricane

Matthew in 2010, making it an alternative to reduce flooding in low-lying areas.

As a complementary measure to dewatering, the construction of marginal curbs was
proposed in the areas located on the banks of the channel. The drawing tool of the
Iber model was used to generate the polygon of the intense drainage way (VID) as
shown in Figure 7b; this action was applied in the towns of Playa Vicente, Villa Azueta,
Tesechoacan, Garro, Isla, Matilla de Cafa, Cujuliapan, Las Cadenas, La Gloria, San
Jerénimo, and towns located on the banks of the Tesechoacan river, since in these
areas it was not possible to widen the banks to 50 % of the river bed width. It is also

recommended to maintain and protect the embankments established after the 2010
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floods.

Conclusions

The Iber model was used to generate maps of areas vulnerable to flooding, showing
a variation in water depth, with water depths of up to 7.45 m, mainly where the slope
is less than 3 %. The risk map shows a maximum value of 29 027.24 ha affected by

flooding; 56.9 % of these belong to areas classified as high hazard.

The modification of the riverbed was carried out directly in the mesh generated with
the Iber model through the "dike" option, in which unclogging was considered as a
feasible option, given that the simulation for Hurricane Matthew in 2010 with the
expansion of the margins by 50 %, resulted in a reduction of 71 % of the flooded
area, in addition, it can work at the same time as the construction of banks, given

the disposition of the natural material.

In regard to validation, the comparison of flood plains coincides with 84.69 % of the
surface area with simulated runoff observed in the reference image. The use of
satellite images proved to be a viable option to observe the floodplain when there was

not enough information to perform the corresponding statistical validation.

An important recommendation is to consider reforestation and soil conservation works
in the upper watershed as prevention alternatives; however, prior to this, it is crucial
to carry out studies on the changes in the forest ecosystem cover and their effects on
hydrological regulation services in the upper Papaloapan watershed. The purpose of

this is to determine the impacts generated by such modifications.
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