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Abstract: Floods in Villahermosa are events that have occurred frequently over the centuries,
due to the city’s location at the mouth of two of the most powerful rivers in Mexico. Flooding
effects on residents have become increasingly damaging over the years as a consequence of
the increase in frequency and intensity of extreme weather phenomena, in addition to poor
land-use planning policies. The increase in population and consequent urban expansion are
certainly causes of the problem, which are reflected in poor urban planning policy and in an
almost absent perception of risk. In this work, we present a methodology for the construction of
flood risk maps based on a hydraulic study, analysis of social vulnerability indexes, calculation
of severity indexes and construction of hazard maps. The results of the hydraulic simulations
show that relatively frequent rainfall causes floods of the order of 2 m, in agreement with annual
observations conducted in Villahermosa. More extreme rainfall can lead to flooding greater than
4 m in marginalized areas of the city. The areas at greatest risk are sections close to the rivers that
cross the city, and the estimated economic damage is greater than USD 14 million. Risk maps
presented here constitute the first effort of an integrated study to couple flood analysis with
the calculation of economic damage in the city of Villahermosa, and provide important tools
to conscientize populations in their perception of risk, but also create the basis for a conscious
urbanization policy.

Keywords: flood risk maps; flood hazard assessment; social vulnerability; Iber; Villahermosa

1. Introduction

The state of Tabasco has been prone to flooding since historical times. In the
16th century, Spanish chroniclers, Vasco Rodríguez and Melchor Alfaro, wrote in their
memoirs about Tabasco: “The land is flooded because of many rivers and because of
the continuous winter there is” [1].

There are many causes responsible for the occurrence of floods in the state and
in its capital Villahermosa. First of all, the state is located in the southeast region of
Mexico, in a territory where two of the most powerful Mexican rivers converge, the
Usumacinta and the Grijalva. Moreover, the region is characterized by the prevailing
presence of clayey soil and is located above a semi-confined aquifer that prevents
proper water infiltration, due to the propensity to saturation of the sub-surface layer of
the soil. Apart from the natural causes that have led to floods since historical times
(topography of the area, presence of large river networks, soil type in the alluvial plain),
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since the 1970s, the basins of these large rivers have experienced a process of intense
deforestation which has substantially changed the land use from forest to agriculture,
with a consequent radical runoff increase [2].

Another factor that increments the exposure of these lands to floods is the increase
in frequency and intensity of tropical cyclones and other extreme weather phenomena,
a fact that, from a climate change perspective, bears global effects [3,4]. During the
last 20 years, Tabasco has witnessed extreme hydrometeorological events, which have
caused losses of several USD million and deterioration of the region’s ecological system.
In 1999, the conjunction of tropical waves, a tropical depression and cold fronts, caused
the overflow of mountains rivers in the vicinity of Villahermosa. These floods prompted
the construction of perimeter walls throughout the city and on the banks of the Carrizal
and Grijalva rivers in the following year [5]. As a consequence of this event, in 2003,
the Integral Flood Control Program (PICI) was developed as a proposed solution to
the problem of systematic flooding in the capital city [6]. With this program, three
hydraulic systems were planned to protect against the effects of extraordinary rainfall
and confine the currents of the Samaria, Carrizal, de la Sierra and Grijalva rivers.
However, the project was still in the feasibility study stage when the disastrous flood of
2007 occurred. This year, tropical cyclone Barbara hit the Grijalva river in June and the
intense rainfall regime continued until the end of October accumulating 1423 mm of
rain [5]. At the beginning of the weather event, the rain fell continuously for three days.
Few people were warned that the dams in Chiapas would be opened, but without an
official statement from the government. Twenty-four hours later, the water arrived
with a very strong current and flooded 90% of the city in less that 12 h. In some places,
it only took 20 min for the water to reach between 2.5 and 3 m depth. The entire city
was flooded except for a 10-block radius close to where the cathedral is. People had
been desperately trying to stop the downtown area from flooding for at least three days,
piling sandbags along the Grijalva and Carrizal all day and all night. Unfortunately, it
did not work. Once the water hit, people that were able to make it out of their homes
were stuck on their roof tops, those who could not, drowned inside their homes. The
level of the Grijalva river was above the ordinary maximum limit from October to
November, and floods were also recorded in the Samaria and Usumacinta rivers. This
caused the flooding of two-thirds of Villahermosa for almost 40 days. In April 2008,
the PICI flood management scheme was reconsidered, for what would be the future
Tabasco Comprehensive Water Program (PHIT) [7]. In 2010, two tropical cyclones led
to an accumulated precipitation greater than the one originated in 2007 [5]. The large
dams were pressured with significant water inflows, 12 of the 17 municipalities in the
state of Tabasco were declared a disaster area [8] and all dam and river management
protocols were reviewed and updated. In November 2020, a significant rainfall was
recorded; flooding, landslides, and water discharge from the Peñitas hydroelectric dam
left the region under water. Storms and subsequent flooding inundated 14% of the state,
affecting 17 municipalities, damaging nearly 900 communities, with 10,000 evacuees,
and flooding thousands of acres of crops across the state. Floods also damaged 2000 km
of roads, affected drainage systems and major urban infrastructure, which suffered
damages between USD 37 and 93 million [9].

From the chronicles of these events, it emerges that, for the state of Tabasco, the
prevention policy aimed at minimizing the damage caused by floods is ineffective. To
carry out a fruitful flood risk management, a long-term assessment of both the proba-
bility of occurrence of the phenomenon and its impact is necessary. Risk maps make
it possible to obtain a complete view not only of the flood frequency and magnitude,
but also of its consequences, providing precise information regarding the damage that
a given event can cause. This derives from the risk definition that results from the
product of the event occurrence probability (hazard), by the material consequences
deriving from it [10]. The strong spatio-temporal component of risk maps makes them a
fundamental tool for prevention policy and correct territorial planning. Moreover, risk
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maps are pivotal for risk communication, as they provide information that promotes
public awareness about the actions that can be taken to minimize damage [11,12]. In
the last 30 years, several governments around the world have changed the paradigm
of traditional strategies for the prevention of flood damage that first was based on
mainly structural solutions aimed at protecting flood-prone regions, following the
effects of recent events. Many countries, nowadays, have recognized the importance
of tackling the problem with a risk-based approach [13,14]. From the study by de
Moel et al. [13], it is possible to examine an exhaustive review of the projects and
solutions undertaken in Europe to deal with flooding. The United States Federal Emer-
gency Management Agency (FEMA) introduced the National Flood Insurance Program
(NFIP) in 2002 [15] with the objective of acquiring insurance as a safeguard against
flood-related losses, in return for adhering to state floodplain management regulations.
In Norway, Sweden, Finland, and the United Kingdom, flood hazard maps and risk
information serve both as tools for spatial planning and as informative resources for
decision-makers [16]. The perception of risk by populations is a factor that has an
enormous influence on the analysis of vulnerability and consequently of the risk itself.
In the work of Burningham et al. [17], it is observed that the incorrect perception of
risk in many cases is the result of a risk assessment based on an underestimation of
the real impact that a flood can have, hence the urgency of urging populations to par-
ticipate in awareness and education plans. With the aim of increasing risk awareness,
experiments have recently been conducted to demonstrate the potential advantages of
virtual and augmented reality as an educational tool in environmental sciences and to
provide new tools for communicating important data in planning and decision-making
operations [18].

In Mexico, guidelines for the construction of risk maps and quantitative determi-
nation of damage caused by floods were established in 2014 [19]. These guidelines
produced the National Atlas of Flood Risk [20] that, however, at present, only provides
information on flood rates and historical flooding. It is evident, therefore, that an
approach based on long-term flood risk forecasting is still absent in decision-making
policies, spatial planning and implementation of actions for damage analysis and mini-
mization. The development and use of risk maps would help to foster collaboration
between vulnerable communities and local decision makers, implementing what is
termed a Participatory Approach [21,22]. Furthermore, risk maps encourage the ability
to understand, at the community level, one’s own vulnerability, implement shared
strategies and activities, to manage flood risk without waiting for the intervention of
external entities [23].

In this work, first risk maps for Villahermosa, one of the most flood-affected cities
in Mexico, have been constructed. The methodology applied follows the previously
mentioned guidelines of the National Water Commission, to additionally obtain a
preliminary estimate of the expected economic damage in the face of different flood
scenarios. First of all, a hydrological study was conducted to calculate design flows that
intervene on Villahemosa (Section 2.1). Obtained design hydrographs, corresponding
to different return periods, were used as input to the hydraulic simulations of flood
scenarios, described in Section 2.2. Section 2.3 shows the methodology applied for the
construction of vulnerability maps. In this part, social vulnerability indexes are calcu-
lated in accordance with the concepts expressed by various authors, according to which
economic variables alone are not sufficient to describe the condition of vulnerability of
a region [24,25]. Here, in the definition of social vulnerability indexes, the factors that
influence the interaction between the community and exposure to floods are consid-
ered: socio-economic profile, employment, education and housing composition [26,27].
Subsequently, hazard maps were constructed based on the severity index calculation,
to determine the impact on residential structures (Section 2.4). Finally, from a Gis-
based intersection of hazard maps with the vulnerability map, risk maps were built as
described in Section 2.5. From the results shown in Section 3, it can be seen that most
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affected areas are located in the south and southeast of the city, for low return periods,
while as the return period increases, northern sectors are also at risk. Although most
of the affected areas of the city show a medium risk, the economic damage expected
annually from relatively frequent rainfall would exceed USD 14 million.

2. Materials and Methods
2.1. Design Flows Calculation

The Tabasco state is located within the Gulf of Mexico Coastal Plain, characterized
by few reliefs and for more than 95% of its surface below 100 m above sea level. The
region is characterized by a predominantly hot humid climate, with very frequent
rainfall throughout the year with intensification from June to October [28]. According
to data from the National Institute of Statistics and Geography (INEGI) [29], the runoff
coefficient in the catchment area of the Grijalva and Usumacinta rivers ranges between
20 and 30% of all Mexican territory. The capital, Villahermosa, is located in the Centro
municipality (Figure 1), within the Grijalva-Usumacinta hydrological region.

Figure 1. Location map of the Centro municipality where Villahermosa is located.

The hydrological study starts from the reconstruction of the temporal and spatial
distribution of rainfall, through the transformation of punctual rainfall into rainfall–
runoff relationships. Based on the work of Areu-Rangel et al. [30], in this study, of
the 83 basins that compose the Grijalva-Usumacinta hydrological zone, four basins
were considered, directly responsible for floods in the state capital: the Carrizal,
Viejo Mezcalapa, Pichucalco and de la Sierra rivers. Figure 2 shows the sub-basins
delimited from the outlet point of each river, the climatological and hydrometric
stations available in the area, as well as the delimitation of the study area for the
analysis of flood scenarios.
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Figure 2. Map of the sub-basins that drain in Villahermosa. The location of the hydrometric and
climatological stations, as well as the inlet points of each river used for the hydraulic simulations
are shown.

Table 1 shows the morphological characteristics of the sub-basins, together with the
values of the concentration time, delay time, peak time and base time.

Table 1. Morphological and hydrological parameters of the sub-basins.

Carrizal Viejo
Mezcalapa Pichucalco de la

Sierra

Length of the channel (km) 36.35 77.34 146.37 141.60
Average slope of the channel (%) 0.02 0.06 1.45 1.67
Basin area (km2) 99.8 470.9 1266.9 1003.8
Maximum elevation of the channel (m) 17 60 2137 2373
Average elevation of the channel (m) 13 35 1073 1191
Concentration time tc (h) 28.03 32.84 15.75 14.54
Delay time tr (h) 16.82 19.7 9.45 8.72
Peak time tp (h) 22.11 25.43 13.42 12.53
Base time tb (h) 59.04 67.9 35.82 33.47

Regarding hydrometric stations selection, as can be seen in Figure 2, there are only
a few stations in the study area, most of which have only a few years of records. For
this reason, 83 climatological stations present in a radius of 80 km from the center of
the Pichucalco river basin (the largest of the selected basins), were considered. For
each station, data from daily precipitation records (every 24 h) were extracted from
the Mexican Surface Climatic Stations Database (CLICOM System: Climate Comput-
ing [31]). Daily precipitation data were converted into maximum monthly rainfall and
subsequently into maximum annual rainfall. The precipitation data obtained were
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compared with data provided by the National Meteorological Service, managed by the
National Water Commission (CONAGUA [32]), to discard values affected by errors.
Based on this comparison, the number of usable stations was reduced to 30. For each
sub-basin, a set of stations was extracted and a single record of maximum annual
rainfall values was built. Data from each single sub-basin record were analyzed with
independence Anderson’s method [33]) and homogeneity (Helmert, Student t test and
Cramer’s methods [34]) tests. Subsequently, a frequency analysis was performed on
a total number of annual precipitation maximum records, corresponding to 72 years,
using the Gumbel and Generalized Extreme Value (GEV) probability distribution
functions since those are the recommended to fit an extreme value sample obtained
with the annual maxima method. The statistical parameters corresponding to the
maximum annual precipitation are as follows: mean = 161 mm and Standard Deviation
= 53 mm. Table 2 shows the standard errors corresponding to the Carrizal river sub-
basin, obtained for both distribution functions. It should be noted that the standard
errors shown in Table 2 are only valid in the area or probability of the recorded data,
but not outside, and therefore, they are not a measure of the extrapolation error to
higher return periods. The independence and homogeneity tests on the extreme value
sample, as well as the fit of the Gumbel and GEV parameters, were done with the
software AFA v.1.2. for frequency analysis [35].

Table 2. Fit standard errors calculated in the frequency analysis of precipitation data, for the Carrizal
river sub-basin.

Distribution Function Moments Maximum Likelihood

Normal 11.64 11.64
GEV 7.64 —
Gumbel 6.35 5.53

The Gumbel distribution function was found to be, in this case, the one with the
smallest standard error using the maximum likelihood method, and was considered as the
best distribution function to extrapolate the precipitation data at different return periods.
The maximum annual precipitation values, with a duration of 24 h, extrapolated with the
Gumbel function, were converted into short-term precipitations, up to 240 min, using the
Bell’s adjusted formula [36,37]:

PT
t = (0.54t0.25 − 0.50)P60

T , (1)

where PT
t is the rainfall in mm, for a return period T and a t-minutes duration, P60

t is the
precipitation in mm associated to a T-years return period and a duration of 60 minutes, t is
the rainfall duration in minutes.

Excess rainfall was calculated by applying the Soil Conservation Service’ curve number
method [38], based on total rainfall and land use:

Pe =

(
hp − 508

N + 5.08
)2

hp +
2032

N − 20.32
, (2)

where Pe is the excess precipitation in cm, hp is the accumulated annual precipitation in
cm, extrapolated from the Gumbel distribution function, and N is the curve number. An
average curve number was calculated for each sub-basin, starting from the soil use and
type recongnized in the area. Figure 3 show the curve number distribution maps for the
Carrizal and Viejo Mezcalapa sub-basins; Figure 4 correspond to the Pichucalco and de la
Sierra sub-basins. The calculated values of the average curve numbers are also indicated
within the figures.
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Figure 3. Curve number distribution map for the Carrizal and Viejo Mezcalapa sub-basins.

Figure 4. Cont.
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Figure 4. Curve number distribution map for the Pichucalco and de la Sierra sub-basins.

Design flows were calculated as:

Qd =
0.208Pe Ac

tp
, (3)

where Qd is the design flow corresponding to a given return period in m3/s, Pe is the
excess precipitation in mm, tp is the peak time in hours and Ac is the basin’ area in km2.
Table 3 shows the extrapolated 24-h annual maximum precipitation values (hp), excess
precipitation (Pe) and design flow values (Qd), calculated for different return periods, in
each sub-basin.

Table 3. Annual maximum precipitations (hp), excess precipitations (Pe) and design flows (Qd) for
every basin and 12 return periods from T = 2 years to T = 500 years.

Return Period (Years) hp (mm) Pe (mm) Qd (mm3/s)

T = 2 54.103 20.001 18.773
T = 5 71.369 32.960 30.937
T = 10 82.801 42.199 39.608
T = 20 93.766 51.409 48.253
T = 50 107.959 63.713 59.801

Carrizal T = 100 118.595 73.153 68.662
T = 200 129.192 82.707 77.629
T = 500 143.173 95.494 89.631

T = 2 61.206 14.879 57.302
T = 5 78.054 25.195 97.028
T = 10 87.932 31.896 122.833
T = 20 96.552 38.053 146.547
T = 50 106.588 45.528 175.331

Mezcalapa T = 100 113.359 50.730 195.365
T = 200 119.527 55.567 213.992
T = 500 126.866 61.430 236.574

T = 2 83.650 34.631 680.256
T = 5 102.136 48.995 962.419
T = 10 111.808 56.872 1 117.151
T = 20 119.793 63.524 1 247.813
T = 50 128.778 71.146 1 397.537

Pichucalco T = 100 134.766 76.298 1 498.733
T = 200 140.246 81.057 1 592.209
T = 500 146.887 86.875 1 706.507
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Table 3. Cont.

Return Period (Years) hp (mm) Pe (mm) Qd (mm3/s)

T = 2 81.066 32.759 545.696
T = 5 104.237 50.747 845.346
T = 10 121.449 64.985 1 082.517
T = 20 140.805 81.618 1 359.589
T = 50 172.741 110.066 1 833.487

de la Sierra T = 100 201.961 136.852 2 279.684
T = 200 233.265 166.094 2 766.799
T = 500 275.222 205.898 3 429.851

Figures 5 and 6 show the design hydrographs obtained for the four sub-basins, which
will be used as hydrological input for the flood scenarios simulations.

Figure 5. Design hydrographs of the Carrizal and Viejo Mezcalapa sub-basins, corresponding to
different return periods.

Figure 6. Cont.
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Figure 6. Design hydrographs of the Pichucalco and de la Sierra sub-basins, corresponding to
different return periods.

2.2. Hydraulic Simulations of Flood Scenarios

Flood scenarios were simulated using Iber software. The characteristics of the model
as well as its applicability and numerous validations can be consulted in Bladé et al. [39],
Fraga et al. [40] and Cea and Bladé [41], among others. The software allows the possibility
of working with three calculation modules, exploiting structured and unstructured finite
volume meshes. For the specific purpose of this study, the hydrodynamic module was
employed to compute flood scenarios. This module focuses on solving the depth-averaged
shallow water equations, known as the two-dimensional Saint Venant equations, assuming
a hydrostatic pressure distribution and relatively uniform velocity distribution across
depths, where the only parameter requiring calibration is the Manning coefficient.

Figure 7 shows the location of the study area. The computation domain is characterized
by the delimitation of two main land uses: residential and urban vegetation. The map also
shows water bodies, rivers that cross the city, and the location of the inlet and outlet points
for the definition of the boundary hydraulic conditions.

Figure 7. Location map of the study area. The main land uses identified in the area are indicated
(urban vegetation and residential land), as well as the inlet and outlet points to define the boundary
hydraulic conditions.
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The calculation domain covers an area of 394,062 km2. For the geometry construction,
a digital elevation model extracted from the database of INEGI [42], with a resolution of
15 m, was used. A preliminary model calibration analysis was performed with the aim of
combining the appropriate parameters of roughness, mesh size, total simulation time and
time step, in order to reach a steady flow. Selected conditions for optimal simulations, in
terms of computational cost and flow stability, are shown in Table 4.

Table 4. Optimal values of cell size, roughness and simulation times, adopted to simulate flood scenarios.

Land Use Roughness Cell Size (m)

Residential 0.8 50
Urban vegetation 0.08 200
Water bodies 0.02 100
River 0.035 15/25

Total simulation time 259,200 (s)/72 (h)
Time step (s) 2700

The computational domain was geometrically discretized with a non-structured tri-
angular mesh composed of 220,802 elements. The boundary conditions of the inlets and
outlets were assigned in the four entry points of the Carrizal, Mezcalapa, Pichucalco and de
la Sierra rivers, shown as coloured dots in Figure 7. Inlet boundary conditions correspond
to the hydrographs calculated for different return periods. Results of hydraulic simulations
are maximum water depths and maximum water velocities.

2.3. Construction of Vulnerability Maps

Vulnerability maps were built using social vulnerability indexes (SVI), according to
the methodology proposed by the Mexican Institute of Water Technology [43]. On the basis
of the information present in the national statistics by INEGI and the National Population
Council (CONAPO), 15 indicators are selected that can be grouped into 5 broad categories,
which describe the development capacity of a community: (i) employment and income,
(ii) education, (iii) health, (iv) housing, and (v) population. Table 5 shows the indicators
that reflect the vulnerability of the population to flood related risks.

Table 5. Indicators selected for the construction of the SVI.

Category Indicators

Health
Proportion of doctors per 1000 inhabitants

Infant mortality rate
Percentage of population that does not rely on public health services

Education Illiteracy rate
Average level of education

Housing

Percentage of homes without piped water
Percentage of houses without drainage

Housing deficit
Percentage of houses with adobe floors

Employment and income
Percentage of the Economically Active Population (EAP) that

receives less than two minimum wages
Dependency ratio (% of dependent population, in relation to the

EAP)

Population
Population density (inhabitants per km2)

Percentage of indigenous-speaking population
Percentage of population living in towns with fewer than 2500

inhabitants
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Sources used to generate the database for the calculation of the percentage coverage of
each indicator are as follows: Population and Housing Census 2020 [44] and Marginaliza-
tion Index 2020 [45].

For the calculation of the SVI, the following methodology was followed:

• Starting from the coverage percentage of each indicator, their highest and lowest
values, as well as the interval between them were recorded.

• This interval was divided between the number of categories according to which the
vulnerability condition is determined (in this case five) and the value defining the
extent of each vulnerability level was calculated.

• The extreme values of the vulnerability are constructed: Very High, or Very Low. In
cases where the variable indicates a shortage of the population (for example the lack of
drainage systems), the value encountered corresponds to a greater vulnerability. While,
in cases where the variable indicates a satisfaction for the population (for example
the level of education), the value found is equivalent to a lower vulnerability. To
construct the intervals of the intermediate vulnerability conditions (ranges considered
as Low, Medium and High), the procedure is as follows: one thousandth is added to
the highest value of the immediately preceding vulnerability condition (0.001) and the
result constitutes the lower limit of the vulnerability in construction. Subsequently, the
interval is added to said value and thus the upper limit of this condition is obtained;
this procedure is repeated to obtain the next range.

• Once the indicators have been classified, they are assigned a rating ranging from 1.00
(Very High Vulnerability) to 0.20 (Very Low Vulnerability).

This procedure was applied to Villahermosa by dividing the city into districts with the
same geostatistical characteristics (five districts that for sake of simplicity are enumerated
from 1 to 5). Table 6 shows the values calculated for the different indicators in the five areas,
while the values of the social vulnerability indexes obtained are indicated in Table 7.

Table 6. Values of the indicators calculated for the categories Population, Education, Health, Employ-
ment, Housing.

District Population Education Health Employment Housing

1 0.40 0.30 0.80 0.40 0.40
2 0.47 0.30 0.80 0.50 0.33
3 0.47 0.30 0.80 0.40 0.33
4 0.40 0.40 0.80 0.40 0.30
5 0.60 0.30 0.40 0.40 0.33

Table 7. Social vulnerability indexes (SVI) calculated for the five geostatistical districts of Villahermosa.

District Average of the Indicators SVI

1 0.46 Low
2 0.48 Low
3 0.46 Low
4 0.46 Low
5 0.61 Very Low

2.4. Calculation of Severity Indexes and Construction of Hazard Maps

A severity analysis was conducted for the construction of hazard maps. The methodol-
ogy applied in this work follows the study carried out by the Government of New South
Wales, Australia, in 2007, on the risk of flooding in Dorrigo, crossed by the Bielsdown
River [46]. In this study, flow velocity is correlated against hydraulic flood depth to determine
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determine the resistance of house’s walls, and then define hazard indexes. This method is
considered within the guidelines for the construction of flood hazard maps in Mexico [19].
The aforementioned study establishes hazard indexes classified by color (Red—Very High;
Orange—High; Yellow—Medium; Blue—Low; Green—Very Low). This rating, along with
the corresponding water speed and depth thresholds, are shown in Table 8. Hazard maps
have been constructed using results of maximum water velocities and depths, obtained
from flood scenario simulations.

Table 8. Severity indexes for hazard maps, and corresponding water velocity and depth thresholds.

Hazard Color V = Velocity
Threshold (m/s)

Y = Water Depth
Threshold (m)

Very High Red V > 2 Y > 2
High Orange V ≤ 2 1 < Y ≤ 2

Medium Yellow V ≤ 2 0.8 ≤ Y ≤ 1
Low Blue V ≤ 2 0.3 ≤ Y ≤ 0.8

Very Low Green V ≤ 2 Y ≤ 0.3

2.5. Construction of Risk Maps

Risk maps were obtained by intersecting flood hazard maps with vulnerability maps
on a Gis bases, using the QGis program. The quantification of the potential economic
damage caused by flooding was achieved by calculating a risk index. Following the
guidelines for the construction of risk maps, established by CENAPRED in 2006 [47], the
risk index used in this work is defined as:

IRj =
Rj

CMAX
, (4)

where Rj represents the risk and CMAX is the value of the highest exposed property within
the locality. Rj is defined by the following expression:

Rj =
m

∑
i=1

CjP(i) · Vi(Yi), (5)

where the subindex i refers to each of the return periods analyzed, and j refers to the
houses and properties exposed. P(i) and Vi(Yi) are the hazard and vulnerability functions,
respectively. Based on the risk index value obtained from Equation 4, CENAPRED classifies
the flood risk as shown in Table 9.

Table 9. Risk Index Ranges and Corresponding Risk Levels.

Risk Index Color Risk Level

0.67 < IRj < 1 Red High
0.33 < IRj < 0.67 Yellow Medium

0 < IRj < 0.33 Green Low

The possible economic damage caused by floods was calculated using the potential
damage curves relating the water depth to the costs that could be incurred as a result of the
damage, calculated by Baró-Suárez et al. [48]. In this work, the unit damages in terms of
minimum wage were calculated for each house affected. Equations describing the potential
damage curves are shown in Table 10.
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Table 10. Potential damage curves equations.

Potential Damage Equation 1

Very high
DDHmax = 247.63 Ln(h) + 668.44
DDHmin = 141.36 Ln(h) + 382.45
DDHmp = 156.92 Ln(h) + 424.33

High
DDHmax = 289.63 Ln(h) + 801.56
DDHmin = 228.58 Ln(h) + 637.93
DDHmp = 280.51 Ln(h) + 777.60

Medium—one-story house
DDHmax = 709.63 Ln(h) + 1976.04
DDHmin = 544.93 Ln(h) + 1546.60
DDHmp = 685.51 Ln(h) + 1913.15

Medium—two-story house
DDHmax = 549.55 Ln(h) + 1345.57
DDHmin = 405.03 Ln(h) + 965.27
DDHmp = 528.39 Ln(h) + 1289.88

Low—one-story house
DDHmax = 877.28 Ln(h) + 2479.23
DDHmin = 797.24 Ln(h) + 2233.19
DDHmp = 865.56 Ln(h) + 2443.20

Low—two-story house
DDHmax = 666.15 Ln(h) + 1632.94
DDHmin = 595.33 Ln(h) + 1409.03
DDHmp = 605.70 Ln(h) + 1441.82

Very low—one-story house
DDHmax = 1521.80 Ln(h) + 4051.63
DDHmin = 1210.14 Ln(h) + 3321.20
DDHmp = 1255.78 Ln(h) + 3428.17

Very low—two-story house
DDHmax = 1230.35 Ln(h) + 2850.34
DDHmin = 939.78 Ln(h) + 2221.33
DDHmp = 1187.79 Ln(h) + 2758.22

Notes: 1 DDHmax: Maximum damage cost in urban area; DDHmin: Minimum damage cost in urban area;
DDHmp: Probable cost in urban area; h: Depth of water flow on the surface. The economic damage is estimated
in minimum wage units.

3. Results
3.1. Flood Maps

Figures 8 and 9 show the results of the hydraulic simulations in terms of maximum
water depths in correspondence with four return periods (10, 50, 100 and 500 years). Return
periods of less than 10 years have been discarded because they do not produce a significant
impact on the study area.

Figure 8. Cont.
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Figure 8. Maximum water depth values, obtained from hydraulic simulations for the 10- and 50-year
return periods.

Figure 9. Maximum water depth values, obtained from hydraulic simulations for the 100- and
500-year return periods.
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The overview of the maps shows that in general, the area of the city most likely to
be flooded is the southern one, which is mostly cultivated land. The urban areas affected
are limited to a small portion of the city located to the southeast. For particularly frequent
precipitation events (10-year return period), the maximum flood depths can exceed 2 m in
rural areas south-east of the city. As the return period increases, flooding is also observed
in the northwest, with maxima of the order of 1.50 m, while the southern portion of the city
is affected by floods ranging from 1.50 m to maxima greater than 4 m.

Figure 10 shows hydraulic simulations results for maximum water velocities. On the
map, we show the results for the lower and higher return period.

Figure 10. Maximum water velocities, obtained from hydraulic simulations for (a) 10-year return
period and (b) 500-year return period.

From the maps we can observe that the maximum flow velocity fluctuates around
2.60 m/s.
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3.2. Vulnerability Maps

Figure 11 shows the social vulnerability map obtained for Villahermosa.

Figure 11. Social Vulnerability Index Map for Villahermosa.

The map shows the degree of social vulnerability to which each district of the city is
exposed. Most neighborhoods in Villahermosa fall into a low- to very-low classification of
social vulnerability. There are few neighbourhoods with medium vulnerability, while there
are only two neighbourhoods with high vulnerability.

3.3. Hazard Maps

Figures 12 and 13 show the hazard maps, for the four return periods, obtained by
relating water flow velocity with water depth in order to define the flood impact on houses
in terms of a hazard index.

Figure 12. Cont.
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Figure 12. Hazard Map of Villahermosa for the 10- and 50-year return periods.

Figure 13. Hazard Map of Villahermosa for the 100- and 500-year return periods.
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In all the maps, it can be observed that the districts of the city most affected by floods
that present a high hazard are located close to the rivers that cross the city, in the external
part of the central urban area, with a greater concentration in the south. The city center
does not suffer from flooding due to its higher topography, and consequently does not
present a hazard.

3.4. Risk Maps and Potential Economic Damage

Figures 14 and 15 represent flood risk maps for Villahermosa.

Figure 14. Risk Map of Villahermosa for the 10- and 50-year return periods.
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Figure 15. Risk Map of Villahermosa for the 100- and 500-year return periods.

In general, maps do not show districts of the city with a high risk of flooding, even in
low-probability flood scenarios (high return periods). Most of the areas that have shown
susceptibility to flooding are at medium risk, while very few are at low risk. On the basis
of risk maps, the potential economic damage determined by the different flood scenarios
was calculated for the districts at risk of flooding. The quantification of the damage was
done considering the equations of Table 10 and the social vulnerability indexes of Figure 11.
For the damage cost calculation of properties exposed to flood risk, the value of the daily
minimum wage was taken into consideration that corresponds to MXN 207.44, according
to the 2022 table of the National Minimum Wage Commission [49].

As an example of the result of the annual economic damage calculation in Villahermosa,
the value of the expected damage as a result of a flood caused by the scenario with a
10-year return period is shown in Table 11. The calculation was made on the basis of
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affected inhabitants number, housing units, floodable surface area, number of people with
minimum wages, economic values of exposed properties, risk index and risk classification.

Table 11. Characteristics of the Villahermosa flood-affected area relative to a 10-year return period
and expected annual potential damage.

Inhabitants Housing
Units

Floodable
Area (km2)

People with
Minimum

Wages

Economic
Value of
Exposed
Assets
(MXN)

Risk Index Risk
Classification

Villahermosa 33 819 9717 13.86 1,239,027 257,023,699 0.632 Medium

Results show that under a relatively frequent flood scenario (10-year return period),
13.86 km2 of the city of Villahermosa could be at risk of flooding. This area corresponds
to 65.32% of the total floodable surface of the study area, where more than 33,000 people
would be affected with a total economic damage of more than MXN 250 million.

4. Discussion

Results of this study show that the portions of Villahermosa most impacted by the
effects of floods in terms of economic losses are located in the south near the Grijalva and
Viejo Mezcalapa rivers, and in the north those located on the banks of the Carrizal river.
For frequent precipitation scenarios (return periods of less than 100 years), these areas
are already subject to flooding with water levels exceeding 2 m (Figure 8). These results
are validated by local reports which warn the population every year as the rainy season
approaches. In fact, the rainy season is almost always accompanied by tropical storms that
cause an increase in rainfall intensity every year. For this reason, the Federal Government
of the state of Tabasco, together with Civil Protection personnel, meet to define the actions
to be taken to help the population in the event of flooding [50], before the rains begin.
These meetings are intended to establish the strategies and government actions to face
the forecasts provided by the National Water Commission (CONAGUA), regarding the
number and category of tropical cyclones that are expected to occur, both in the Pacific and
in the Atlantic Oceans. From hydraulic simulations results obtained in this work, it appears
that the increase in the return period results in an increase in flood levels that can exceed
4 m (Figure 9). Even these results are plausible if they are associated with the extreme
weather phenomena, originating from the combination of storms, cold fronts and cyclones,
which in the past caused the disastrous floods whose effects are known.

The analysis of the social vulnerability indexes showed that most of the urban districts
that conform Villahermosa, have low vulnerability (Figure 11). This means that the majority
of inhabitants living in Villahermosa have access, at least minimal, to medical services
(public and private), education is, at least, at the elementary school level, most of the houses
have a water supply, and finally, the majority of people are economically active, i.e., there
is little economic dependence. These data come from the analysis of the social vulnerability
parameters available in the sources cited in the previous paragraphs. The authors of this
work are aware that the database used does not include all the social vulnerabilities that
influence the study area, and the available data is not complete. Therefore, we consider
that the vulnerability of city’s districts susceptible to flooding may be underestimated.
The vulnerability of the areas that periodically remain flooded is most likely higher than
that calculated in this work. For this reason, future studies dedicated to more precisely e
completely identifying the vulnerability indexes of the area are pivotal. Despite this, results
of this study show that areas exposed to flooding show a high hazard based on the damage
classification corresponding to the hydraulic thresholds of water velocity and depth given
in Table 8. Maps of Figures 12 and 13 show that the districts most likely to suffer flood
damage are Ixtacomitán, Gaviotas and La Manga. These are the sections of the city that
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actually suffer the most from the effects of rains, every year. This is due to their position
close to the river branches, but also to an inadequate water drainage system to dispose of
excess water. During the 2020 flood, the Mezcalapa river flooded the Ixtacomitan section,
leaving it underwater for about two weeks, causing major problems concerning lack of
food and the onset of diseases caused by mosquitoes [51]. As a result of the flooding, the
Gaviotas section was also underwater for a month. The Gaviotas, located on a southern
bank of the Grijalva, has undergone a process of change from a municipal fraction to an
urban district in a few years, which has led to the subdivision and sale of lands on the
river banks and near water bodies. Furthermore, irregular urban settlements were legally
authorized during this urbanization process. While on the one hand, the authorities urged
the abandonment of these lands, on the other they offered regularizations, supplies of
drinking water and retaining walls for excess water [52]. The same process was undertaken
at the La Manga district which, at the hands of the Secretariat of Agrarian Reform in 1982,
underwent the expropriation of 33 hectares of municipal land that were subsequently sold
at very low cost, thus favoring the settlement of communities in areas at risk of flood.

From the risk maps shown in Figures 14 and 15, it appears that the areas most exposed
to flooding are affected by a medium risk index, even for simulated scenarios of high return
periods. This classification is sensitive to the construction of the vulnerability indexes
and to the variables used for this purpose. As previously commented, the construction
of the vulnerability map is affected by the limitations imposed by the lack of complete
information to define the socio-economic and demographic variables. For many municipal
units in the country, there are little or no relevant data in the national statistical censuses.
This could be due to a lack of funds to finance this type of research, to the fact that the
country is very large, and the investigations are ongoing but do not yet cover the entire
territory. However, this circumstance makes it impossible to find fundamental information
such as the existence of civil protection institutions on site, perception of risk by the
inhabitants, plans and programs to support the population in the event of flooding. Having
this information, the vulnerability values calculated for Villahermosa could be higher. In
any case, the calculated damage expected annually, show that more than 33,000 people
would be affected by floods for an economic damage of more than MXN 250 million, which
correspond to more than USD 14 million.

5. Conclusions

As anticipated and described in the introduction, the Villahermosa problem with
respect to flooding has distant roots. Since even before it was constituted into urban districts
and before the first dam of the Grijalva Hydroelectric Complex came into operation in
1964, the territory was periodically flooded causing damage to crops and farm houses. The
original layout of the city of Villahermosa shows that the Grijalva river was wider than can
be seen now (Figure 16).

The dock was located close to the original and main market of the city, and people who
wanted to sell and buy their products would arrive via long, shallow boats [53]. Currently,
this area is now three-to-four blocks away from the riverbank, however still within the
downtown area of the city which encompasses the current dock of the Grijalva, and the
area known as the Malecon. The reduction in width of the river that led to the current
distance of the market from the river was caused by the draining of the Macayal and the
La Polvora lagoons and the land used for construction. In recent years, the impact of
floods has increased due to the construction of dams, their malfunctions, and poor urban
planning. Hydraulic simulations in this study reveal that the most severely affected areas
in the city experience prolonged and deep flooding, and these areas tend to be inhabited
by marginalized communities, heightening their vulnerability and risk. Relocating to
safer districts is not feasible for these populations without external financial assistance.
Moreover, there is uncertainty about the risk perception of residents in these flood-prone
zones. Historically, the people of Villahermosa were more aware of the risks and adapted
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their homes accordingly, but this perception has evolved. Today, various factors, such as
cost and trends, lead people to live in flood-prone areas.

Figure 16. Sketch of San Juan Bautista (today Villahermosa) in 1884.

Risk maps, like those presented in this study, can certainly act as a tool to educate
and create awareness about flooding and its consequences [11]. In Europe, as a result of
severe floods that occurred in the 1990s, information systems were developed through
the use of risk maps that describe the hazard and impact of floods, fundamental elements
for populations at risk to be able to protect themselves and coexist responsibly with the
environment [54]. Creating risk maps for Villahermosa, given the current available data,
is a challenging undertaking. However, this study serves as an initial step to stimulate
further research focused on developing comprehensive databases for constructing precise
risk maps in Villahermosa and other flood-prone areas in Mexico. The goal is to lay the
groundwork for promoting greater public awareness and informed territorial policies
regarding flood risks. In Mexico, there is a lack of a dedicated disaster prevention policy for
natural events [22]. This deficiency is possibly due to the National Civil Protection System’s
relatively recent establishment following the 1985 earthquake in Mexico City. Moreover, the
decision-making process during disasters is decentralized, and local administrations have
limited capabilities for hazard assessment and civil protection. To address these issues,
the creation and implementation of national-level risk maps are crucial for flood disaster
prevention in the country.

The methodology in this study forms a strong foundation for flood risk management,
community safety, and sustainable development. It presents a vital tool for the scientific
community in addressing hydrological hazards. Moreover, it enables precise identification
of flood-prone areas, facilitating flood event prediction and mitigation planning. Addi-
tionally, it aids in estimating the financial impact of floods, empowering the scientific
community to develop loss-reduction strategies. Furthermore, it supports the evaluation of
current public policies and the creation of more effective ones.
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