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Abstract: Urban floods have adverse effects on the population and the economy, and they are
increasing in frequency and magnitude. The State of Veracruz is the region of Mexico with the highest
number of disasters, more than 50% of the total number nationwide, in the 1970–2015 period. During
the 1990s, disasters in this region increased from 5 to 10 events per year, mostly in relation to intense
rains and floods. This study analyzes the factors that increase the risk of urban floods in the regions:
(i) the Pánuco River, (ii) the Papaloapan River, and (iii) the Coatzacoalcos River regions, combining
hazard data and estimates of vulnerability factors. The 95th percentile of daily precipitation (P95) is
used as a threshold of heavy rain, i.e., the natural hazard. Vulnerability is estimated in terms of the
percentage of natural vegetation loss due to changes in land cover and land use in the hydrological
basins and the expansion of the urban areas in the regions under study. The risk of flood was compared
with records of flood events focusing on the low-frequency variations of risks and disaster activity.
The trends in urban flood activity are related to the loss of natural vegetation and deterioration of the
basins leading to a loss of infiltration, i.e., larger runoffs. Even when the intensity of precipitation in
recent decades remains without clear trends, or shows negative tendencies in the number of intense
events, the number of floods is higher mostly because of the deterioration of hydrologic basins.
Therefore, the risk of flooding in the state of Veracruz is mainly related to environmental factors that
result in vulnerability rather than changes in the trends of extreme precipitation activity. This result
means that disaster risk reduction actions should be mainly related to rehabilitation of the basins.
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1. Introduction

During the 1990–2020 period, more than 50% of the disasters registered worldwide were related
to floods [1–5]. Urban floods are one of the most important hydrometeorological risks faced by urban
areas [6–9] and their impacts affect a large percentage of the population and the economic activities
given the tendency for people to live in cities [10–14]. Various studies [10,15–21] consider that the
increase in the frequency of intense storms is directly responsible for the occurrence of more urban
floods. However, concentrating only on the effect of the meteorological hazards [11,22,23] would
reduce the problem to a “naturalistic” focus on natural disasters. It is clear now that negative impacts
of hazardous meteorological events should be examined as a risk problem, in which vulnerability also
plays a key role. Urban floods are an example of how the development scheme of some of large cities
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largely determines the increasing number of floods by modifying the characteristics of the hydrological
basins [24]. The adverse effect of land use change (LUC) associated with urban growth, as well as
agricultural and livestock activities, has been examined in a number of studies. Some suggest that LUC
have a minor impact on the occurrence of flooding [25,26] and that the occurrence of this type of disaster
is mainly related to changes in the precipitation patterns. Other emphasize the importance of LUC on
the rain-runoff process of hydrological basins, increasing the vulnerability to intense rains and the risk
of flooding in urban areas [27–30]. Therefore, in recent studies, the evaluation and quantification of the
impacts of LUC in risk dynamics has become not only a matter of study, but a necessity to characterize
and manage the current and future risk of floods in view of several adaptation proposals to climate
change [29,31–35].

Worldwide, the relationship between urban expansion and the increase in the number and
magnitude of urban floods has been documented as an expression of the impacts of an intensified climate
change process [36–42]. However, only a few studies report the importance of higher vulnerability of
cities as they grow and become more exposed to intense meteorological phenomena. The urbanization
of hydrological basins responds to the need for greater public space, for the development of economic
and social activities [6,11,43,44]. In some countries like Mexico, urbanization and LUC frequently
grow even faster than the population itself, in a development model that substitutes natural vegetation
for waterproof materials that increase runoff [24,45,46] and reduces infiltration. This development
model, along with insufficient drainage infrastructure, make cities more vulnerable to intense rains,
particularly when they are located in the lower parts of basins where some ecosystem services of
regulation have diminished significantly. In various parts of the world, such urban model results in
greater vulnerability and risk of floods, with negative effects on the population [6,11,41,42,47–49].

The economic, social, and environmental cost of urban floods in Mexico is continuously
growing [24,45,46,50–52] and requires special attention with respect to civil protection policies. Between
1970 and 2015, floods have had negative effects in at least 65% of all municipalities in Mexico [53–55],
but around 60% of them correspond to events along the coastal regions, particularly in states adjacent
to of the Gulf of Mexico and the Pacific Ocean [53–59]. This is mainly related to the intensity of rains,
but also to the level of deterioration of the natural landscapes [45]. The state of Veracruz, between the
Sierra Madre and the Gulf of Mexico, is one of the rainiest regions of Mexico. For instance, in September,
the monthly precipitation may be around 600 mm/month in some parts of the state (Figure 1a). Extreme
daily precipitation events may be more than 200/day, and consequently, the hazard is large. However,
the number of floods in Veracruz has grown in recent decades, after the 1990s, affecting rural and
urban areas.

The population of Veracruz has quadrupled since the 1950s, reaching more than eight million
people in recent years, living in the main cities of northern (Panuco River), central (Papaloapan
River), and southern (Coatzacoalcos River) regions of Veracruz (Figure 1b). The rapid landscape
transformations since the second half of the 20th century [50] have affected around 97% of their territory,
transforming tropical forests, mangroves, and grasslands to urban settlements with roads, but mainly
to agricultural and cattle ranching territories [60]. The impact of such LUC in the hydrological basins
of the Panuco, Papaloapan, and Coatzacoalcos rivers have been significant and constitute interesting
case studies to analyze why the state of Veracruz has suffered the effects of more natural disasters at a
large cost that has required large amounts of financial assistance to recover (http://www.e-veracruz.mx/

nota/2017-08-07/ecologia/cambio-de-uso-de-suelo-dana-el-97-de-la-cobertura-vegetal-de-veracruz).
Establishing the importance of the hazard and vulnerability, as in the increasing risk of floods,

may determine the type of action for disaster risk reduction. Therefore, the main objective of the
present study is to estimate the importance of vulnerability factors related to land use changes, and the
significance of intense precipitation activity, as elements that have increased the number of floods
particularly in urban environments. For this purpose, case studies in three regions of Veracruz are
developed to determine the importance of land use changes as a factor that increases the vulnerability
of cities located downstream.

http://www.e-veracruz.mx/nota/2017-08-07/ecologia/cambio-de-uso-de-suelo-dana-el-97-de-la-cobertura-vegetal-de-veracruz
http://www.e-veracruz.mx/nota/2017-08-07/ecologia/cambio-de-uso-de-suelo-dana-el-97-de-la-cobertura-vegetal-de-veracruz
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Figure 1. (a) Spatial pattern of mean September precipitation in southern central Mexico. (Data source:
IRI – CHIRPS); (b) Location of the State of Veracruz and study regions. Spatial distribution of
hydrological basins and wetlands.

2. Data and Methodology

In order to analyze the dynamics of the risk of urban floods in the (i) Pánuco River (northern
region), (ii) Papaloapan River (central region), and (iii) Coatzacoalcos River (southern region), it is
necessary to characterize the increase in hazard of intense rains, and the evolution of vulnerability in
relation to the urban expansion and the land use changes in the region of interest.
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The data used to analyze the frequency of urban floods were obtained from the National Center
for Disaster Prevention (CENAPRED) in Mexico [53], the National Disaster Fund–Mexico [55], and the
Disaster Inventory known as Desinventar [54]. The information for the 1970–2019 period is processed
and analyzed: (i) to eliminate suspicious data (e.g., error in relation to the number of flood events per
month), (ii) to standardize the databases, (iii) to eliminate duplicated reports, and (iv) to generate data
in an adequate format for geographical information system (GIS) processing.

To establish a threshold of hazard in relation to heavy rains and to the frequency of urban floods,
meteorological information for the days with precipitation that resulted in floods was examined.
For the period of study, there are 137 flood events in the study regions. Meteorological data, i.e., daily
precipitation data, were obtained from 15 weather stations, 5 in each of the three regions, reported by
the National Meteorological Service of Mexico [61]. The weather stations selection for the analyses,
was based on the following criteria were considered: i) the proximity of the station to urban areas
with flood reports, ii) the representativeness of the station within the hydrological basin, and iii) the
completeness of daily precipitation data, particularly during the rainy season. Daily rainfall data were
analyzed and compared with the flood records in order to obtain rainfall values that may be considered
a natural hazard. The 95th percentile of daily precipitation (P95) was an adequate reference to describe
the natural hazard. Therefore, the temporal evolution of P95 in five years periods was used to assess
changes in the natural hazard activity for urban floods.

The vulnerability associated with changes in land use generates regional changes that can limit or
enhance runoff and infiltration and, consequently, constitute a dynamic factor of vulnerability and the
risk of urban floods. The vulnerability, expressed as the loss of natural vegetation, is obtained as a
percentage of the original values in 1970. Data on the percentage of change of the natural vegetation
and on land use was obtained from the National Institute of Geography, Statistics, and Information
(INEGI) [62] for the periods: 1970, 1992, 2002, 2004, 2012, and 2016.

The risk of flood is estimated using standardized values of vulnerability and the hazard, in order
to obtain a risk of flood index between 0 and 1, which is a function of space and time for the domains
of interest (1). The value 0 corresponds to a "very low" risk, while 1 represents a "very high" risk of
flood. The 1970–2015 period of analysis was subdivided into nine 5-year periods for the estimates of
hazard, vulnerability and risk of flood. The estimates of risk, hazard, and vulnerability are analyzed
and compared with information on the frequency of disasters in order to provide a measure of the skill
of the risk model given by:

R = H × V (1)

where:

R = risk
H = hazard
V = vulnerability

The normalized values of the vulnerability, hazard and risk factors were obtained as:

X
′

=
(X−Xmin)

(Xmax−Xmin)
(2)

where

X
′

= standardized factor
X = value of the sample to standardize
Xmin; Xmax = minimum and maximum values of the series
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3. Results

3.1. Trends in the Number of Floods

The number of floods in Veracruz has had a positive trend since the 1970s, which appears to
be related to the land use changes, and increased exposition due to urban growth. The urban area
between the 1970s and the 1990 increased by almost 1000% (Figure 2). The number of reports of floods
remained relatively constant between 1970 and 1990, with around five events per year. After the 1990s,
land use changes in the basin and the urban expansion increased, just like the number of flood reports
in the state, reaching around 25–30 events in certain years, with a relative minimum in flood activity
by the mid-1990s. Urban growth accelerated again after the early 2000s. Since then, the number of
flood reports has remained high (more than 10 per year). The number of municipalities affected by
floods changed from around 30 between 1970 and 1990, to around 210 between 2005 and 2014, just as
the urbanized zoned expanded to new regions [53–55].

Figure 2. Number of flood events reported in Veracruz (light gray bar) between 1970 and 2015. Urban
area (solid black line) for the same period. Source: CENAPRED (1989–2019), FONDEN (2000–2010),
DesInventar (1970–2015) and INEGI (1970–2015).

Floods in Veracruz occur mainly during the summer months (May–October), with more than 80%
of all disasters due to intense precipitation of more than 30 mm/day during this time of the year [63,64].
From November to April, urban floods may occur and are also related to precipitation produced by the
so-called “Nortes” [64]. Various studies have proposed that the increased number of floods during the
last 20 years is mainly the result of the loss of ecological services (regulation of the hydrological cycle)
in the basin, mainly due to deforestation [24]. The intense and rapid convective storms that occur in
summer, produce saturation of the soils and greater runoff. During the second half of the rainy season,
which corresponds to the month of September, is when this condition generates the maximum number
of floods (Figure 3).

Figure 3. Number of flood events in Veracruz (black line) and average monthly precipitation (gray
bars) for the period 1970–2016.
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3.2. Hazard

Intense rains in Veracruz occur mainly due to orographic effects, when the trade winds transporting
atmospheric moisture interact with the Sierra mountains and results in intense rainfall that generates
abundant runoff to the coast of Veracruz. Precipitation events may be considered a natural hazard
when they are stronger than the 95% percentiles of daily precipitation, which for the area of interest are
between 15 and 35 mm/day (Table 1). However, not all extreme precipitation events of this magnitude
or stronger result in urban floods. Around 85% of the rainfall events equal or larger than the P95
resulted in floods. On the other hand, 15% of these disasters occurred with rains whose intensity was
less than the P95. Convective activity in the southern part of Veracruz (Coatzacoalcos) tends to be
stronger than in the northern part (Panuco). In Coatzacoalcos and Papaloapan, the yearly number
of intense precipitation events (pcp > 20 mm/day) is at least twice as large as in Panuco. However,
the number of flood events tends to be similar. This is because the vulnerability context is contrasting
and constitutes an important modulator of risk. Therefore, hazard activity may explain part of the
disaster activity, but the complete risk evaluation, including vulnerability, should explain a larger
percentage of floods.

Table 1. Values of P95 (mm/day) for three different periods for the three regions under analysis.

Region/Period 1970–1990 1991–2000 2000–2015

Panuco basin 16.3 9.9 15.1
Papaloapan basin 33.07 31.93 31.92

Coatzacoalcos basin 36.61 33.74 34.44

The intensity of precipitation has not significantly changed in recent decades, particularly when
reference is made to extreme precipitation events. Moreover, the P95 for the region tends to be lower
than in the early part of the analysis period (Table 1). Events with rains of 20 mm/day or more are the
same or less frequent than in the past (Figure 4) and cannot explain the increase in the number of floods
in Veracruz. In other words, it is not the hazard but the vulnerability to intense rains in the region that
acts as a low frequency modulator for the trends in disaster activity. The extreme precipitation event
activity better explains the interannual variations in natural disasters.

Figure 4. Number of yearly precipitation events above 20 mm/day for the Panuco (black line),
Papaloapan (blue line), and Coatzacoalcos (red line) basins for the period 1970–2015.

3.3. Vulnerability

Vulnerability has become an important subject of study to examine the evolution of disasters.
However, there is no universally accepted method to determine and quantify vulnerability [65].
One of the most common approaches for the characterization of vulnerability is the use of indicators
related to the vulnerability factors [24,65]. The multifactorial and dynamical character of vulnerability
requires data that provide information in space and in time, in order to determine how it evolves
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and modulates the risk of disasters. In the present analysis, it is the condition of the hydrological
basin what may determine de characteristics of runoffs and how they have evolved in time to induce a
larger number of floods. In the Veracruz region, basins have been significantly affected due to land use
changes for agricultural and cattle ranching activities, increasing the runoff coefficient and reducing
ecosystem services.

In recent decades, vulnerability associated with land use changes has resulted in significant
losses of natural vegetation and the loss of ecosystem services of infiltration. More than 60% of
the hydrological basins of the State of Veracruz present some degree of degradation due to the
transition from tropical forests to other landscapes (Figure 5). In the regions under analysis, the level of
degradation is of around 57% (Panuco), 44.5% (Papaloapan), and 24.5% (Coatzacoalcos), i.e., the land
use condition observed between 1976 and 2016 has been altered more significantly for the northern
region of Veracruz. This makes the Panuco region more vulnerable to intense rains than the central and
southern parts of the state. The reduction in the infiltration capacity in the basin and increasing runoff

and chances of overflow in the rivers increases the probabilities of floods. So, even when the hazard in
northern Veracruz is not as large as in the other regions, its vulnerability is larger, and consequently,
the risk of floods may be as large as in the other regions. The loss of forest cover can increase runoff

in hydrological basins by between 30% and 45% when agricultural soils substitute forests and up to
50% when urban soils become the new land use in a previously forested region. Therefore, the study
regions could be associated with high vulnerability (Pánuco), “moderate vulnerability” (Papaloapan)
and “low vulnerability” (Coatzacoalcos).

Figure 5. Spatial distribution of natural vegetation and induced land use in Veracruz. (A) 1976 and
(B) 2016. Squares correspond to the location of the regions and wetlands under study.

Another factor that contributes to a higher level of vulnerability and risk is related to the condition
of wetlands. These ecosystems provide important regulation services to infiltrate water. In the
region of interest, wetlands have been reduced (Figure 5) and consequently the natural hydrologic
regulation service has diminished significantly. A loss of 32% (112 km2), 58% (307 km2), and 86%
(77.5 km2) in around 40 years for northern, central, and southern wetlands of Veracruz has increased the
vulnerability to intense rains [58–60]. Considering the loss of wetlands in hydrological basins, “low”,
“moderate”, and “high” vulnerability levels can be assigned to the northern, central, and southern
regions, respectively, which further contributes to the existing vulnerability.
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3.4. Urban Dynamics

The rapid demographic growth in the 1970s led to urban expansion and exposure to natural
hazards. The lack of planning of these urban settlements made them vulnerable to intense rains and
runoffs. A large number of irregular settlements established along rivers and zones of large slopes.
Urban services were not always provided to the zones of urban expansion and, consequently, there was
a significant level of deterioration of the landscape [50,66] and risk of floods. The demand for more
urban space or land for the development of economic activities has continued since then at a more rapid
pace than the capacity to solve the problems related to explosive urban growth. An increase in cities in
the regions of interest corresponds to a significant change in the area of the urbanization from 0.90 km2

to 44 km2 (northern region), 16 km2 to 165 km2 (central region), and 26 km2 to 192 km2 (southern
region), during the period 1970–2016, and their exposure to heavy rains, runoff, and probability of
urban flooding also increased.

A spatial analysis of the occurrence of floods indicates that the proximity of the urbanization to
the river increases the chances of urban floods. In the northern region, slow urban development took
place in the period of analysis with human settlements at “high” proximity with respect to the river,
which resulted in 36 flood events during the 1970–2016 period, but with a clear bias to more events in
recent years. In the central and southern regions, there have been around 33 and 68 reports in the same
period, but more than 50% have occurred since 2000. During the analysis period, the north and south
regions showed a similar number of urban floods, even when hazardous precipitation events are lower
in the northern region of Veracruz. In other words, the vulnerability to intense rains in the Pánuco
region seems to be more important in the northern part of the state than in the central-southern part.
Although these intense rain events are greater in the Papaloapan and Coatzacoalcos regions, they have
shown a lower trend than that observed before 2000, but with an increase in flooding and maximum
urban growth.

3.5. Flood Dynamics: Case Studies

The hazard characterization in terms of P95 corresponds to a 5% chance of occurrence of extreme
precipitation among the rainy days in a year or a five-year period. These values are part of the risk
estimate and are given in terms of 5% of probability. The vulnerability to such events may be calculated
as an index, which is the combination of vulnerability indicators. For the present study, the value
of vulnerability has been obtained mainly in terms of land use changes and is given between 0 and
1, after normalization, and it can be interpreted in terms of very low, low, medium, high, and very
high. The combination hazard and vulnerability ends up providing a probability (i.e., risk) between
0% and 100%, which indicates the chance of a disaster (flood) event. The risk index representation
in terms of probabilities reflects the non-deterministic nature of the chances of occurrence of an
extreme precipitation and flood event, and the uncertainty associated with the characterization of
the vulnerability.

One of the common characteristics of the regions under study is their tendency towards increased
vulnerabilities, mainly in relation to land use changes that negatively affect the hydrologic properties
of the territory. To better represent the dynamics of risk and its components, the estimates of risk are
prepared for the 1970 and 2016 period, subdivided in five-year periods that capture the relatively slow
evolution of land use changes. The P95 hazard value and the risk index were standardized between 0
and 1. The vulnerability associated with the loss of natural vegetation is given in terms of percentage
of loss since the year 1970. The risk estimate is compared with the number of urban floods for every
study region (Figure 6).
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Figure 6. Hazard index P95 for intense daily precipitation events (blue line) for five years period.
Vulnerability associated with the loss of natural vegetation (green line) for the same periods and the
corresponding risk index (red line). Number of flood events (gray bar). (a) in the northern region
(Panuco), (b) in the central region (Papaloapan) and (c) in the southern region (Coatzacoalcos) in
Veracruz state, Mexico.

The risk estimates follow the low-frequency behavior in the number of floods which means
that the main factors that increase the number of this type of disasters is mainly land use change.
The records of urban flood events show that, in the 1970–1990 period, the number of disasters was
relatively low. However, after that date, the number of floods increased, reaching a maximum in the
recent decade (Figure 6). It is concluded that the positive trend in the number of floods is related to
the loss of ecosystems services of regulation in the basin. The activity of extreme precipitation events
determines the high frequency variations, but more vulnerable regions modulate the low-frequency
variations of hydrometeorological disasters.
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The P95 value changes in time without showing a defined trend. Even more, in the northern
(Panuco) region, the extreme precipitation activity in recent decades appears to diminish even when the
frequency of flood events increases. The northern and central regions appear to show reduced extreme
precipitation events activity from the mid 1980s to the early 2000s, while the opposite fluctuation is
observed in the southern region. It has been suggested that the northern-central precipitation anomalies
related to prolonged droughts are usually out of phase with the southern low frequency precipitation
anomalies in southern Mexico [67]. In the three regions of the state of Veracruz, the deforestation
and land use change (vulnerability) trends exhibited a rapid increase in the 1990s and during the
first decade of the twentieth century. This tendency in the basin results in increased runoffs that,
in combination with the reduction of the wetlands, generates more water accumulation and floods.
The activity in flood events has slightly diminished in recent years in the northern and central parts of
Veracruz, in an apparent relation with the reduced rate of land use changes.

The regions of Panuco, Papaloapan, and Coatzacoalcos are on the eastern side of the Sierra
Madre of Mexico and consequently the intense rains over the mountains runoff to the coastal zone.
The land use changes correspond to the loss of natural vegetation not only in the mountainous regions,
but also in the coastal zone, in relation to the degradation of wetlands. A more detailed analysis of the
vulnerability should disaggregate the importance of each ecosystems as hydrologic regulators.

These results describe the importance of analyzing the multifactorial vulnerability and risk process
to explain the low frequency (longer than interannual) behavior of a disaster activity, such as floods.
The negative impact of the intense rains around the world has been frequently related to climate change
only, and with the occurrence of more intense rains. This is not always the case. The present study
shows that deterioration of ecosystems, such as tropical forest or wetlands, and reduced ecosystem
services have severe negative impacts in more exposed urban environments.

The Veracruz region was severely affected by the transition from tropical forests to agricultural
and livestock regions. Rapid population growth generated the development of extensive nearby urban
areas affected by floods, due to their proximity to the riverbanks. Therefore, a disaster risk reduction
strategy must consider the rehabilitation of watersheds to reduce vulnerability through the recovery of
ecosystem services.

4. Conclusions

The process of transformation of hydrological basins in Mexico, due to the expansion of some
economic activities and the rapid growth of cities, generates negative impacts on the original ecosystems
affecting, among other things, the infiltration and regulation of runoff generated during intense rains.
As a consequence of such degradation of the territory, the number of floods has exponentially increased.
The state of Veracruz is an example on how the loss of ecosystem services translates into negative
impacts. This region of Mexico has the highest flood record between 1990 and 2015, mostly after the
implementation of public policies aimed at expanding the transformation of natural landscapes for
productive purposes. However, most of the “official” explanation has frequently been in terms of
climate change, i.e., using a naturalistic paradigm, in which this increase in disaster activity is the
result of more intense precipitation events. A simple but consistent risk analysis for three regions
of the territory between the Sierra Madre and the Gulf of Mexico shows that it is the increase in
vulnerability due to the lack of planning in urban growth and the use of the territory which have
caused the present level of risk of flooding in the state. This problem is present over most of the
Mexican territory, and the official response has been financial compensation for the damage to the
infrastructure. The socioeconomic and environmental costs of floods in Mexico has been substantial in
recent decades, but unfortunately the tendency to favor economic interests in spite of environmental
solutions continues.

The risk index and number of urban floods between 1970 and 1990 exhibits a trend and a very
low frequency modulation associated with the vulnerability, in this case, associated with land use
changes. On the other hand, the higher frequency variations are more related to the characteristics of
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the natural hazard, in this case, intense rains. The disaster risk reduction strategy should consider the
rehabilitation of hydrological basins to recover, at least partially, the ecosystem services that regulate
infiltration and runoff. A “natural solution” option may be part of the adaptation to climate change
policies in the world. The reforestation and conservation practices may have more benefits than the
hydraulic infrastructure solutions. However, it remains necessary to present relatively simple analyses
like this to emphasize the main cause of the increased risk and its negative impacts.

As any other disaster, the ones associated with intense rains should be examined in terms of risk,
i.e., including the effect of vulnerability. The case of urban floods in the state of Veracruz has been
used to show how the deterioration of hydrological basins tends to explain the positive trends in the
number of floods, even when the hazard activity (intense rains) remains almost constant or diminishes.
This is a clear example of how the naturalistic focus on disasters is inadequate, but at the same time,
it provides the opportunity to define disaster risk reduction policies based on ecosystem services.
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