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Abstract. Natural disasters should be examined within a 
risk-perspective framework where both natural hazards 
and vulnerability are considered. The trend toward more 
frequent floods in Mexico in recent decades is not only the 
result of more intense rainfall, but also a consequence of 
increased vulnerability. As a multifactorial element, vul-
nerability is a low-frequency modulating factor of the risk 
dynamics to intense rainfall. It can be described in terms 
of physical, social and economical factors. For instance, 
deforested or urbanized areas are the physical and social 
factors that lead to the deterioration of watersheds and an 
increased vulnerability to intense rains. Increased watershed 
vulnerability due to land-cover changes is the primary fac-
tor leading to more floods, particularly over south-central 
Mexico. Only in some parts of the country, such as Baja 
California Sur, the increased frequency of intense rainfall 
(i.e., natural hazard) associated with high-intensity tropical 
cyclones is the leading cause of more frequent floods. 

We have developed a methodology to estimate flood 
risk associated with heavy rainfall considering changes in 
land cover and use, terrain slope and basin compactness are 
key vulnerability factors. The capability of the flood-risk 
model for Mexico was tested by comparing the observed 
and modeled frequency of floods for the 1970-2010 period. 
It was found that over most of the Mexican territory, more 
frequent floods are the result of a rapid deforestation pro-
cess. Consequently, flood-risk management should include 
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structural measures, such as watershed restoration and land 
cover – use planning.
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Land cover, southern Mexico.

Resumen. Los desastres naturales deben examinarse dentro 
de un marco de perspectivas de riesgo donde se consideran 
tanto los riesgos naturales como la vulnerabilidad. La ten-
dencia a las inundaciones más frecuentes en México en las 
últimas décadas no es solo el resultado de precipitaciones 
más intensas, sino también una consecuencia de una mayor 
vulnerabilidad. Como un elemento multifactorial, la vul-
nerabilidad es un factor de modulación de baja frecuencia 
de la dinámica de riesgo a las precipitaciones intensas. Se 
puede describir en términos de factores físicos, sociales y eco-
nómicos. Por ejemplo, las áreas deforestadas o urbanizadas 
son los factores físicos y sociales que conducen al deterioro 
de las cuencas hidrográficas y una mayor vulnerabilidad a 
las lluvias intensas. El aumento de la vulnerabilidad de las 
cuencas hidrográficas debido a los cambios en la cobertura 
de la tierra es el factor principal que conduce a más inun-
daciones, particularmente en el centro-sur de México. Solo 
en algunas partes del país, como Baja California Sur, la 
mayor frecuencia de lluvias intensas (es decir, riesgo natural) 
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1970-2010. Se encontró que en la mayor parte del territorio 
mexicano, las inundaciones más frecuentes son el resultado 
de un proceso rápido de deforestación. En consecuencia, 
la gestión del riesgo de inundación debe incluir medidas 
estructurales, como la restauración de cuencas hidrográficas 
y la planificación del uso de la cubierta terrestre.

Palabras clave: riesgo, vulnerabilidad, inundación, cober-
tura del suelo, sur de México.

asociadas con los ciclones tropicales de alta intensidad es la 
principal causa de inundaciones más frecuentes.

Hemos desarrollado una metodología para estimar el 
riesgo de inundación asociado a fuertes lluvias considerando 
los cambios en la cobertura y el uso de la tierra, la pendiente 
del terreno y la compacidad de la cuenca como factores clave 
de vulnerabilidad. La capacidad del modelo de riesgo de 
inundación para México se probó al comparar la frecuencia 
observada y modelada de las inundaciones para el período 

INTRODUCTION

The description of the so-called natural disasters 
has changed in recent decades, from a naturalistic 
perspective (Bullock, 1993; Schutt, 2010; Fuchs, 
Birkmann, and Glade, 2012), to one that takes 
into account the vulnerability component (e.g., 
Cannon, 1994). Consequently, disasters are not 
inevitable since they are frequently associated 
with lack of planning and prevention measures. 
Floods are probably the type of natural disasters 
with greater social, economic and environmen-
tal costs (Istomina, Kocharyan, and Lebedeva, 
2005; Messner and Meyer, 2006; Re, M. 2011; 
Worldwide, 2012). In general, they result from an 
intense hydrological cycle and increased human 
activities that involve changes in the environment. 
Floods related to intense rains are becoming more 
frequent due to climate change (e.g., Trenberth, 
2011; Hirabayashi et al., 2013). However, changes 
in the landscape make some regions more prone 
to this type of disaster (Romero Lankao, 2010). 
Therefore, the traditional paradigm of “flood pro-
tection” (response to disasters only) is currently 
considered inappropriate (UNDRO, 1991; Plate, 
2002). A risk-management approach should be 
followed —including landscape planning— for 
regions that are highly vulnerable to intense  
rainfall.

Human activities such as agriculture, urbaniza-
tion, cattle ranching or logging compact soils and 
reduce rainfall infiltration (Solín, Feranec, and 
Nováček, 2011), hence resulting in heavier runoff 
in mountainous regions that may lead to flooding 
when intense rainfall occur. Deforestation also 
result in increased erosion and transport of soil 
that is deposited in river beds, hence reducing river 
transport capacity. Therefore, floods are fostered 

when changes in soil cover reduce the infiltration 
capacity of soil (Walling, 1999). 

In coastal regions, as well as in lowlands of 
deforested watersheds, intense summer rainfall, 
sometimes related to landfalling tropical cyclo-
nes, trigger floods (Tejeda-Martínez and Welsh-
Rodríguez, 2006; Aparicio, Martínez‐Austria, 
Güitrón and Ramírez, 2009); some floods may 
also occur during the winter, after persistent ra-
infall episodes overflow water channels, dams and 
reservoirs (Álvarez, 2016). These illustrate that 
water management or issues related to hydraulic 
infrastructure may be flood-risk factors. Therefore, 
the social and environmental context where heavy 
rainfall occur largely determines the occurrence of 
floods (Viglione and Rogger, 2015). 

In Mexico, the number of floods is increasing 
(DesInventar, 2013) (Fig. 1); these currently make 
up more than 50% of all natural disasters in the 
country (CENAPRED, 2014). As in many other 
parts of the world, the increased deterioration 
(deforestation) of basins, along with changes 
in the hydrological cycle, is making them more 
prone to floods and landslides (Alcántara, 2004; 
Coutu and Vega, 2007). Approximately 25% of 
the Mexican population is at risk of being affected 
by floods (Saavedra, 2010). Therefore, a diagnosis 
of the major causes of this type of disaster should 
be determined, and a risk management strategy 
should be implemented if the social, economic and 
environmental costs of floods are to be reduced. 

Therefore, the objective of this work is to 
analyze the positive trends in flood events and the 
increased vulnerability of deteriorated watersheds 
in Mexico in relation to the hazard of intense ra-
infall. In particular, the present analysis focuses on 
how the degradation of basins due to deforestation 
increases the risk of flooding when heavy rainfall 
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occur. Section 2 describes the data and methodolo-
gy used in the study. Part 3 details the methodology 
for flood-risk analysis. In the section 4, a discussion 
on the results is provided. Conclusions and recom-
mendations on flood-risk management are drawn 
in the final part of this article.

DATA AND METHODOLOGY

i) Data
This study quantifies natural hazard by means of 
daily extreme rainfall figures that are equal or lar-
ger than the 95th percentile of daily precipitation 
(P95) from gridded fields within a rainfall grid 
with a 10-km spatial resolution. Precipitation 
gridded were elaborated using a Cressman (1959) 
objective analysis scheme with data from more than 
a thousand climatological stations in Mexico for 
1979-2014 period. The stations selected account 
for over 70% of data for the period of analysis. Un-
der such a scheme, station data iteratively modify 
a preliminary (first-guess) daily field until a mini-
mum difference between station data and gridded 
fields is reached (Daley, 1981; Magaña, López, and 
Vázquez, 2013). The first-guess precipitation field 
was estimated from Global Precipitation Climate 
Project (GPCP) daily data (Adler et al., 2003). 
Episodes of more than 100 mm accumulated 
precipitation during three consecutive days were 
also used to characterize natural hazards that may 
result in floods. 

On the other hand, the vulnerability to heavy 
rainfall depends on the physical conditions of the 

basins. Significant changes in land cover took place 
since 1970, as evidenced by data from the National 
Institute of Statistics, Geography and Informatics 
(INEGI, 2011), and from the National Com-
mission on Biodiversity (CONABIO, 2010), for 
years 1970, 1985, 1992, 2002, 2007, and 2011. 
Land-use cover data were used to determine the 
characteristics of hydrological soil groups. A Digital 
Elevation Model (DEM) with a 10-m vertical reso-
lution was used to determine the physical structure 
of watersheds (INEGI, 2013).

Data on the number of floods were obtained 
from two sources: i) the DesInventar V6 (2013) 
project, that accounts for disaster activity based 
on newspaper reports between 1970 and 2013, 
and ii) data from CENAPRED for 1998-2013. 
DesInventar does not provide an actual account of 
the physical characteristics of floods, but serves as a 
flood-activity indicator. CENAPRED is the official 
source of disaster information and was compared 
to DesInvenatr as a means to have more robust 
data on floods and impacts. There are additional 
sources for particular flood events; one such sources 
is the Dartmouth observatory, but it only makes 
reference to case studies and not to actual trends 
in the number of floods.

Floods are more frequent during the summer 
rainy season, as precipitation extremes are more 
common during this season of the year when 
the soil is wet, which makes it less permeable to 
rainfall. There are more flood reports for central 
and southern Mexico than for northern Mexico, 
not only because intense rainfall is more frequent, 
but also because deforestation is more severe in 
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Fig 1. Yearly number of flood 
reports  in Mexico for the 
1970-2013 period according to 
DesInventar (2013) (light-gray 
bars) and to CENAPRED (2014) 
(dark-gray bars) for the 1998-
2013 period. Dots correspond 
to estimates of accumulated 
deforested areas in Mexico (km2) 
between 1970 and 2012 (source: 
INEGI, 2011).
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the former. Monthly precipitation and flood re-
ports appear to be consistent for central-southern 
Mexico and show signals of the Mid-Summer 
Drought (Magaña, Amador, Medina et al., 1999), 
with a relative minimum in August (Fig. 2). Over 
the northern part of Mexico, floods tend to be 
more frequent during September, once the soil is 
saturated.

ii) Methodology
There is no universally accepted approach to esti-
mate vulnerability (Gain, Giupponi, and Renaud, 
2012) and, consequently, several methods have 
been proposed to quantify it (e.g., Balica, Dinh and 
Popescu, 2015). The use of indicators that describe 
the vulnerability factor is common practice (e.g., 
Neri and Magaña, 2016). A proper identification 
of vulnerability is crucial if risk-reduction strate-
gies aimed at diminishing disaster activity are the 
goal. The indicators may be combined into a single 
vulnerability index for a region or sector, and may 
be compared from one region or sector to another. 

In this study, vulnerability is derived from three 
main factors:

1) Runoff, estimated by CN and HG (dynamic 
factor)

2) Terrain slope, a (static factor)
3) Compactness index, Ci, in relation to water-

shed shape (static factor).

The hazard may be characterized as condition of 
extreme weather in a period of time, for instance by 

means of the 95th percentil of daily precipitation, 
which indicates where extreme events have a certain 
intensity. When this information is combined with 
a vulnerability estimate, those regions with a large 
probability of experiencing a flood are identified 
(Fig. 3). The hazard may also be determined annua-
lly by considering the number of times a certain 
meteorological condition occurs, for instance, 
number of days with precipitation >100 mm for 
three days. When this information is combined 
with the vulnerability index, the flood-risk estimate 
obtained may be compared with the actual number 
of floods that occurred in a given location.

Direct runoff resulting from intense rainfall is 
obtained for each Hydrologic Soil Group (HSG) 
by means of the Curve Number method (Wood 
and Blackburn, 1984; Hernández, 2000; Melesse 
and Shih, 2002). Hydrologic groups are: agri-
culture, forest, human settlements, scrubland, 
jungle, other vegetation types, pasture land, and 
without apparent vegetation. According to the 
soil type, HSG may be defined as either A, B, C 
or D (USDA-NRCS, 1986), which refers to its 
infiltration capacity: 

Group A: low runoff potential;
Group B: moderate runoff potential;
Group C: high runoff potential, and 
Group D: very high runoff potential.

The curve number (CN) method of the Natural 
Resources Conservation Service (USDA, 1979; 
USDA-NRCS, 2004; Mishra and Singh, 2013) is 
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Fig. 2. Average number of monthly 
flood reports in northern (dark-
gray bars) and central-southern 
(light-gray bars) Mexico, between 
1970 and 2013. Average monthly 
precipitation (mm) in central-
southern (short-dashed line) and 
in northern (long-dashed line) 
Mexico (sources: DesInventar, 
2015 and CONAGUA, 2015).
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a structured semi-empirical scheme that takes into 
account soil moisture from accumulated precipita-
tion in a region to estimate runoff using standard 
values from tables of the USDA-NRCS (USDA 
– NRCS, 1986; Domínguez et al., 2008) for each 
HG. CN values range from 0 to 100, with CN = 
0 corresponding to a region that has no runoff and 
CN = 100 describing a virtually impervious area 
(Gaspari, 2007). Direct runoff, Q, as a function of 
CN was calculated in the present study for rainfall 
values larger than P95. The relationship between 
P (mm) > P95 and direct runoff, Q, was obtained 
following Aparicio (2008) by means of:

Forests are 35% to 45% more permeable than 
land for agriculture, or 50% more permeable than 
human settlements. As landscapes change from 
forests to agriculture and cattle-ranching land, or 
to urban settlements, they become less permeable 
and thus more vulnerable to intense rainfall since 
water does not infiltrate and accumulates at the 
surface, hence causing floods (Singh and Singh, 

2011). Estimating runoff based on the CN method 
is common practice in hydrology (Svobdova, 1991; 
Nayak, 2012; Askar, 2013). A rapid increase in ru-
noff occurs for most soil types when P > 100 mm/
day, particularly in the case of pasture land or 
human settlements (Fig, 4). 

Changes in land cover alter the HSG–NC 
characteristics and the regional vulnerability to 
intense rainfall by increasing runoff. However, 
vulnerability to rainfall should also include factors 
such as the edaphic characteristics of soil, antece-
dent soil moisture condition (AMC), terrain slope, 
and watershed compactness, since these also affect 
flood intensity. For instance, it is generally towards 
the end of the rainy season in Mexico when soil 
moisture reaches a peak and the increased runoff 
may cause floods. The slope of the terrain influences 
the amount of runoff and flood-prone areas. It can 
be divided into:

• Class I, called flat areas, with a slope, a, of less 
than 1% 

• Class II, called wavy zones or contributing 
areas, with a > 1%

Class I is more likely to experience floods than 
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Figure 3. Flowchart of the components used for estimating flood-risk.
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Class II, since the physical parameter a determines 
the potential for runoff in watersheds. It was calcu-
lated according to the morphological characteristics 
of the terrain (Pedraza, 1996; Weiss, 2001) using a 
digital elevation model (INEGI, 2013). 

Finally, the compactness index Ci was calcu-
lated to describe the shape of the basin (round 
or elongated) in order to estimate the amount of 
rainfall captured in each basin (Campos, 1987). 
The compactness index Ci is calculated through 
the empirical relationship:

Ci = P/2πr = 0.28 (P/(Ac)1/2)                         (2)

where P is basin perimeter (km), and Ac is basin 
area (km2). In circular basins (Ci ≈ 1), the basin 
area, runoff volumes and concentration time are all 
higher vs. elongated basins (Ci < 1). For the present 
analysis, a basin with Ci = 1 and a < 1% is more 
vulnerable than one with Ci = 0 and a > 1%, since 
the former is more prone to large rainfall uptake 
and runoff accumulation than the later. Slopes and 
compactness are also vulnerability factors but these 
can be considered as static.

The combination of these factors (indicators) 
results in a vulnerability index that shows those 
areas most likely to be affected (flood) by intense 
rainfall. It would also be adequate to include the 
effect of sediments on riverbeds as a vulnerability 
factor, since it results in a lower streamflow capacity. 
However, there are no adequate data to quantify it, 
and thus it is not considered in this work (Clark 
and Wilcock, 2000). Once the hazard and the vul-
nerability are obtained, an estimate of risk under 
intense rainfall can be determined and compared 
with disaster events. The risk of flood is calculated 
as the product of the normalized values of the 
natural hazard (P95) by the vulnerability index. 
In general, climatic vulnerability varies at time 
scales longer than the hazard and, consequently, it 
is considered to be the low-frequency modulator 
of risk and disaster activity (Neri and Magaña,  
2016).

Finally, the adequacy of the vulnerability and 
flood-risk estimates was obtained by comparing 
the spatial distribution of flood risk vs. actual flood 
reports for a given period of time. Furthermore, the 
dynamic character of risk may be related to disaster 
activity. For instance, the trend in the number of 
floods should be recorded by the estimates of risk 
for recent decades. In this way, it is through the 
spatial and temporal comparison of risk and flood 
frequency that the adequacy of vulnerability can 
be evaluated, since there are no historical records 
of the magnitude of floods for a more quantitative 
assessment.

RESULTS

a) Vulnerability, risk and flooding activity 
During the second half of the summer, daily rain-
fall above P95 is more frequent across the Mexi-
can territory, which determines that most floods 
occur during September and October. There are 
significant spatial contrasts in the magnitude of 
P95 (Fig. 5), with lowest values in some arid and 
semiarid regions where P95 < 30 mm/day, and 
highest values in and southern areas of Mexico, 
where tropical cyclones and orographically forced 
moisture fluxes produce intense rainfall (e.g., more 
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than 100 mm/day as recorded in climatological 
stations across this region).

In some arid regions of northern Mexico, 
including the southern Baja California peninsula 
and northeastern Mexico, P95 is large due to the 
passage of tropical cyclones even when the annual 
cumulative rainfall is low. In the Mexico City 
Metropolitan Area, extreme precipitation events 
(P95 > 25 mm/day) occur mainly in the western 
part of the Valley of Mexico (Magaña, Pérez y 
Méndez, 2003).

Regions that experience floods are located 
mainly along the coasts, where P95 frequently 
exceeds 50 mm/day. However, the spatial distri-
bution of floods in Mexico depends not only on 
the hazard, but also on the vulnerability context 
within which intense rainfall occurs. An increase 
in the number of floods in recent decades is more 
evident in the states close to the Gulf of Mexico, 
in the central Highlands (including the Mexico 
City Metropolitan Area), the southern coast of 

the Mexican Pacific and parts of northern Mexico 
(Fig. 6). Only in a few places floods tend to decrea-
se, as in the state of Baja California or in central 
Chihuahua. Under a simple naturalistic focus, one 
may think that the change in the hydrological cycle 
(climate change) has led to the increased frequen-
cy in the number of floods observed, but from a 
risk perspective one should consider changes in 
the natural hazard as well as in the vulnerability 
context in which more frequent intense rainfall is 
now occurring.

The trend in the number of days with precipi-
tation above P95 shows that more frequent intense 
rainstorms are occurring over a large area of the 
Mexican territory (Aguilar et al., 2005). This could 
partially explain the rise in the number of floods. 
For instance, in the Baja California peninsula and 
northeastern Mexico, P95 is currently larger than 
two decades ago (Fig. 7). More landfalling tropical 
cyclones in this region have led to more frequent 
floods. During the 1960s. approximately 10 tro-

Figure 5. Distribution of P95 (mm/day) in Mexico for 1980-2009.
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pical cyclones affected Baja California Sur, 7 in 
the 1970s, 18 in the 1980s, 24 during the 2000s, 
and approximately 10 during the present decade. 
Consequently, in this region the higher incidence 
of floods is primarily due to the increase in hazard 
activity. In the Valley of Mexico, P95 events are 
more intense and occur more frequently now than 
in the past, just a couple of decades ago. The urban 
heat island effect associated with Mexico City is 
the leading cause of more intense rainfall (Jáuregui 
and Romales, 1996), but changes in land cover, 
particularly in the mountains surrounding the 
Valley of Mexico, have significantly increased the 
volume of runoff and the frequency of urban flood  
events.

The dynamics of vulnerability is an important 
element in risk analysis. Changes in land cover are 
one of the most important drivers of water infiltra-
tion, runoff and sediment buildup in rivers, lakes 
and dams. Deforestation for agriculture, cattle ran-

ching and urban expansion has increased in Mexico 
in recent decades. It is estimated that forest cover 
has undergone a 30% decrease between 1970 and 
2010. Such changes occurred mainly between 1970 
and 2000 to expand agriculture and cattle ranching 
(Mas et al., 2004), resulting in an increased area 
covered by impervious soil in some basins. Infiltra-
tion capacity in scrubland and forests is higher than 
in grasslands, agricultural land or regions without 
vegetation. Therefore, the changes in land cover in 
Mexico, mainly associated with deforestation, have 
led to increased runoff and reduced infiltration 
capacity, creating favorable conditions for flooding. 
Land cover transformations are more important in 
regions near the Gulf of Mexico, where the increase 
in agricultural land has grown approximately 60% 
in around forty years (INEGI, 1985 and 2011) 
and appear to be the main cause of more frequent 
floods (Pérez, 2002; Seingier, Espejel, and Almada,  
2009). 
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The vulnerability index to heavy rainfall was 
defined for 987 catchment areas (Fig. 8) using 
the product of two static indicators, terrain slope 
and compactness index, and a dynamic indicator, 
soil cover, related to runoff based on the CN. A 
normalized vulnerability between 0 and 1 has been 
categorized into five vulnerability levels: 0.0 to 0.2 
(very low), 0.2 to 0.4 (low), 0.4 to 0.6 (moderate), 
0.6 to 0.8) and 0.8 to 1.0 (very high). The regions 
most vulnerable to heavy rainfall are located in 
northwestern Mexico (state of Sinaloa), the regions 
adjacent to the Gulf of Mexico (Tabasco, Veracruz 
and Tamaulipas), the valleys of the central part 
of the Mexican Highlands, the Trans-Mexican 
Volcanic Belt, along the coast of Chiapas, and the 
Colorado river delta. Vulnerability to intense rain-
fall is also high in some parts of central northern 
Mexico and Chihuahua.

The vulnerability index increased in most re-
gions between 1970 and 2010, although it decrea-
sed in some areas (Fig. 9). The regions that show the 

largest increase in flood occurrence (Fig. 6) roughly 
correspond to the regions where vulnerability rose, 
such as the coastal regions of the Gulf of Mexico 
and northwestern Mexico (Sinaloa and Sonora), or 
the coast of southern Mexico, where some of the 
largest changes took place. 

The increased risk of floods due to deforestation 
for specific regions of Mexico where the hazard of 
intense rainfall associated with various phenomena 
has emerged, is illustrated below.

b) Flood risk: case studies
A risk estimate is the main goal in order to analyze 
or prevent disasters. Since hazard is expressed in 
terms of probability and vulnerability by means 
of an index, risk is also expressed in terms of pro-
bability. However, when the hazard corresponds 
to a specific flood event in a particular time and 
location, it is expressed in terms of intensity, and 
risk has a specific value that can be compared with 
the actual disaster information. The challenge is 

Fig. 8 Vulnerability index to intense precipitation in 2010 (see text for details).
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to determine the proper combination of vulne-
rability and hazard that yields the most adequate 
spatial and temporal representation of the disaster. 
When flood activity is calculated on an annual 
basis, the associated vulnerability varies gradually 
following a logarithmic function, as deforestation 
and land-cover changes progress (Fig. 10). The 
vulnerability index between 1970 and 2010 shows 
the low-frequency modulating effect of flood  
risk. 

The annual evolution of risk and the number 
of disasters for four locations in Mexico are pre-
sented as case studies: a) Boca del Río, Veracruz;  
b) Tapachula, Chiapas; c) Monterrey, Nuevo León; 
and d) Acapulco, Guerrero, all being regions where 
the number of floods has increased. In these loca-
tions, intense rainfall is related to tropical cyclones, 
cold surges, mesoscale convective systems or eas-
terly waves, and frequently last for more than three 
days. The number of events when precipitation was 
above 100 mm in 3 days was used as a hazard index 

and was obtained from the records of climatological 
stations in those places. This measure of hazard was 
obtained empirically by examining the meteoro-
logical conditions that led to floods. The hazard 
activity varies on interannual time scales with more 
precipitation extremes on wet years, related to La 
Niña years, for instance. Therefore, hazard shows 
a higher frequency variability vs. vulnerability, 
which in the long term modulates the evolution 
to higher risk values. It was found that the likeli-
hood of flood reports in the increases over time as 
a result of a higher vulnerability and not always 
due to more intense rainfall activity. Therefore, 
if increasing flood activity is to be explained, one 
must necessarily include the modulating effect of 
vulnerability. Moreover, in Tapachula or Acapulco, 
there is a trend toward more extreme precipitation 
events also contributing to the higher flood risk 
in recent decades (forty years). This effect may be 
associated with the trend to a higher incidence of 
tropical cyclones along the Mexican Pacific coast 
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Fig. 10 Time series of number 
of events when precipitation in 
three consecutive days exceeded 
100 mm (long-dashed line), 
vulnerability index (short-dashed 
lines), risk estimate (solid line), 
and number of flood reports 
(grey bars) for: a) Boca del Río, 
Veracruz; b) Tapachula, Chiapas; 
c) Monterrey, Nuevo León; and 
d) Acapulco, Guerrero.

in recent decades (http://weather.unisys.com/
hurricane/e_pacific/index.php). 

One may even consider critical risk values for 
the probability of flood to be high, i.e., when 
more than one flood event occurs in a location. In 
recent years, the critical flood-risk value (around 
0.3) has been surpassed more frequently. This risk 

condition may set a value for a Flood Early War-
ning System to be implemented. It may also serve 
to set vulnerability goals under climate change 
scenarios aiming at disaster prevention. Therefore, 
risk quantification is necessary for developing risk 
management actions, and vulnerability factors 
and indicators support actions that are deemed 
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necessary to define efficient disaster prevention  
practices.

In most of these locations, the number of flood 
disasters has grown, especially in Boca del Río 
and Acapulco, where the respective basins have 
been affected primarily by changes in land use. 
Our results indicate that the probability of floods 
grows as risk increases. In Monterrey, the hazard 
activity has not increased in recent decades, but 
risk has risen due to the increased vulnerability. 
In 2008, two flood events were reported in this 
location even when the hazard activity was low. The 
clearest example of the risk-modulating effect is in 
Boca del Río, where even when the hazard activity 
remains almost constant, the modulating effect of 
vulnerability increases the flood-risk value, just as 
the flood activity increases.

It is clear that the risk model may be im-
proved by including additional elements in the 
vulnerability analyses. For instance, the increased 
amount of sediments in the riverbeds or the actual 
soil moisture conditions prior to the flood may 
contribute to make a region more vulnerable for 
river flooding. This requires finding creative ways 
to represent this effect when insufficient data is 
a limitation. Even more, to better define regions 
that mostly contribute to increase vulnerability to 
intense rainfall, the risk analysis requires constant 
updates in time, with a frequency tailored to the 
evolution rate of the vulnerability factors.

c) Floods in Acapulco
In Acapulco, vulnerability and hazard increased 
in recent years, and hence the frequency of flood 
events (Fig. 10d). The presence of tropical cyclo-
nes nearby constitutes a major natural hazard to 
the coastal cities of the southern Mexican Pacific 
coast. Tropical cyclone Paulina in 1997 resulted 
in numerous fatalities (120 deaths) and significant 
economic losses (300 million pesos) for Acapulco 
(Matías Ramírez, 1998). Hurricane Manuel in 
2013 caused 100 human losses and 23,000 million 
pesos in damages (CENAPRED, 2013). Pauline in 
1997 was a much stronger tropical cyclone than 
Manuel in 2013, but vulnerability was higher in 
recent years, which led to a more intense flood di-
saster. Acapulco has undergone rapid urban growth 
in recent decades, particularly over the mountains 
surrounding Acapulco Bay (Fig. 11). The index of 
vulnerability to heavy rainfall in 1970 rose from 
low or average values to high and very high vulne-
rability values over most of the coastal region and 
lowlands, particularly near Laguna de Tres Palos, 
in the southwest of the domain.

Between 1970 and 2010, approximately 110 
km2 of natural vegetation were transformed in the 
Acapulco Bay region. If flood-risk index values are 
divided into five equal categories, from very low 
to very high, it is found that the Acapulco area 
changed from low flood risk in approximately 
30% of area, to high and very high flood risk in 

Figure 11. Land-cover change around in the Papagayo basin and Acapulco Bay in a) 1970, and b) 2000. HS (human 
settlement), OV (other type of vegetation) and WVA (without apparent vegetation) (INEGI, 1970 and 2010). 
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Fig 12. Flood risk in the area surrounding Acapulco, Guerrerofor: a) 1970 and b) 2010.
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Fig.13 Satellite image a) for a period prior to 15 September 2013, and b) a few days after the flood event of September of 
15 September 2013 (source: Rapideye Image)

approximately 40% of the area, particularly near 
Laguna de Tres Palos and around Laguna de Co-
yuca (Fig. 12).

In September 2013, the region surrounding 
Acapulco experienced a major flood event in re-
lation to the intense rainfall produced by tropical 
cyclone Manuel (Pedrozo-Acuña et al., 2014 and 
2015). Precipitation rapidly exceeded 100 mm in 
a single day and more than 500 mm in three days 
in the Papagayo basin. The region most affected 

by floods was around Laguna de Tres Palos (Fig. 
13), where the risk to heavy rainfall has increased 
in recent decades, mostly in relation to the defo-
restation process in the Acapulco mountainous  
region.

In recent decades (forty years), the number of 
floods in the state Guerrero have at least doubled. 
The municipalities most affected are Chilpancingo 
and Acapulco, where much of the population of 
the state of Guerrero lives.
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CONCLUSIONS

The rapid transformation of the Mexican territory 
during the twentieth (past) century has led to sig-
nificant vegetation losses (Mas et al., 2004). The 
change in the frequency of heavy rainfall and a hig-
her vulnerability of watersheds to intense rainfall 
have increased the risk of flooding in various parts 
of central southern Mexico. From a risk manage-
ment perspective, reforestation and rehabilitation 
of ecosystem services at the basin level constitute 
adequate structural measures to prevent flooding 
activity and become adapted to climate change in 
the coming years. Heavy rainfall, represented by 
the P95 of daily precipitation, is more intense and 
frequent now than in previous decades, partially 
in relation to more tropical cyclones, as in the 
northeastern tropical Pacific. 

On the other hand, the dynamics of vulnera-
bility of watersheds to heavy rainfall is becoming 
higher due to continuous changes in land cover 
and, consequently, the risk of floods has risen. The 
number of floods (Last forty years) is higher in 
regions where physical vulnerability, related to the 
local orography and the presence of rivers, results 
in larger runoff. Therefore, more floods are largely 
the result of human activities, given the important 
land-cover transformations. The naturalistic focus, 
which tends to explain the occurrence of disasters 
only in terms of natural hazards such as intense 
rainfall, is not adequate to explain the increased 
frequency of hydro-meteorological disasters, at 
least for the case of Mexico. 

There are other factors that increase the risk 
of flooding, which have not been examined here 
but that require special consideration. Sediments 
from deforested areas that are carried into riverbeds 
reduce streamflow capacity and results in more 
frequent floods in river meanders. These factors 
should be considered as part of a comprehensive 
flood risk analysis in order to reduce the negative 
impacts of floods on a more exposed society. The 
quantification of risk and the identification of 
critical or intolerable risk levels can guide some 
of the risk management options to reduce the 
occurrence and costs of floods. Structural vulnera-
bility reduction measures would result in benefits 

for several region and communities, not only by 
reducing the number of natural disasters, but also 
by achieving sustainable development goals. To 
this end, however, authorities and society should:

i) leave behind the naturalistic focus to explain 
disasters:

ii) use a risk analysis methodology to understand 
the dynamics of disasters; and

iii) promote prevention by means of structural 
measures after identifying the vulnerability 
factors.

The present study describes a methodology to 
quantify vulnerability and construct a risk model 
that spatially and temporally explains floods in 
recent decades. It may take some time to reduce 
vulnerability effectively by means of robust structu-
ral measures, but in the mean time, early-warning 
systems referred to critical risk levels could be useful 
to reduce the impacts of floods on society.

ACKNOWLEDGEMENTS

This study was partially funded by CONACYT 
through a doctoral fellowship awarded to Emma-
nuel Zúñiga and by a CONACYT-INEGI Grant 
209932. The financial support from the PAPIIT-
IN106815 and PAPIIT-112717 Projects is also 
appreciated, for the development of precipitation 
data fields used in the hazard characterization.

We thank Luis Galván, Ernesto Caetano and 
Christian Domínguez, for various scientific dis-
cussions on the meaning of a flood risk model for 
Mexico. The technical support of Gustavo Vázquez 
and Tania Pérez is also appreciated.

BIBLIOGRAPHY

Adler, R. F., Huffman, G. J., Chang, A., Ferraro, R., Xie, 
P., Janowiak, J., Rudolf. B., Schneider, U., Curtis, S., 
Bolvin, D., Gruber, A., Susskind, J., Arkin, P., and 
Nelkin, E. (2003). The version 2 Global Precipitation 
Climatology Project (GPCP) monthly precipitation 
analysis (1979-present). Journal Hydrometeorology, 
4(6), 1147-1167.



16 • Investigaciones Geográficas • issn (digital): 2448-7279 • doi: 10.14350/rig.59465 • ARTÍCULOS • Núm. 95 • Abril • 2018

E. Zúñiga and V. Magaña                              Vulnerability and risk to intense rainfall in Mexico: The effect of land use cover change

Aguilar, E., Peterson, T. C., Obando, P. R., Frutos, R., 
Retana, J. A., Solera, M.,... and Valle, V. E. (2005). 
Changes in precipitation and temperature extremes 
in Central America and northern South America, 
1961–2003. Journal of Geophysical Research: Atmos-
pheres, 110(D23).

Alcantara, I. (2004). Hazard assessment of rainfall - indu-
ced landsliding in Mexico. Geomorphology, 61, 19-40.

Álvarez Gordillo, G. D. C., and Tuñón Pablos, E. (2016). 
Vulnerabilidad social de la población desplazada 
ambiental por las inundaciones de 2007 en Tabasco 
(México). Cuadernos de Geografía-Revista Colombiana 
de Geografía, 25(1), 123-138.

Aparicio, F. (2008). Fundamentos de hidrología de super-
ficie. Mexico: Limusa.

Aparicio, J., Martínez‐Austria, P. F., Güitrón, A., and 
Ramírez, A. I. (2009). Floods in Tabasco, Mexico: a 
diagnosis and proposal for courses of action. Journal 
of Flood Risk Management, 2(2), 132-138.

Askar, M. K. (2013). Rainfall-runoff model using the 
SCS-CN method and geographic information sys-
tems: a case study of Gomal River watershed. WIT 
Transactions on Ecology and the Environment, 178, 
159-170.

Balica, S., Dinh, Q., and Popescu, I. (2015). Vulnera-
bility and Exposure in Developed and Developing 
Countries: Large-Scale Assessments. Hydro-Meteoro-
logical Hazards, Risks, and Disasters, 125-162. DOI: 
10.1016/B978-0-12-394846-5.00005-9.

Bullock, C. C. (1993). Ways of knowing: the naturalistic 
and positivistic perspectives on research. Research in 
therapeutic recreation: concepts and methods, 25-42.

Campos, D. (1987). Procesos del ciclo hidrológico. Mexico: 
Universidad Autónoma de San Luis Potosí.

Cannon, T. (1994). Vulnerability analysis and the expla-
nation of ‘natural’disasters. Disasters, development and 
environment, 13-30.

CENAPRED (2014). Impacto Socioeconómico de los Prin-
cipales Desastres Ocurridos en la República Mexicana 
1998-2013. Serie Impacto Socioeconómico de los 
Desastres en México, 1 al 15. México: Secretaría de 
Gobernación. 

Clark, J. J., and Wilcock, P. R. (2000). Effects of land-
use change on channel morphology in northeastern 
Puerto Rico. Geological Society of America Bulletin, 
112(12), 1763-1777.

Comisión Nacional para el Conocimiento y Uso de la 
Biodiversidad (CONABIO). (2010). Uso de Suelo 
y Vegetación. Consultado el 20 de mayo de 2015 de 
http://www.conabio.gob.mx/informacion/gis/

Comisión Nacional del Agua (CONAGUA). (2015). 
Atlas del agua en México 2015. Consultado el 15 
de junio de 2015 de http://www.conagua.gob.mx/
CONAGUA07/Publicaciones/Publicaciones/AT-
LAS2015.pdf

Coutu, G. W. and Vega, C. (2007). Impacts of land use 
changes on runoff generation in the east branch of the 
brandy wine creek watershed using a gis-based hydro-
logic model. Middle States Geographer, 40, 142-149.

Cressman G. P. (1959). An operational objective analysis 
system. Monthly WeatherReview, 87(10), 367-374.

Daley, R. (1993). Atmospheric data analysis (No. 2). 
Cambridge University Press.

DesInventar (2013). Sistema de Inventario de Desastres 
para México. Consultado el 15 de junio de 2015 de 
https://online.desinventar.org/.

Domínguez, M. R., Esquivel, G. G., Méndez, A. B., 
Mendoza, R. A., Arganis, J. M. L., and Carrizosa, 
E. E. (2008). Manual del Modelo para pronóstico de 
escurrimiento. México: Instituto de Ingeniería, Uni-
versidad Nacional Autónoma de México.

Fuchs, S., Birkmann, J., and Glade, T. (2012). Vulnera-
bility assessment in natural hazard and risk analysis: 

 current approaches and future challenges. Natural 
Hazards, 64(3), 1969–1975. doi.org/10.1007/
s11069-012-0352-9.

Gain, A. K., Giupponi, C., and Renaud, F. G. (2012). 
Climate change adaptation and vulnerability as-
sessment of water resources systems in developing 
countries: a generalized framework and a feasibility 
study in Bangladesh. Water, 4(2), 345-366.

Gaspari, F. (2007). Relación precipitación – escorrentía y 
número de curva bajo diferentes condiciones de uso 
de suelo. Cuenca model del Sistema serrano de La 
Venta Argentina. Facultad de Agricultura y Ciencias 
Forestales, XXXIX(1), 21-28. 

Hernández, M., Miller, S. N., Goodrich, D. C., Goff, 
B. F., Kepner, W. G., Edmonds, C. M., and Jones, 
K. B. (2000). Modeling runoff response to land 
cover and rainfall spatial variability in semi-arid 
watersheds. Environmental monitoring and assessment, 
64(1), 285-298.

Hirabayashi, Y., Mahendran, R., Koirala, S., Konoshi-
ma, L., Yamazaki, D., Watanabe, S.... and Kanae, 
S. (2013). Global flood risk under climate change. 
Nature Climate Change, 3(9), 816-821. 

Instituto Nacional de Estadística, Geografía e Informática 
(INEGI). (2011). Uso del suelo y vegetación Series 
1 a 5. Consultado el 15 de junio de 2015 en http://
www.beta.inegi.org.mx/temas/mapas/usosuelo/



17 • Investigaciones Geográficas • issn (digital): 2448-7279 • doi: 10.14350/rig.59465 • ARTÍCULOS • Núm. 95 • Abril • 2018

E. Zúñiga and V. Magaña                              Vulnerability and risk to intense rainfall in Mexico: The effect of land use cover change

Instituto Nacional de Estadística, Geografía e Informática 
(INEGI). (2013). Modelo Digital de Elevaciones - 
Continuo de elevaciones mexicana 3.0. Consultado el 
30 de junio de 2015 en http://www.inegi.org.mx/geo/
contenidos/datosrelieve/continental/descarga.aspx

Istomina, M. N., Kocharyan, A. G., and Lebedeva, I. 
P. (2005). Floods: genesis, socioeconomic and envi-
ronmental impacts. Water resources, 32(4), 349-358. 

Jáuregui, E. and E. Romales (1996). Urban effects on 
convective precipitation in México City. Atmospheric 
Environmental, 30, 3383–3389. 

Magaña, V., Amador, J. A., and Medina, S. (1999). The 
midsummer drought over Mexico and Central Ame-
rica. Journal of Climate, 12(6), 1577-1588.

Magaña, V., Pérez, J., and Méndez, M. (2003). Diagnosis 
and prognosis of extreme precipitation events in the 
Mexico City Basin. Geofísica Internacional - México, 
42(2), 247-260.

Magaña, V., López, L. C., and Vázquez, G. (2013). El 
pronóstico de lluvias intensas para la Ciudad de 
México. TIP, 16(1), 18-25.

Mas, J. F., Velázquez, A., Díaz-Gallegos, J. R., Mayorga-
Saucedo, R., Alcántara, C., Bocco, G., ... and Pérez-
Vega, A. (2004). Assessing land use/cover changes: 
a nationwide multidate spatial database for Mexico. 
International Journal of Applied Earth Observation and 
Geoinformation, 5(4), 249-261.

Matías Ramírez, L. G. (1998). Algunos efectos de la 
precipitación del huracán Paulina en Acapulco, Gue-
rrero. Investigaciones geográficas, 37, 7-19.

Melesse, A. M., and Shih, S. F. (2002). Spatially distri-
buted storm runoff depth estimation using Landsat 
images and GIS. Computers and Electronics in Agri-
culture, 37(1), 173-183.

Messner, F., and Meyer, V. (2006). Flood damage, vul-
nerability and risk perception–challenges for flood 
damage research. Flood risk management: hazards, 
vulnerability and mitigation measures, 149-167. DOI: 
10.1007/978-1-4020-4598-1_13.

Mishra, S. K., and Singh, V. (2013). Soil conservation 
service curve number (SCS-CN) methodology. Vol. 
42). Springer Science and Business Media. DOI: 
10.1007/978-94-017-0147-1 

Nayak, T. (2012). SCS curve number method in Nar-
mada basin. International Journal of Geomatics and 
Geosciences, 3(1), 219-228.

Neri, C., and Magaña, V. (2016). Estimation of vulnera-
bility and risk to meteorological drought in Mexico. 
Weather, Climate, and Society, 8(2), 95-110.

Paz-Pellat, F. (2009). Mitos y falacias del método hi-
drológico del número de curva del SCS/NRCS. 
Agrociencia, 43(5), 521-528.

Pedraza, J. (1996). Geomorfología: Principios, métodos y 
aplicaciones. Madrid: Editorial Rueda.

Pedrozo‐Acuña, A., Breña‐Naranjo, J. A., and Domín-
guez‐Mora, R. (2014). The hydrological setting of the 
2013 floods in Mexico. Weather, 69(11), 295-302.

Pedrozo-Acuña, A., et al (2015), “Lecciones aprendidas 
de la inundación en Acapulco Diamante. H2O Ges-
tión del Agua, 5, 34-38.

Plate, E. J. (2002). Flood risk and flood management. 
Journal of Hydrology, 267(1), 2-11.

Romero, M. (2011). Great Natural Catastrophes World-
wide 1950–2010. Münchener Rückversicherungs-
Gesellschaft. Munich, Germany: Geo Risks Research, 
NatCatSERVICE.

Romero Lankao, P. (2010). Water in Mexico City: what 
will climate change bring to its history of water-
related hazards and vulnerabilities? Environment and 
Urbanization, 22(1), 157-178.

Saavedra, F. (2010), Vulnerabilidad de la Población Frente 
a Inundaciones e Inestabilidad de Laderas. In Cotler 
Ávalos, H. (coord.). Las cuencas hidrográficas de Mé-
xico: diagnóstico y priorización (pp. 132-137). México: 
Semarnap-INE, Fundación Río Arronte.

Schutt, R. K. (2010). A Sociological Perspective on 
Disasters. In Rebuilding Sustainable Communities for 
Children and their Families after Disasters: A Global 
Survey (vol. 3, no. 11, pp. 3-11). Cambridge Scholars 
Publishing in association with GSE Research.

Seingier, G., Espejel, I., and Almada, J. L. F. (2009). 
Cobertura vegetal y marginación en la costa Mexica-
na. Investigación ambiental Ciencia y política pública, 
1(1), 54-69.

Singh, R. B., and Singh, S. (2011). Rapid urbanization 
and induced flood risk in Noida, India. Asian Geo-
grapher, 28(2), 147-169.

Solín, Ľ., Feranec, J., and Nováček, J. (2011). Land co-
ver changes in small catchments in Slovakia during 
1990–2006 and their effects on frequency of flood 
events. Natural Hazards, 56(1), 195-214.

Tejeda-Martínez, A., and Welsh-Rodríguez, C. (2006). 
Inundaciones 2005 en el Estado de Veracruz. México: 
Universidad Veracruzana.

Trenberth, K. E. (2011). Changes in precipitation with 
climate change. Climate Research, 47(1-2), 123-138.

United Nations Disasters Relief Coordinator (UNDRO) 
(1991). Disasters and development: Trainer’s guide for 
the UNDP/UNDRO Disasters Management Training 
Program. R.S. Stephenson (ed.). Madison, Wisc.: 
University of Wisconsin, Disasters Management 
Center.

USDA (1979). A method for estimating volume and rate of 
runoff in small watersheds. SCS-TP-149. Washington: 
U. S. Govt. Dept. of Agriculture, Soil Conservation 
Service.



18 • Investigaciones Geográficas • issn (digital): 2448-7279 • doi: 10.14350/rig.59465 • ARTÍCULOS • Núm. 95 • Abril • 2018

E. Zúñiga and V. Magaña                              Vulnerability and risk to intense rainfall in Mexico: The effect of land use cover change

USDA-NRCS (1986). Urban Hydrology for Small Wa-
tershed. Technical Release 55, 210-VI-TR-55, 2nd 
ed. Washington: U.S. Department of Agriculture, 
National Resources Conservation Service, Enginee-
ring Division.

USDA-NRCS (2004). Part 630 Hydrology. National 
Engineering Handbook. Chapter 10 Estimation of direct 
runoff from storm rainfall. Natural Resources Conserva-
tion Service. Washington: United States Department 
of Agriculture. (210-VI-NEH, Jul 2004).

Viglione, A., and Rogger, M. (2015). Flood processes 
and hazards. In: P. Paron, G. Di Baldassarre, J. F. 
Shroder,Jr. (Eds.). Hydro-Meteorological Hazards, 
Risks, and Disasters. Amsterdam: Elsevier.

Walling, D. E. (1999). Linking land use, erosion and 
sediment yields in river basins. Hydrobiologia, 410: 
223-240. DOI: 10.1023/A:1003825813091.

Weiss, A. (2001), Topographic position and landforms 
analysis. In Poster presentation, ESRI user conference 
(July), San Diego, CA (Vol. 200).

Wood, M. K., and Blackburn, W. H. (1984). An evalua-
tion of the hydrologic soil groups as used in the SCS 
runoff method on Rangelands. JAWRA Journal of the 
American Water Resources Association, 20, 379–389. 
doi:10.1111/j.1752-1688.1984.tb04720.x.

Worldwide, I. R. (2012). Feeling the heat: The human 
cost of poor preparation for disasters. Islamic Relief 
Worldwide.


