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Abstract
In this study, the first ever Sea, Lake, Overland Surges from Hurricanes (SLOSH) grid was 
built for the Yucatan Peninsula. The SLOSH model was used to simulate storm surges in 
the coastal area of the states of Yucatan and Campeche (Mexico). Based on climatology, 
more than 39,900 hypothetical hurricanes covering all possible directions of motion were 
synthesized. The storm intensity (category), forward speed, radius of maximum winds and 
the tide anomaly were varied for each hypothetical track. According to these scenarios, the 
potential storm surge and associated inundation threat were computed. Subsequently, the 
Maximum Envelope of Water (MEOW) and the Maximum of the MEOWs (MOMs) were 
calculated to assess the flood hazard induced by tropical cyclones under varying condi-
tions. In addition, for each MOM, the socioeconomic vulnerability aspects were taken into 
account in order to assess the hurricane flood risk for the states of Yucatan and Campe-
che. Results show that the most vulnerable areas are the surroundings of Terminos lagoon, 
Campeche City and its neighboring areas in the state of Campeche. For Yucatan, the towns 
located in the Northwest (Celestun, Hunucma and Progreso) and the eastern part of the 
state presented the highest risk values. The methodology used in this study can be applied 
to other coastal zones of Mexico as well as places with similar attributes. Furthermore, the 
MEOW and MOM are very useful as a decision-making tool for prevention, preparedness, 
evacuation plans, mitigation of the flood hazard and its associated risk, and also for insur-
ance companies.

Keywords  Flood modeling · Flood hazard · Flood vulnerability · Flood risk · MEOW · 
Yucatan Peninsula

1  Introduction

Due to its geographical position, characteristic low-lying coast and wide continental 
shelf, the northern part of the Yucatan Peninsula is susceptible to flooding during events 
such as the Central American Cold Surge, locally called Nortes (Appendini et al. 2018; 
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Rey et  al. 2018) and tropical cyclones (TCs). It is important to assess the inundation 
threat, given the severity of the effects of TC events. For instance, according to El Dia-
rio de Yucatan (DY 1988) a local newspaper, Hurricane Gilbert in 1988 caused approxi-
mately $103 million USD in losses, and affected 400,000 people, with 10 fatalities at 
Progreso port. Hurricane Isidore hit the Peninsula in 2002, causing 11 deaths. These 
events have a low occurrence along the northern Yucatan coast, on average only 0.16 
events per year (Rosengaus-Moshinsky et al. 2002). In this sense, there is a lack of his-
torical hurricane databases to assess the inundation threat from historical hurricanes in 
this zone. Even though there is no detectable trend in the global annual frequency of 
TCs in historical cyclone data, net power dissipation is a better indicator than storm 
frequency, and has shown an increase over the past 30 years because either the storms 
have become more intense or have survived at high intensity for a longer period of time 
(Emanuel 2005). This indicator is highly correlated with the tropical Atlantic sea sur-
face temperature (Knutson 2015). Therefore, even when the annual frequency of TCs 
is low, the intensity may be higher for future climate projections (Knutson et al. 2010; 
Knutson 2015). In addition, a regional study reported an increasing trend in the fre-
quency of TCs, especially in the Mexican Caribbean Sea (Ojeda et al. 2017). The limi-
tations of historical tropical cyclone data to evaluate the inundation threat at specific 
sites has been solved by the use of synthetic (Emanuel et al. 2006, 2008) or hypotheti-
cal (Zachry et al. 2015) hurricanes. These provide more robust data sets for statistical 
analysis in order to characterize present and future climate trends as well as for evacua-
tion planning.

Most of the effects caused by flooding induced by extreme storms are largely due to 
storm surges, i.e., the rise of the seawater level generated by a storm, over and above the 
predicted astronomic tide (NHC 2014a). Storm surges are mainly generated by wind shear 
stress on the sea surface and the presence of a land mass (coast) downwind, especially in 
shallow waters in the coastal zone (Flather 2001), as well as perturbations in atmospheric 
pressure (Lin and Chavas 2012), which are relatively small compared to wind stress on the 
sea surface. The rule of thumb is that for every 1-mb drop in pressure, there is a 1-cm rise 
in ocean surface (Massey et al. 2007). The storm surge may also be affected by interac-
tion with seiches in semi-enclosed basins, the storm size and forward speed, as well as 
the direction and duration of the incident wind (Rey et al. 2018). This phenomenon is not 
fully understood by most people living in coastal regions, therefore the public awareness of 
flood hazard is unfortunately low. In this regard, if these episodes are presented in a map 
showing the extent of flooding and the water depth (i.e., water level above the terrain or 
difference between flood level and the terrain), it becomes quite easy to understand for the 
general public (Zachry et al. 2015). Morrow et al. (2015) stated that visualizations, such 
as inundation maps defining four levels of surge threat with different colors, are an effec-
tive communication tool for helping the society to understand the storm surge warning. 
However, visualization of the flood hazard, though useful and necessary, is not sufficient 
for decision making. In order to exhibit the consequences of floods on society, urban devel-
opment and natural environments, the hazard map has to be used in combination with the 
vulnerability map to determine the flood risk, which offers additional tools for flood risk 
management (Plate 2002; Merz et al. 2007; Dinh et al. 2012).

The aim of this paper is to assess the hurricane flood risk for the states of Yucatan and 
Campeche, Mexico, by means of a quantitative assessment of floods caused by events rang-
ing from tropical storms to category-V hurricanes, based on the Saffir–Simpson Hurricane 
Wind Scale (SSHWS), together with socioeconomic vulnerability indicators. In this sense, 
this study provides a qualitative assessment of the societal impacts caused by flooding due 
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to hurricanes. The methodology used may be applied to other sites around the world with 
the same features.

2 � Theoretical considerations

Risk management has been discussed by means of several terms, including risk, hazard, 
vulnerability, exposure, susceptibility and resilience (Merz et al. 2010). Given that there is 
still no consensus on most of these terms (Gallopín 2006; Cutter et al. 2008), it is necessary 
to define the terms used in this study. While hazard is defined as a phenomenon or human 
activity that may cause loss of life, injury or other health impacts, property damage, social 
and economic disruption or environmental degradation (International Strategy for Disaster 
Reduction, UNISDR 2009), vulnerability is defined as a measure of the intrinsic suscepti-
bility of an element exposed to a potentially damaging natural phenomena (Tingsanchali 
and Karim 2005), either a long-term stressor or a short-term intense shock. Vulnerability 
consists of two elements, exposure and susceptibility; the former is quantified by the num-
ber of elements at risk (damage potential), and the latter provides the degree of damage 
(loss) to the element exposed to the hazard. Vulnerability comprises several sectors includ-
ing social, economic, institutional and environmental aspects as well as infrastructure resil-
ience (Cutter et  al. 2008; Nageswara Rao et  al. 2008; UNISDR 2009; Merz et  al. 2010; 
Balica et al. 2013). Flood hazard depends on many factors such as water depth, flow veloc-
ity, storm duration, the rate of water rise for the overland flow and flow frequency (Dinh 
et al. 2012). However, different studies have identified water depth as the flood characteris-
tic with the strongest influence on flood damage (Penning-Rowsell et al. 1994; Wind et al. 
1999). Flood risk is defined as the product of the hazard factor and the vulnerability factor 
for each land unit (Plate 2002; Bronstert 2003; Tingsanchali and Karim 2005; Dinh et al. 
2012), considering not only the direct economic damage but also the adverse consequences 
of the flood on the population in the flood-prone area (Merz et al. 2007).

Flood risk assessment studies in the Yucatan Peninsula are scarce. However, worldwide 
there are several studies on this topic, some of which include the effects on the popula-
tion (Chowdhury and Karim 1996; Tingsanchali and Karim 2005), while others take into 
account additional effects, such as: social, environmental and spatial dynamics, referring 
to the ability of people to cope with hazards (Clark et al. 1998); hydrogeological, socio-
economic and political-administrative components (Dinh et al. 2012); and physical aspects 
(Nageswara Rao et al. 2008; Balica et al. 2013; Martínez-Graña et al. 2016; Di Risio et al. 
2017; Silva et al. 2017; Ruol et al. 2018).

In Mexico, there is a methodology used at a federal level to assess the flood risk induced 
mainly by TCs (Cenapred 2006). However, it is focused only on economical assets and 
lacks the accountability of other vulnerability dimensions such as social, institutional, eco-
logical and cultural aspects, which are important to consider.

3 � Methodology

The development of the flood risk assessment covers three main aspects: Sect. 3.1 (Haz-
ard Characterization), which comprises the use of the hydrodynamic SLOSH (Sea, Lake, 
Overland Surges from Hurricanes) model (Jelesnianski et al. 1992), Sect. 3.2 (Socioeco-
nomic vulnerability) assessment using 17 indicators with municipality spatial resolution, 
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and Sect.  3.3 (Flood risk assessment), which was obtained by combining the two previ-
ously mentioned elements.

Flood hazard was characterized using the SLOSH model, and the vulnerability was 
characterized with the socioeconomic indicators provided by the National Institute of 
Geography and Statistics (INEGI 2010).

3.1 � Hazard characterization

The SLOSH is a two-dimensional, finite-difference coastal ocean model, developed by the 
Techniques Development Laboratory of the National Weather Service (Jelesnianski et al. 
1992). It is the official model used for over two decades by the National Hurricane Center 
(NHC) (Massey et  al. 2007) to run: (a) real-time operational hurricane storm surge data 
(Shaffer et al. 1989); (b) hypothetical events for evacuation planning (Zachry et al. 2015); 
(c) historical events for validation purposes; (d) probabilistic hurricane storm surges (Tay-
lor and Glahn 2008); and (e) extratropical storm surge predictions (Forbes et  al. 2014). 
Initially, only curvilinear, polar coordinate grid systems were employed in SLOSH (Jele-
snianski et al. 1992); however, recent developments in the model have introduced ellipti-
cal and hyperbolic grids (Massey et al. 2007). These allow finer resolution nearshore (i.e., 
usually the area of interest) and coarser resolution at the distant boundaries of a large basin 
(i.e., usually areas of less importance). The computational scheme is formulated on a semi-
staggered Arakawa B-grid with velocity components at the four corners of a grid cell and 
the elevation at the center (Arakawa and Lamb 1977). The SLOSH model computes surges 
over bays and estuaries, and allows sub-grid scale features such as barriers that impede the 
flow of the water. These barriers include coastal sand dunes, natural ridges, reefs, levees 
and other man-made structures that play important roles in reducing or enhancing overland 
surge flooding. Cuts between barriers must also be included to properly allow for water 
flow. In addition, deep and narrow channels and rivers with varying widths are incorpo-
rated. Therefore, flow through barrier gaps, adverse river flow and deep passes between 
bodies of water are allowed. Each grid cell must be populated with the average eleva-
tion or depth in similar vertical datum, and the surface wind coefficient must be assigned 
based on land-cover classification data sets. The horizontal transport equations are solved 
through the application of the Navier–Stokes momentum equations for incompressible 
and turbulent flow and solved for the pressure, Coriolis and frictional forces every time 
step. The governing equations are integrated over the entire depth of the water column as 
derived by Platzman 1963, in which the dissipation is determined solely by an eddy vis-
cosity coefficient, and modified with a bottom slip coefficient proposed by Jelesniansky 
(1967). The bottom stress is not determined by the depth-averaged velocity. Instead, it is 
based on a vertical velocity profile that considers the effects of Ekman drift (Jelesnianski 
1970; Kim and Chen 1999). Water-level gradients are incorporated, but neither advective 
acceleration nor horizontal diffusion terms are included in the equation of motion. In addi-
tion, overtopping of barrier systems, levees and roads is incorporated. Also, inland inunda-
tion is included by means of a wetting and drying algorithm. Given the use of linearized 
momentum equations, SLOSH is highly computationally efficient, which makes it possible 
to simulate a large number of hypothetical surge events. The model is forced by surface 
wind stress and atmospheric pressure drop. At its inception, tides were ignored except for 
superposition onto the computed surge. However, recent upgrades to the numerical model 
have included the incorporation of astronomical tides dynamically at every time step and 
at every SLOSH model grid point to increase accuracy (Taylor et al. 2013). Imbedded with 
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the SLOSH model is a hurricane wind model. The input parameters of the wind model are 
the storm track (latitude and longitude of the center’s location), radius of the maximum 
winds and the central pressure drop of the storm. A wind speed profile with respect to the 
radius from the storm’s center is assumed. Corrections to the wind speeds are made for 
forward storm motion, giving the storm a more accurate asymmetric shape. The accuracy 
of the predicted surge heights is ± 20% when the tropical cyclone is adequately described 
(Jelesnianski et al. 1992). The limitations of the model are the exclusion of advective accel-
eration and horizontal diffusion terms in the momentum equation, neglecting the effect of 
land cover on inundation and insufficient spatial resolution to fully describe the overland 
flooding (Jelesnianski et al. 1992; Zhang et al. 2013). For more details, readers are referred 
to Jelesnianski et al (1992).

The computational domain covers the Southeast part of Mexico. The domain was edited 
at the grid cell level to represent levees, channels, barrier islands and small coastal lagoons. 
The spatial resolution of the grid along the northern part of the Peninsula varies from 490 
to 600 m and from 477 m to 1.6 km for the Campeche coast.

The black polygon in Campeche and the littoral strip along Yucatan in Fig. 1 show the 
regions where high topographic resolution was available. Along the Yucatan State coast, a 
1.6-km-wide strip of LIDAR topographic data with a spatial resolution of 1 m was used. 
For Campeche, the LIDAR topographic data used has a spatial resolution of 5 m. Gaps in 
the topography for the entire computational domain were complemented with the ETOPO1 
database (Amante and Eakins 2009). The bathymetry was extracted from ETOPO1, and 
along the Yucatan coast it was complemented with higher-resolution data from 9-km-long 

Fig. 1   SLOSH grid (cell-averaged topographic elevation and bathymetric depth)
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cross-shore transects every 4 km. The bathymetry used for Campeche was complemented 
with higher-resolution data for Terminos lagoon and the coastal zone. For the state of 
Quintana Roo, both the topography and bathymetry were available from ETOPO1 except 
for Holbox Island where surveys were carried out to collect topographic data for the popu-
lated area and bathymetric data for the Yalahau lagoon. Figure 1 shows the SLOSH grid 
cell average topographic elevation and bathymetric depth; in general, the scarcity of high-
resolution topo-bathymetric data is one of the limitations of this study.

The global land-cover classification with 30-m resolution from the National Geomatics 
Center of China data set (Chen et al. 2015) was used to compute the surface wind stress for 
each grid cell.

3.1.1 � Model validation

One of the main limitations of this study is the lack of hurricane storm surge data to vali-
date the model results. However, during the passage of Hurricane Wilma over Holbox 
Island (in the state of Quintana Roo) in 2005, a watermark was registered. This mark was 
used to validate the SLOSH results for that storm event. In addition, a second hydrody-
namic model (MIKE 21 HD, in honor of its developer Michael B. Abbott, and 21 because 
the model has two horizontal dimensions and one vertical dimension) for the entire Gulf 
of Mexico (Rey et  al. 2018) was used to compare hurricane storm surge results. The 
hydrodynamic module of MIKE 21 is a two-dimensional model developed by the Danish 
Hydraulic Institute (DHI), based on the finite volume scheme, which resolves the depth-
averaged (2D) incompressible Reynolds average Navier–Stokes equations under the Bouss-
inesq and hydrostatic pressure approximation (DHI 2014). The wetting and drying algo-
rithm is included following the work of Zhao et  al. (1994) and Sleigh et  al. (1998). For 
more detailed information about the model, readers are referred to the scientific manual 
documentation (DHI 2014). The computational cost is greater using MIKE 21 than with 
SLOSH, in part because it solves the continuity and full momentum equations. One of the 
limitations of MIKE 21 is that the land cover (tree category) is not included to compute 
surface wind stress at each element, which has an important effect on inundation. When the 
land cover is taken into account, the inland wind field can be modeled more appropriately 
and thus provide a better surge simulation (Jelesnianski et al. 1992; Zhang et al. 2008).

The validation consisted of running: the MIKE 21 and SLOSH models without astro-
nomic tide; both hydrodynamic models were forced with wind and pressure fields on the 
surface, making use of the parametric wind model embedded in the SLOSH model (Jele-
snianski et al. 1992) and the storm characteristics from the HURDAT database (Jarvinen 
et al. 1984). In this sense, only the storm surge was modeled in both models. For the MIKE 
21 model, two different boundary conditions were used between Cancun and Cuba and 
between Cuba and Florida. In this case, the boundaries were set as open (DHI 2014) to 
generate only storm surge as mentioned above. The inverse pressure-adjusted boundary 
conditions were used as open boundary conditions for the SLOSH model (Jelesnianski 
et al. 1992). In this study, the SLOSH version used does not dynamically simulate tides, 
except for linear superposition onto the computed surge. Therefore, tides were not used as 
forcing in the SLOSH model for the validation test. However, given the small tidal range 
along the Yucatan coast, which is from 0.1 m (neap) to 0.8 m (spring) (Cuevas-Jiménez 
and Euán-Ávila 2009), the astronomical tide contribution to the total water level during the 
pass of TCs is expected to be low.
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The MIKE 21 model with tides; in this case, both boundaries for MIKE 21 were forced 
with tides from the global tide model (Andersen 1995) to generate storm tide (storm surge 
plus astronomic tide).

3.1.2 � Generation of hypothetical events data set

Hypothetical TCs were created based on the climatology of the study area. Twelve differ-
ent directions were used to cover possible direction of motion (Fig. 2). For each direction, 
many parallel tracks were assessed (from 30 to 68 with an approximate distance of 16 km 
between each of them), based on the orientation and shape of the coast relative to each 
direction. For each storm track, the storm characteristics varied as follows:

•	 Two radiuses of maximum wind (RMW, associated with the storm size): 20 miles 
(32.186 km) and 35 miles (56.327 km),

•	 Three forward speeds: 5 miles/h (8.04 km/h), 15 miles/h (21.14 km/h) and 25 miles/h 
(40.23 km/h) and

•	 Six tropical cyclone categories associated with six pressure gradients: 20 hPa (tropical 
storm), 28 hPa (hurricane Cat. 1), 40 hPa (Cat. 2), 60 hPa (Cat. 3), 80 hPa (Cat. 4) and 
100 hPa (Cat. 5).

•	 Two tide anomalies were used: low tide (0 m referred to the GGMO6 Mexican geoid) 
and high tide, equivalent to the mean high water level (MHWL; 0.44 m referred to the 
GGMO6 Mexican geoid). This MHWL level would provide a more typical level than, 
for instance, the highest astronomical tide, which would be atypical. On any given day, 

Fig. 2   SLOSH domain and forward directions of motion
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the specific height of the highest tide may be greater or not equal to the mean due in 
part to other factors. However, the mean would provide a reference level from which 
naturally occurring fluctuations are removed, thus providing a better representation of 
the daily high tide.

In other words, for each parallel hurricane track, the storm intensity, forward speed of the 
storm, radius of maximum winds and the tide anomaly vary.

3.1.3 � Generation of MEOWs and MOMs data set

The SLOSH model was run to simulate water level and the inland extent of the flooding 
caused by individual tracks.

In total, 39,930 TCs were created as a result of 12 different directions with: (i) 30 to 68 
parallel storm tracks, as shown in Table 1 (for example, Fig. 3 shows 30 and 46 tracks for 
directions from the East—E—and East-southeast—ESE—, respectively); (ii) two radiuses 
of maximum wind (except for tropical storms where only one radius was used); (iii) three 
forward speeds; (iv) six storm categories; and (v) two astronomic tide levels.

Table 1   Number of tracks per 
direction of motion

Directions 1 2 3 4 5 6 7 8 9 10 11 12

Tracks 30 46 55 59 54 62 68 57 47 50 43 34

Fig. 3   An example of 30 and 46 parallel tracks from the E and ESE direction, respectively
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The SLOSH model was forced with wind and pressure fields from the 39,930 hypo-
thetical cyclones. Subsequently, the hurricane storm surge was obtained for each track, 
and the maximum envelopes of water (MEOW) were then computed for all of these 
flood scenarios. The MEOW is composed of the maximum surge at each grid cell com-
puted by the SLOSH model based on a large ensemble of storms of a given category 
and forward speed with varying sizes, track direction and initial tide level (Shaffer et al. 
1989; NHC 2014b). In this sense, each of the 432 computed MEOWs corresponds to 
one direction of motion (taking into account all parallel tracks associated with that 
direction), a storm category, a forward speed with two storm sizes (except for tropical 
storm where only one was applied) and an astronomic tide level. The storm size (related 
to the RMW) is independent of the MEOW. If at a specific grid cell, the larger RMW 
produces higher water than the smaller one, that value is retained. As two constant astro-
nomic tide levels were used, 216 MEOWs were obtained for high tide and 216 MEOWS 
for low tide. Thereafter, the Maximum of the MEOWs (MOMs) were then computed 
for a given category of hurricanes, showing coastal areas that could be flooded by this 
category of storms from all directions and forward speeds, and an astronomic tide level 
(low or high). The MOM provides a worst-case scenario snapshot for a particular storm 
category under “perfect” storm conditions (NHC 2014c). Hence, six MOMs for high 
tide and six MOMs for low tide were obtained. The flooded area from a single event 
is usually less than those from the MEOWs and MOMs corresponding to the category 
of the event. This is due to the fact that MEOWs and MOMs are used for evacuation 
plans from a conservative perspective rather than to forecast a single event (Zhang et al. 
2013). Due to the coarse resolution of the topographic data used for the state of Quin-
tana Roo, both its MEOWs and MOMs were removed from the database and the study. 
The water depth for each MEOW and MOM was computed by subtracting the topogra-
phy high levels from the modeled surface water highs.

3.2 � Socioeconomic vulnerability

In order to estimate the vulnerability, an official database of socioeconomic information 
was used (INEGI 2010). The database is at municipal resolution (smallest political division 
in Mexico) and contains 306 indicators, of which 17 were taken into account (see Table 2) 
based on previous studies, which used similar indicators to identify flood vulnerable groups 
from a socioeconomic perspective (Chen et al. 2013; Cutter et al. 2013; Nkwunonwo et al. 
2015; Fernandez et  al. 2016). The values of all these indicators were standardized on a 
scale from 0 to 1, dividing the real value of the indicator by the maximum value of the 
indicator among all the municipality land units. The same standardization method for indi-
cators of vulnerability has been used in several flood risk assessment studies (Chowdhury 
and Karim 1996; Tingsanchali and Karim 2005; Dinh et al. 2012). These 17 indictors were 
divided into two groups. The first group consisted of five indicators (total inhabitants, pop-
ulation under 14 years old, population over 64 years old, illiterate population and disabled 
population), which represent a weighting of 50% of the vulnerability. The second group 
is formed by the other 12 indicators, which represent the remaining weighting of 50% of 
the vulnerability as shown in Table 2. These indicators were weighted based on a discus-
sion among the researchers involved in this study. Thereafter, for each municipality, the 17 
indicators were summed in order to obtain a single indicator. The maximum value for each 
indicator at municipality level is also shown in Table 2.
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3.3 � Risk computation

Flood hazard categorization could be defined as a probabilistic function, which describes 
the magnitude of potential damage by a phenomenon over time (Chowdhury and Karim 
1996; Clark et al. 1998; Merz et al. 2007). However, in the absence of flood time series data 
(as in this study), probabilistic analysis is not possible (Chowdhury and Karim 1996). In 
this case, the flood hazard categorization can be defined based on the water depth-induced 
level of difficulties in daily life or damage to properties (Tingsanchali and Karim 2005; 
Dinh et al. 2012), shown in Table 3. Given that the 12 MOMs for low and high tide do not 
have an associated return period, they were transformed from water depth into an interval 
from 0 to 1 to show the spatial distribution of the flood hazard (Merz et  al. 2007). The 
flood hazard categorization in this study is the same as that proposed by Dinh et al. (2012). 
This categorization was chosen since the study area is low-lying; on average, the Yucatan 

Table 2   Indicators which were taken into account to estimate socioeconomic vulnerability

INEGI code Description Weight Max

POB1 Total inhabitants 0.10 830,732
POB8 People under 14 years old 0.10 197,729
POB24 People over 64 years old 0.10 59,425
ECO25 Unemployed population 0.04 9794
EDU28 Illiterate population 0.10 20,144
DISC1 Disabled population 0.10 37,549
INDI4 Non-Spanish speaker (indigenous population) 0.04 7782
MIG4 People born in a different entity 0.04 11,871
MIG7 Foreign population 0.04 5200
SALUD2 Population with no health services 0.04 192,997
SCONY7 Divorced or widowed population 0.04 71,704
VIV0 Total private homes 0.04 287,649
VIV1 Total inhabited homes 0.04 229,705
VIV25 Homes with no services (electricity, water, sewer system) 0.04 1088
VIV30 Homes with no fridge, washing machine or car 0.04 9349
VIV40 Homes with no communication technologies (phone, TV, Internet, 

computer)
0.04 2173

VIV41 Homes with no home appliances (fridge and washing machine) 0.04 1845

Table 3   Food risk categories

Water depth (m) Hazard Vulnerability (natural 
breaks and Jenks)

Flood risk Hazard/vulner-
ability/risk 
zones

0.0–0.2 0.0–0.04 0–0.03 0.0–0.0012 Very low
0.2–0.5 0.04–0.1 0.03–0.08 0.0012–0.008 Low
0.5–1.0 0.1–0.2 0.08–0.13 0.008–0.026 Medium
1.0–2.0 0.2–0.4 0.13–0.34 0.026–0.136 High
> 2.0 0.4–1.0 0.34–1.0 0.136–1.0 Very high
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Peninsula has an elevation of 10 m above mean sea level (MSL) (Stringfield and LeGrand 
1974) and along the northern part of the Yucatan coast the average elevation above MSL is 
around 2 m (Rey et al. 2018). Therefore, five flood hazard categories were used (Table 3). 
Regarding the vulnerability categories, the natural breaks method (Jenks 1963) was used to 
create five categories. This method is used to minimize the squared deviations of the class 
means. This was applied for all the municipalities since the vulnerability indicators have 
values from 0 to 0.34, with the exception of Merida with a value of 0.9, which has the larg-
est population, 830,732 inhabitants according to the 2010 National Census demographic 
data (INEGI 2010). Therefore, when a large population is exposed to a hazard, higher vul-
nerability is presented (Dinh et al. 2012). The flood risk was calculated as the product of 
the hazard and vulnerability indicators. Accordingly, the highest flood risk is located in the 
areas with maximum water depth and highest vulnerability.

4 � Results

4.1 � Flood hazard assessment

4.1.1 � Model validation

Results from the SLOSH and MIKE 21 models show similarities for the maximum storm 
surge for hurricane Wilma at Holbox Island (Fig. 4). Differences between MIKE 21 and 
SLOSH for the storm surge at the beginning and at the end of the simulation are mainly 
due to the different wetting and drying schemes used for each model. The watermark was 
at 2.4 m, and the storm surge model results reached up to 2.2 m. The difference is partly 
associated with the contribution of the astronomic tide (blue line), as shown by the MIKE 
21 storm tide result (black line), which takes into account the astronomic tide contribu-
tion. Consequently, it is assumed that the SLOSH model provides adequate results for the 
study area. For future studies, the scarcity of sea-level data to validate hydrodynamic mod-
els along the Yucatan coast is expected to be solved with the tide gauges that have been 

Fig. 4   Hurricane storm surge time series (green and red for MIKE 21 and SLOSH model, respectively); the 
blue line is the predicted astronomic tide, and the black line is the storm tide
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installed in the last decade, a period in which no cyclone has hit the northern coast of the 
Peninsula. It is important to mention that even if both models reproduce similar results for 
the storm surge (Fig. 4), the extent of the flooding is not necessarily the same, mainly due 
to differences in the wetting and drying algorithm, overland bottom friction and includ-
ing or ignoring nonlinear terms in the equations. The difference in the peak storm surge 
computed by different hydrodynamic models (with and without nonlinear terms) is usually 
small for the open ocean and large in shallow bays and lagoons (Zhang et al. 2013).

As an example, the Maximum Envelope of Water at each grid cell induced by hur-
ricane Wilma (2005) along the eastern coast of the Peninsula is shown in Fig. 5. Given 
the cyclone trajectory (brown points), the shallow water and the geometry of the Yalahau 
lagoon, the storm surge reached maximum levels around this lagoon. According to both 
the model and accounts from the local inhabitants, the urban area in Holbox Island was 
covered by seawater.

4.1.2 � MOMs for Yucatan and Campeche State

Hazard MOMs from tropical cyclone up to category-II hurricanes for low and high tide 
are presented in Fig. 6, and for category-III to category-V hurricanes in Fig. 7. It is nec-
essary to clarify that each MOM map from category I to category V was created based 
on 3630 storm events, whereas for the tropical storm category each MOM was based on 

Fig. 5   Maximum Envelope of Water for Hurricane Wilma along the north-eastern part of the Yucatan 
Peninsula. The upper-left insert shows the trajectory of Hurricane Wilma and the SLOSH computational 
domain
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1815 events. With the exception of the tropical storm category, all the storm parameters, 
direction of motion and tide anomaly were the same to create each MOM. Therefore, 
it is expected that when the wind intensity increases, the potential impact increases as 
well. The worst-case flood scenario occurred for the MOM associated with category-V 
hurricanes and high tide, which reached up to 12  m (Fig.  7f) around the Champoton 
area. These results may be related to the fact that storms propagating from north to 
south interact with the wide and flat continental shelf of the northern part of the Pen-
insula as well as the concave shape and low topography of areas surrounding Terminos 
lagoon and Champoton, and limitations of the SLOSH model, which will be mentioned 
in the discussion section. This physical vulnerability considerably increases the flooding 
threat. However, it should be stressed that the areas surrounding the Terminos lagoon 

Fig. 6   Hurricane inundation (m) maps based on the SSHWS category tropical storm-II SLOSH MOMs 
product: a, b tropical storm, for low and high tide, respectively, c, d category I, for low and high tide, 
respectively, e, f category II, for low and high tide, respectively
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have the poorest grid cell resolution of the whole land area, around 1.3 km. The north-
ern part of the Peninsula (Yucatan State) has the highest resolution (490–600 m). The 
highest hurricane storm surges on the northern part of the Peninsula occur when storm 
events come from the north, have a high category, low forward speed and are large in 
size. Even though these southward directions of motion are only possible when Nortes 
(southward cold fronts crossing the Gulf of Mexico) interact with TCs, as was the case 
for hurricanes Roxanne in 1955 and Isidore in 2002, storm surges from these events are 
part of the flood hazard spectrum and should therefore be considered in the flood haz-
ard assessment. Since there are no historical flood observations available to validate the 
model, the uncertainty may be significant. These model results may be improved by fur-
ther investigation once higher-resolution topography is available as well as better model 
setup (e.g., building a smaller computational domain to increase the spatial resolution in 

Fig. 7   Hurricane inundation (m) maps based on the SSHWS category 3 to 5 SLOSH MOMs product: a, b 
category III for low and high tide, respectively, (c)-(d) category IV, for low and high tide, respectively, e, f 
category V, for low and high, respectively
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flood-prone areas). Hence, results from this study should be seen as a first approxima-
tion for the study area.

At a worldwide level, according to the World Meteorological Organization (WMO), the 
largest recorded storm surge ever was 13 m (WMO 2006). This event is called the Bathurst 
Bay Hurricane, also known as Tropical Cyclone Mahina which occurred on March 5, 1899, 
near Bathurst Bay, northeast Australia (Nott et al. 2014). There are many approximations 
for the hurricane storm surge of this event, for instance Whittingham (1958) infers that the 
storm surge had a height of 43 (13.10 m) ft above mean sea level and extended 2–3 miles 
inland, fish and dolphins were reported found on top of 15-m-high cliffs. However, Nott 
et al. (2014) state that the wave action, wave setup and wave run-up were responsible for 
depositing the debris over the cliff tops. Based on this, they proposed a more reasonable 
estimation for the storm surge of Mahina of 30 ft (9 m) high. At a regional level, histori-
cal hurricane storm surges have been recorded with large values. For example, Hurricane 
Camile in 1969 reached up to 7.32 m in the Gulfport area, Mississippi (Jelesnianski et al. 
1992). Hurricane Katrina in 2005 reached up to 7.6 m around Bay St. Louis, Mississippi 
(Lin et al. 2010). Therefore, in the context of these southward category-V storms hitting a 
concave coast as in Terminos or Champoton, the results reported here are reasonable.

Overall, the flood hazard increases with increasing hurricane category. Table 4 shows 
the size of the flooded areas for each MOM category for the low and high tide in the states 
of Yucatan and Campeche. As expected, the flooded area for the high tide is larger than that 
for low tide, due to the contribution of the astronomic tide level. Flooded area is defined in 
this study as: the area with topography with highs greater than zero and covered by ocean 
water. The hazard MOM maps show that the maximum expected flooded area occurs with 
the MOM for category V at high tide. Therefore, this MOM represents the maximum area 
susceptible to hurricane flooding. Based on this maximum flooded area (category V at high 
tide), a percentage of the maximum flooded area for each MOM was calculated.

4.2 � Socioeconomic vulnerability

Figure 8 shows the socioeconomic vulnerability map for the study area. Merida (in red) 
stands out as the only municipality with very high vulnerability. Areas outside of the inun-
dation threat (Fig. 7f) presented zero risk; areas where either the flood hazard or vulner-
ability is zero, the flood risk is zero. Most of the coastal municipalities in Yucatan show 
very low and low vulnerability with the exception of Tizimin (eastern part of Yucatan) with 
a high value. In contrast, Campeche presented high values along all of its coast. Undoubt-
edly, the resolution at the municipal level is a limitation for this study. Nevertheless, due 

Table 4   Size of flooded areas and percentage of the maximum flooded area for each MOM category

Hurricane category Low tide High tide

Tropical storm 5218.02 km2 (28.17%) 7188.95 km2 (38.81%)
Category 1 7251.83 km2 (39.15%) 8269.90 km2 (44.65%)
Category 2 8792.69 km2 (47.46%) 10,257.86 km2 (55.38%)
Category 3 12,200.72 km2 (65.86%) 13,633.76 km2 (73.60%)
Category 4 15,999.90 km2 (86.37%) 16,815.79 km2 (90.78%)
Category 5 17,992.48 km2 (97.13%) 18,522.81 km2 (100%)
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to the scarcity of vulnerability data for some coastal towns, the municipality resolution 
was the best choice. It is a fact that the more people there are living close to the coastline, 
the more vulnerable these areas are (Dinh et al. 2012). Consequently, most of the Campe-
che municipalities, as well as the eastern part of Yucatan State, present high vulnerability 
(Fig. 8).

4.3 � Flood risk

The flood risk levels are presented in Table 3, which are the results of the product of the 
hazard and vulnerability levels. Flood risk MOMs from tropical cyclone to category-II hur-
ricane for low and high tide are presented in Fig.  9, and for category-III to category-V 
hurricanes in Fig. 10. These figures show that Campeche State generally has a higher flood 
risk than Yucatan. Usually flood risk is represented by a map in which the highest risk rank 
for each grid cell is considered. In this case, that map would be the one from Fig. 10 f. This 
aspect will be mentioned in the discussion section.

For MOMs associated with tropical storms and category-I hurricanes, the maximum 
flood risk category reached is high along parts of the Campeche coast and the east of 
Yucatan. For category-II hurricanes, there are some small areas with very high risk just 
north of the city of Campeche. For category-III to category-V MOMs, all five risk catego-
ries are presented in the study area. As mentioned above, areas with the highest risk are 
those with the most vulnerable population and where the highest water depth is reached, 
such as the areas surrounding Terminos lagoon, Champoton and the eastern part of the 
Yucatan State (Tizimin). Even though high water depths could be reached under several 
hurricane categories along the north-eastern part of the Yucatan state, the maximum risk 

Fig. 8   Socioeconomic vulnerability
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is medium due to very low vulnerability. Other municipalities with low vulnerability, for 
instance, Progreso and Hunucma (located in the northwest of Yucatan State), reached a 
high flood risk under MOMs associated with a high hurricane category. The Merida 
municipality, the only municipality with very high vulnerability, reaches flood risk catego-
ries from low to very high.

The flood risk map worst-case scenario (Fig. 10f) is the MOM associated with category-
V hurricanes at high tide. The sizes of the areas belonging to this scenario for very low, 
low, medium, high and very high-risk zone areas are 2047.71, 3594.80, 3177.75, 5264.48 
and 3599.39  km2, corresponding to 11.58%, 20.33%, 17.97%, 29.77%, 20.35%, respec-
tively. From this perspective, more than half of the studied area (50.12%) susceptible to 
hurricane flooding presents a high and very high risk.

Fig. 9   Hurricane flood risk based on the SSHWS category tropical storm-II SLOSH MOMs product: a, b 
tropical storm, low and high tide, respectively, c, d category I, low and high tide, respectively, e, f category 
II, low and high tide, respectively



1058	 Natural Hazards (2019) 96:1041–1065

1 3

5 � Discussion

This paper assessed the potential inundation threat and flood risk of TCs for the northern 
Yucatan Peninsula. The flood hazard of TCs was characterized by means of MEOWs and 
MOMs. In order to show the consequences of MOMs on society, urban development and 
the natural environment, these MOM maps for different TC categories and tide level were 
combined with the flood vulnerability map to obtain flood risk maps for each storm cat-
egory and each tidal level (low or high).

Regarding the flood hazard characterization, the highest water depth was reached 
along the Campeche State coast, in particular at Terminos lagoon, partly because of its 
physical vulnerability (low-lying topography–bathymetry, Yucatan platform and concave 

Fig. 10   Hurricane flood risk based on the SSHWS category 3 to 5 SLOSH MOMs product: a, b category 
III, low and high tide, respectively, c, d category IV, low and high tide, respectively, e, f category V, low 
and high tide, respectively
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coastline). In the Yucatan State, the greatest water depth was reached along the northwest 
and east of the state, especially around areas with semi-enclosed back-barrier water bodies 
(lagoons, ports, wetlands). However, it is very important to take into account the limita-
tions of the model in order to understand these results. The bottom friction of the SLOSH 
model does not include the effects of variation in land cover. This is an important draw-
back for the SLOSH model because land-cover friction has significant effects on inunda-
tion. For instance, the mangroves reduced water-level heights at rates of 4.2 and 9.4 cm/
km along the Gulf coast of south Florida during Hurricanes Wilma and Charley, which 
ocurred in 2004 and 2005, respectively (Krauss et al. 2009). Zhang et al. (2012), by means 
of the two-dimensional, finite-difference Coastal and Estuarine Storm Tide (CEST) model 
(Zhang et al. 2008), which solves the continuity and full momentum equations and zoned 
Manning coefficients, found that the surge inundation decreased in the heavily vegetated 
and highly developed areas because of increasing bottom friction. Through numerical 
experiments with the CEST model, these authors also found that the inundation area due to 
Wilma would extend more than 70% further inland without the mangrove zone along South 
Florida. Therefore, mangroves may support a protective role in reducing water levels asso-
ciated with surges (Krauss et al. 2009).

Moreover, the use of linearized momentum equations in the SLOSH model can result in 
over-predictions in surge estimates. Zhang et al. (2008) carried out a numerical experiment 
using the CEST model and a hypothetical hurricane landfall at Miami, with and without 
nonlinear terms. The simulation results showed that maximum surges without nonlinear 
terms are about a foot higher than those with nonlinear terms. Therefore, neglecting the 
nonlinear terms can make a significant difference, in particular for small or mild storms 
where the storm surge can be in the order of this error. The issues related to the computa-
tional cost of including these nonlinear terms in the model have been solved with recent 
improvement in computer capabilities, although for operational models it may still be a 
problem.

Other limitation of the SLOSH model is the insufficient spatial resolution for computing 
overland flooding. In this study, the grid resolution for the western zone of the domain, i.e., 
in the vicinity of the city of Ciudad del Carmen, is too coarse (roughly 1.6 km) to resolve 
topographic features such as barrier islands and inlets in the low-lying area. This issue may 
be partially solved by building overlapping and smaller SLOSH grids than the one for this 
study to increase the resolution in areas of special interest, similar to the SLOSH basins for 
the East coast of the USA (Shaffer et al. 1989). Consequently, the predicted extent of the 
flooded area may be improved by increasing the grid resolution (Zhang et al. 2008).

Another factor that was not taken into account in this study was the contribution of wave 
setup to the water depth (Dorrestein 1961; Longuet-Higgins and Stewart 1963). By means 
of numerical modeling and synthetic hurricanes, Lin et al. (2012) found that the wave setup 
contribution is less than 1.5% of the surge for four locations around New York harbor. Fur-
thermore, a recent numerical study for the northern Yucatan Peninsula found that wave 
setup ranged from 0.14 to 0.35 m during the pass of Central American cold surge events 
(Rey et al. 2018), but there are no studies for wave setup during the pass of TCs in this 
area. Therefore, further investigations are still needed once more data and strong computa-
tional power are available.

Undoubtedly, factors such as bottom friction, nonlinear terms and waves play an impor-
tant role in storm surges. Therefore, all of these must be considered in future studies. 
Even though there are limitations regarding topographic data for the study area and for 
the model, this study represents the first approximation of the inundation threat and flood 
risk for the states of Yucatan and Campeche. Previous studies (Posada-Vanegas et al. 2011; 
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Meza-Padilla et al. 2015) have modeled the hurricane storm surge but not estimated hur-
ricane floods and flood risk in the study area.

The methodology for computing MEOWs and MOMs is widely used and accepted in 
the USA. Consequently, this work represents a didactic tool that can be easily used on an 
international scale. On the other hand, the MEOWs may be used to forecast flooding when 
a storm makes landfall. Based on predicted storm characteristics, the MEOW with char-
acteristics similar to those of the predicted storm may be used as an initial estimate of the 
flood-prone areas, which is useful for deciding which zones should be evacuated. The user 
must keep in mind that only a small portion of the coastline will experience the high flood-
ing associated with a MEOW. This is because the MEOW’s indicate the extend of possible 
flooding from tracks that are parallel to each other with the same category, forward speed 
and direction of motion, not the flooding from one individual storm (Shaffer et al. 1989). 
This information may be useful to emergency managers as civil protection measures.

Regarding the flood risk analysis, different maps for flood risk are presented, with one 
MOM determined for each. The map for the highest risk rank is the MOM map for hurri-
cane category V and high tide, which is the worst-case scenario and usually used to apply 
flood protection measures. However, in this study, flood risk maps for different hurricane 
categories are presented, which may be useful for several applications in flood risk man-
agement, similar to the use of flood risk maps with associated return periods. In this study, 
no extreme analysis was performed; however, future research should be focused on associ-
ating return periods to MEOWs and MOMs, at least at the local level, by means of hydro-
dynamic modeling using synthetic hurricanes (Lin et al. 2010, 2014).

Even though there are evacuation plans for storm events in Mexico, the population does 
not usually evacuate. Consequently, there are not only economic losses but also fatal casu-
alties. For instance, during Hurricane Isidore in 2002 around 980 people did not evacuate 
their houses in the eastern part of the Yucatan state. There are several reasons for this: 
i) looting activities when people leave their homes, ii) people distrusting the authorities, 
which are considered inefficient during contingency plans and iii) underestimation of the 
hurricane inundation threat. This is clear evidence of social and institutional vulnerability. 
However, the vulnerability estimation for this study takes into account aspects of mobility 
(age), education, household and access to information (Chen et al. 2013). These vulnerable 
aspects are easier to express in qualitative rather than in quantitative (money) form. The 
experience of hurricane Katrina, Rita and Ike in the USA has emphasized the significance 
of social influence because the impact of storms and floods was not only overlooked but 
also underestimated (IPET 2009; Cutter et  al. 2013). In recent years, hurricanes Harvey 
and Irma caused severe damage and fatalities in the USA and the Caribbean Sea, suggest-
ing that better science and decision making are necessary.

This study is the first approximation of hurricane flood risk in the states of Yucatan and 
Campeche. Since the spatial resolution for vulnerability indicators is coarser than the reso-
lution for the flood hazard MOM, the flood risk spatial variability is more influenced by the 
spatial variation of the water depth. The flood risk estimation method used in this study is 
similar to the work on the Long Xuyen Quadrangle in Vietnam (Dinh et al. 2012), except 
for the socioeconomic indicators and hydrogeological vulnerability indicators. Flood risk 
maps at the regional level are useful to highlight areas that need more in-depth attention 
(Clark et al. 1998).

An increase in risk is not only because of a higher frequency of the hazard but also 
because of the vulnerability of society, which is connected to an increasing population, 
settlement placed in hazardous locations and increases in population density in urban areas 
(Komac et al. 2012). Natural disasters can occur where and when urban areas and natural 
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hazards meet in space and time (Alcántara-Ayala 2002). We do not have control over haz-
ards, though we may have the ability to change the physical vulnerability of the coast by 
means of improving flood protection measures. There are two types of measures, non-
structural and structural. Non-structural measures are those which do not involve physical 
construction but use knowledge, practice or agreement to reduce disaster risk and impacts, 
in particular through policies and laws, raising public awareness, training and education 
(UNISDR 2009). Structural measures are any physical construction used to reduce or avoid 
the possible impact of hazards (UNISDR 2009), such as dikes, embankments, spurs and 
levees which reduce the risk to a certain extent; however, these can never completely elimi-
nate all the inundations since they are designed and constructed based on flood events from 
the past, thus can fail when larger floods occur (Plate 2002; Patro et al. 2009). The fail-
ure of dikes has caused some of the largest flood disasters in the world, for instance, the 
flood in the Yangtze river in China (Plate 2002), Hurricane Katrina in 2005 and 2011’s 
Mississippi and Missouri River flooding (Cutter et al. 2013). Therefore, the application of 
non-structural measurements such as institutional policies, flood risk zoning based on flood 
modeling and flood forecasting is preferred (Patro et al. 2009; Dinh et al. 2012), since they 
offer additional tools for flood risk management.

6 � Conclusions

This paper provides the first flood hazard and flood risk maps based on SLOSH MOM 
products associated with meteorological events ranging from tropical storms to category-
V hurricanes in the states of Yucatan and Campeche. In order to improve the estimation 
of flood areas and flood risk, further investigation must take into account factors such as 
bottom friction, nonlinear terms, wave setup, as well as finer grids and improved coastal 
topographic and bathymetric data.

Results from this study can be useful for governments, insurance companies, coastal 
communities and policy makers to define adequate risk mitigation measures. While the 
flood hazard (MEOWs and MOMs) may be useful to emergency managers as civil pro-
tection measures, the flood risk would be an effective tool for flood risk management to 
implement flood protection initiatives.

Campeche State coast presents a higher flood risk than Yucatan State coast because 
its physical and socioeconomic vulnerability are higher. The city of Ciudad del Carmen 
presents the highest flood risk because of its geographical position, low-lying topography 
and concave coastal configuration. However, Campeche, as well as Yucatan towns such 
as Celestun, Hunucma, Progreso, and the east part of Yucatan are susceptible to flooding 
under MOM hurricane categories higher than II.

The SLOSH model results highlight the need for high-resolution topographic data along 
Mexican coastal areas, especially the eastern portion of the Yucatan Peninsula, in order to 
supply accurate storm surge modeling results.
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