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RESUMEN

Se estudian, mediante el analisis de observaciones y simulaciones numéricas, las inundaciones causadas por
frentes frios intensos y como éstas podrian cambiar en diferentes escenarios de aumento del nivel del mar en
la Laguna de Términos, México. El modelo numérico de circulacion oceanica utilizado es el Finite-Volume
Community Ocean Model (FVCOM) del Laboratorio de Modelado de Dinamica de Ecosistemas Marinos de
la Universidad de Massachusetts-Dartmouth, y el forzamiento meteorolégico proviene de simulaciones de alta
resolucion con el modelo Weather Research and Forecasting (WRF). Las simulaciones ocednicas se llevaron
a cabo utilizando mallas no estructuradas y configuraciones con la posibilidad de inundacién y secado en las
celdas. Los resultados de las simulaciones numéricas se compararon con observaciones. Teniendo en cuenta
el nivel del mar actual, un evento intenso de Norte inunda un area de 940 km?, que actualmente esta cubierta
por manglares. Esto indica que los Nortes son importantes en la irrigacion de extensas areas de manglar. Para
los escenarios de aumento del nivel del mar de 0.25, 0.50 y 0.75 m, las areas inundadas se incrementan en
297, 1062 y 2152 km?, respectivamente, lo cual implica un aumento considerable en las areas inundadas en
Isla del Carmen. Se sugiere considerar estos resultados en la planificacion a largo plazo.

ABSTRACT

Floods caused by intense cold fronts and how they could change under different scenarios of sea level rise in
the Terminos Lagoon, Mexico, are studied through the analysis of observations and numerical simulations.
The numerical ocean model used is the Finite-Volume Community Ocean Model (FVCOM) of the Marine
Ecosystem Dynamics Modeling Laboratory of the University of Massachusetts-Dartmouth, and the meteo-
rological forcing comes from high-resolution simulations with the Weather Research and Forecasting model
(WREF). The ocean simulations were carried out using unstructured meshes with the possibility of flooding
and drying in their cells. Results of the numerical simulations were compared against observations. Consid-
ering the current mean sea level, an intense northern cold front event (or Norte) floods an area of 940 km?
that is currently covered by mangroves. This indicates that Nortes are important in the irrigation of extensive
mangrove areas. Under scenarios of sea level rise of 0.25, 0.50 and 0.75 m the flooded areas increase by
297, 1062 and 2152 km?, representing a considerable increase in the areas flooded at Isla del Carmen. It is
suggested to consider this situation in long-term planning.

Keywords: Sea level rise, FVCOM model, cold front, Términos Lagoon, mangrove wetland.
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1. Introduction
During the past decades, storm surge events had
caused more casualties and economic loses than
any other natural disaster. The disasters caused by
hurricane storm surges are well known, such as
those occasioned by Katrina (2005), Sandy (2012),
Ike (2008), Gilbert (1988), and the catastrophic ex-
treme events that caused more than 100 000 deaths in
Bangladesh (Khalil, 1992) and in the Bay of Bengal
(Murty et al., 1986). In recent years, some researchers
have studied the impacts of wind waves and storm
surges associated with hurricanes and cold fronts on
the Mexican coast. Based on a 30-yr wave hindcast,
Appendini et al. (2014) found that in the Gulf of
Mexico (GoM) the wave climate is mainly modulated
by autumn-winter cold fronts, whereas extreme wave
climate is modulated by both hurricanes and Nortes,
which are anticyclonic cold surges that enter the GoM
from North America, generating strong northerly
winds and, therefore, presenting ideal conditions
for fetch that cause mature wind waves (Ojeda et
al., 2017). During Nortes in the GoM, the sustained
prevailing winds blow southward and southeastward
depending on the origin and orientation of fronts
(Henry, 1979); therefore, they are expected to gener-
ate a displacement of sea waters to the south, where
the wide continental shelf in the southern GoM favors
the amplification of the storm surge processes.
Nortes can be very intense, with maximum winds
above 60 km h™!, which makes them comparable
to a tropical storm. They are commonly associated
with intense winds, rain, temperature decrease, and
navigation hazards, but not with the storm surge
that they may generate, except for some cases in the
southern hemisphere (Mclnees and Hubbert, 2003).
In addition to the difference in wind intensity, and
the fact that tropical cyclones occur in summer and
early autumn while Nortes occur in late autumn and
winter, one of the main differences between them
is their frequency of occurrence. For example, in
the last 150 years an average of only 0.16 tropical
cyclones per year has been recorded for the Yucatan
Peninsula (Rey et al., 2018), but there have been 16
to 24.5 Nortes per year in this area, depending on
how they are defined (Reding, 1992; Appendini et
al., 2018). Due to this high occurrence of Nortes,
Rey et al. (2018) performed a 30-yr water-level
hindcast to assess its influence on the hydrodynamic

processes of the Chelem lagoon and the flooding
hazard associated to them in the northern Yucatan
Peninsula.

Estimations of sea level rise (SLR) at a global
scale have been performed using tide gauges for more
than 100 years, and more recently, since 1993, they
are based on satellite information. Globally, sea level
has been increasing around 3.2 + 0.4 mm yr~' (Church
et al., 2013). For the Mexican Gulf of Mexico, the
Servicio Mareografico Nacional (National Sea Level
Service of Mexico) has reported an increase along
the coasts that varies from 1.9 to 3.4 mm yr ' from
Tuxpan, Veracruz, to Progreso, Yucatan, showing that
regional sea level is also increasing (Zavala-Hidalgo
etal., 2011).

Considering that Nortes in any year are more
frequent than hurricanes, and that sea level is increas-
ing, investigating storm surges and floods caused by
Nortes in the southern GoM is a key issue for climate
change adaptation strategies. To do so, a possible
approach is to reproduce numerically an event of
an intense Norte that was accurately measured with
several instruments, and then quantify the modifi-
cation in flood areas under different SLR scenarios
due to climate change. In this study, we present
such quantification for the Términos Lagoon (TL)
in southern GoM.

2. Data and methods

2.1 Study region

The study area is the TL, the largest coastal lagoon
in Mexico (Kjerfve and Magill, 1989), which is
located in the southern GoM (Fig. 1). The TL is
about 75 km long and 35 km wide, occupying an
approximate area of 2000 km?. When including
adjacent marshes and fluvial-lagoon systems, the
surface extends to approximately 2500 km?, which
together with the surrounding wetlands account to
a total area of 7050 km? to form the largest Ramsar
site (designated so under the Ramsar Convention
on Wetlands of International Importance) in Mex-
ico (Mitsch and Hernandez, 2013). Four important
rivers flow into the TL, facilitating the processes of
water renewal. The average lagoon depth is 3.5 m,
and it is separated from the GoM by two islands:
Carmen Island, which is 38 km long and 2.5 km
wide, and Aguada Island, which is 38 km long and
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900 m wide. The lagoon is connected to the GoM
through three inlets (Fig. 1). The first one is the
Ciudad del Carmen (CdC) inlet, located west of the
TL, which has 3.7 km wide, a maximum depth of
19 m, and an average depth of 4.5 m. The second
one is the Puerto Real (PtR) inlet, located north of
the TL, which has 3.2 km wide, a maximum depth
of 12 m, and an average depth of 3.5 m. The third
one is the Sabancuy inlet, which is located 22.6
km away from the main lagoon and is connected
to it by a narrow and shallow channel, with a flow
significantly smaller than observed in the other two
inlets (Contreras et al., 2014). Therefore, this inlet
is neglected in this study.

The largest population in the vicinity of the TL
is that of Ciudad del Carmen, with around 180 000
inhabitants, located in the western part of Carmen
Island. The city stands out as an important center of
operations for Petroleos Mexicanos (PEMEX), which
maintains its most important hydrocarbon operations
area in the Campeche Sound (Garcia-Cuéllar et al.,
2004). From the economic point of view, it is the
most important city of the state of Campeche and the
third municipality with the highest economic income
at the national level (INEGI, 2016).

As part of the Joint Environmental Study of
Términos Lagoon (JEST) project, launched in 2009
between France and Mexico to perform a multidis-
ciplinary study of the environmental processes in
the region, many measurements were collected to
support numerical simulation efforts aimed at under-
standing the TL hydrodynamics and its interaction
with the GoM. Observations from the JEST project
were used in this work, particularly those of physical
parameter measurement campaigns, the water level
measurements, and the bathymetry data described by
Contreras et al. (2014).

Previous studies have described hydrodynamics
in the TL and its interaction with the GoM. Contreras
et al. (2014) included an extensive revision of those
studies, which can be divided into those based on ob-
servations and those using numerical modeling. Most
of the numerical modeling studies were performed to
characterize tides and the general circulation pattern
inside the TL (David and Kjerfve, 1998; Robadue et
al., 2004; Contreras et al., 2014). In Contreras et al.
(2014), simulations only include tidal forcing at the
open boundary, without considering wind forcing and

thus ignoring its contribution to the water level and
the lagoon circulation patterns.

A more recent study by Kuc et al. (2015) presents
a numerical simulation of the hydrodynamics of the
TL using an unstructured mesh covering the land,
sea, and lagoon. These authors focused mainly on
the circulation patterns inside the lagoon, for dif-
ferent meteorological events and tidal conditions,
and describe regions based on the intensity of the
currents, but they did not review the flooding in the
surrounding areas of the TL.

Since none of the previous studies analyzed storm
surge flooding, even when tropical storms and intense
Nortes affect the region, in this study we analyze the
impact of the Norte #33 of February 2010, which
was very intense, with maximum winds of 110 km
h! that caused a significant surge of sea level on the
southern coast of the GoM due to its direction and
persistence (Chim et al., 2010).

2.2 Measurements
During Norte #33 there were several instruments
deployed in the TL to measure physical variables as
part of the JEST project. The location of the Acoustic
Doppler Current Profilers (ADCPs) and tempera-
ture-pressure (TP) sensors is shown in Figure 1. Of
the temperature-pressure sensors that were installed,
the TP-01 was lost at the end of January 2010, where-
by the data series at that location starts on July 5,
2010. Also, during the Norte, one of the safety loops
of the TP-06 sensor broke due to the strength of the
waves, and data collected after the Norte event were
noisy. Therefore, those measurements were discard-
ed. The data from the other four TP sensors (TP-02,
TP-03, TP-04, and TP-05) were used in the analysis,
along with two current profilers (CP-00 and CP-07).
All these sensors collected data every 10 min.
Meteorological data, including wind speed and
direction, wind gust speed and direction, pressure,
temperature, air humidity, precipitation, and solar
radiation, were obtained from two stations of the
Mexican Weather Service. The first station, MS-01,
was in Carmen Island and the second one, MS-03,
in Aguada Island. These stations have a 10-min
sampling frequency. We used wind speed and direc-
tion, and pressure to compare with the WRF model
output at each station (the WRF model is described
in section 2.4).
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Fig. 1. Términos Lagoon in the southern Gulf of Mexico. The location of different
measuring instruments (described in section 2.2) and bathymetry-topography contours

(in meters) are indicated.

2.3 Bathymetric and topographic information

The same bathymetric data described by Contreras
etal. (2014) was used. This bathymetry was obtained
from the digitization of nautical charts of the Mexi-
can Navy and echo sounding campaigns during the
monitoring period.

For the terrain elevation data, LIDAR data of 5 m
resolution from INEGI (2012) was processed. Due to
limited computing resources, we sub-sampled data at
a resolution of 25 m, which was considered enough
for the flood model resolution.

2.4. Meteorological model

The WRF model (Skamarock et al., 2008) is a meso-
scale numerical weather prediction system designed
to serve both operational forecasting and atmospheric
research purposes. The effort to develop the WRF
model is a collaborative partnership between research
centers, government institutions, and some United
States universities (NCAR, 2009).

A high-resolution configuration of the WRF mod-
el, with three nested domains, was implemented for
this study. The first domain has 62 x 46 points with
25 km resolution; the second domain has 96 x 76
points with 5 km resolution, and the third domain has

206 x 156 points with a 1 km resolution. The higher
resolution of the Geographical Static Data provided
for the WRF-Preprocessing System (WPS) is 30”
(~ 900 m). However, after reviewing the quality of
the data in the study area, we decided to create a 7”
(~ 210 m) resolution data of the topography heights
and land use.

For the simulations, the WRF model configura-
tion used a Mercator projection, a time-step of 100
s for the first domain, 50 vertical levels, one-way
nesting, and hourly outputs. Schemes used in the
model physics were the Kain-Fritsch for cumulus
parameterization, Noah Land Surface Model, Rapid
Radiative Transfer Model (RRTM) for longwave
radiation, Dudhia for shortwave radiation, and Yonsei
University (YSU) scheme for the planetary boundary
layer (NCAR, 2009).

The initial and boundary conditions were taken
from the Climate Forecast System Reanalysis (CFSR)
data. The CFSR (Saha et al., 2010) is a global,
high-resolution, coupled atmosphere-ocean-land
surface-sea ice system designed to provide the best
estimate of the state of these coupled domains. The
CFSR is superior to previous NCEP reanalysis with
respect to the improved model parameterizations,
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finer resolution, advanced assimilation schemes,
atmosphere-land-ocean-sea ice coupling, and assim-
ilation of satellite radiances rather than retrievals,
while accounting for changing CO, and other trace
gasses, aerosols, and solar variations.

The time series of wind speed and surface pressure
of'the WRF hourly outputs were extracted for the grid
points closest to the locations of the two meteorolog-
ical stations (MS-01 and MS-03) to compare with the
observations. The WRF model was able to capture the
Norte events occurred during the simulation period.
There is a good representation of the wind speed
intensification during the occurrence of the Norte, as
well as for the cycle of sea-land breezes. In Figure 2,
the wind speed and direction are compared with ob-
servations from the meteorological station at Aguada
Island (MS-03). The MS-01 station has not data
during the Norte, but for the rest of the measurement
period the data for this station shows less directional
variability compared to the MS-03 station. Not all
the wind variability is reproduced due, in part, to the
effect on the wind direction generated by some tall
buildings near the meteorological station. When the
wind changes its magnitude or direction, there are a
few hours lag between the model simulation and ob-
servations, as happened with the maximum value of
the wind speed that was registered five hours before
in the model than in the station (Fig. 2).

The scatter diagram between the surface pres-
sure data from the WRF and the observations at the
Aguada Island site shows a good correlation (r =
0.9783), but the model slightly underestimates the
amplitude of the variations (Fig. 3). A short period
of the surface pressure time series is also included in
Figure 3, where the similarity between the observed
and simulated data is evident, although the model is
not able to adequately reproduce the higher frequency
variations.

2.5 Storm surge modeling

The Finite-Volume Community Ocean Model
(FVCOM v. 4.1) was used to study the flooding
area. FVCOM is an unstructured-grid, finite-volume,
free-surface, 3-D primitive equation coastal ocean
circulation model developed by Chen et al. (2003).
More recently, its development has been part of a
joint effort between the University of Massachu-
setts-Dartmouth (UMASSD) and the Woods Hole
Oceanographic Institution (WHOI). This model is
well suited for simulating the circulation and eco-
system dynamics from global to estuarine scales,
particularly for regions characterized by irregular
complex coastlines, islands, inlets, creeks, and in-
tertidal zones. FVCOM has been applied to the deep
ocean (Chen et al., 2009), the continental shelf (Chen
et al., 2008a; Weisberg and Zheng, 2008; Weisberg
etal.,2009; Rego and Li, 2010), and estuaries (Chen
et al., 2008b; Weisberg and Zheng, 2006; Yang and
Khangaonkar, 2008). Especially for storm surge
events, FVCOM has a 3D wet/dry point treatment to
simulate inundation in estuaries and wetlands (Chen
et al., 2008b, 2013; Beardsley et al., 2013).

2.5.1 Model setup

The creation of unstructured meshes is a complex
task, but there are many free software and commercial
tools to accomplish this task. One of the most valu-
able adopted tools is MESH2D (Engwirda, 2014),
which is a MATLAB/OCTAVE-based unstructured
mesh-generator for two-dimensional polygonal ge-
ometries, providing a range of relatively simple, yet
effective two-dimensional meshing algorithms. The
unstructured mesh created for this study (Fig. 4),
has 178 716 nodes and 357 218 cells or triangular
elements. The length of the smallest elements is
about 30 to 50 m along the coastline and the largest
is about 10 km in the area farthest from the coast.
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Fig. 2. Comparison between the observed wind data (blue) and WRF model output (red)

for the Aguada Island station.
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The mesh has nodes in sea and land to study the
floods produced by intense extreme events and to
make easier the identification and quantification of
flooded areas. The bathymetry and topography data
were interpolated to the mesh nodes using an Inverse
Distance Weighted function (gIDW) implemented in
MATLAB (Langella, 2010).

The FVCOM model was configured to run in 2D
barotropic mode instead of the full 3D baroclinic
mode (Weisberg and Zheng, 2008; Zheng et al.,
2013). This was decided after some tests to evaluate
the performance of the model to reproduce the mea-
surements of the sensors and comparing the flood
areas obtained with both modes. The tests showed
no significant differences, but the computation
time using the 2D barotropic mode was 40 to 45%
less compared to the 3D baroclinic mode. Also, the
flooding process involves the transport of small
water columns, for which a 2D barotropic mode is
considered appropriate.

For the storm surge simulations, the model was
forced by wind speed and atmospheric pressure
acting on the surface, and tide elevation at the open
boundaries. The 10-m zonal and meridional wind
components (U10, V10) and surface pressure (PSFC)
variables were extracted from the WRF simulation.
The tidal elevation consists of eight major tidal
constituents (M,, S,, Ny, Ky, Ky, Oy, Py, and Q)
obtained from the TPXO7.2 database (Egbert and
Erofeeva, 2002) and interpolated to the mesh nodes
at the open boundary. To avoid artificial numerical
modes from being generated by a sudden impulse
of the initial condition (Chen et al., 2006), the tidal
forcing was increased from zero to its full value
over two M, tidal cycles. The time step used for the
external mode was 2 s, and the output of the model
is hourly. Several test simulations were performed
with different spatial-varying bottom roughness co-
efficients to better reproduce the tidal signal inside
the TL. We made variations of the bottom roughness
coefficients considering depth and type of sediment,
which varied from 0.001 m to 0.014 m.

The discharge of the four main rivers in the region
was not considered in this study due to their relatively
low contribution of water to the TL. Based on data
obtained during the JEST project (e.g. Contreras,
2017), it was estimated that, during the first quarter
of the year, the average flux of the four rivers was

140 m® s7!, with 99 m® s occurring in March. This
average volume represents 0.7% of the total volume
that is interchanged through the CdC inlet during high
tides. During the rainy season this average increases
up to 900 m* s7! (4.56%), with peaks of 1040 m> s~
in the year 2010.

Two simulations were performed for the Norte
event: (a) a baseline run with the model forced only
by tides (called only-tide); (b) a hindcast run with the
model forced by tides, winds, and pressure (called
tide+wind). There were three other runs to study the
SLR effect on the flooding area: (¢) the model forced
by winds, pressure, and tides, plus an increment of
0.25 m in the mean sea level at the boundary con-
ditions (called +SLR25); (d) the same as in (c) but
with an increment of 0.50 m (called +SLR50); and
(e) the same as in (c) but with an increment of 0.75
m (called +SLR75).

The supercomputers of the Universidad Nacional
Auténoma de México (UNAM) and the Centro de
Ciencias de la Atmosfera (CCA) of UNAM were used
to perform simulations of both models, WRF and
FVCOM. The WRF model is more complex numeri-
cally than FVCOM and requires more computational
resources and time to perform the simulation.

2.5.2 Model validation
The hindcast run (b) was conducted to validate the
performance of the FVCOM model, comparing the
outputs with measurements. The simulation period
was three months, from January 1 at 00:00 GMT to
April 1 at 00:00 GMT, 2010. The first month was
discarded and used as a model spin-up, and the entire
statistical analysis was performed using the last two
months of the simulations (February-March, 2010).
Figures 5 and 6 show hourly time series of the free
surface elevation from the FVCOM tide+wind run
and observed data at six sensor sites. To remove high
frequency oscillations, a moving average of 60 min
was applied to the observed data. The Norte event
was placed near the middle of each plot to show the
performance of the model before, during, and after
the event. The first row in Figures 5 and 6 shows the
CP sensors located at each inlet (CP-07 and CP-00);
the second row shows the sensors TP-04 and TP-03,
which are just south of Carmen Island, and the last
row shows the TP sensors closest to the south coast
of the TL. The TP-02 was a few meters from the
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Fig. 5. Time series of free surface elevation (m) from observations (blue) and from the FVCOM tide+wind output (red)
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shoreline in a smooth sloping area, being the one with
the highest recorded surface elevation (see Fig. 1).

3. Results and discussion

In this section we describe the results obtained from
the realistic simulation of the flooding caused by an
intense Norte that occurred in February 2010. This is
followed by the results of the three experiments con-
sidering sea level rise scenarios due to climate change,
which include increases of 0.25 m, 0.50 m, and 0.75 m.

3.1 Impact of an intense Norte in the Téerminos La-
goon

The numerical simulation reproduces the tidal
signal and responds adequately to the effect of the

wind speed and direction on the free surface elevation
during the Norte (Figs. 5-6). At the early stages of
the arrival of the Norte to the exterior of the TL, the
water piles up on the northwestern coast of Carmen
Island. The water level outside the TL is reduced
due to the flow of water inwards through the two
inlet channels. This is particularly good for the CdC
city because the potential water level that can flood
the island is directed into the interior of the lagoon,
reducing the flooding hazard.

The amplitude of the free surface signal from the
simulation and observations is almost the same at the
inlets, but the model slightly underestimates the tidal
range at the interior of the lagoon (Fig. 7). In addition
to the time series plots, the linear regression between
observed and modeled sea level was computed, as
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well as the dispersion diagrams. Correlations vary
from r = 0.85 to r = 0.89 and the slopes from 0.71 to
1.09. The peak of the storm is well reproduced by
the model but slightly overestimated at the inlets,
probably due to the high bathymetry gradient at the
inlets characterized by a deep and narrow navigation
channel and a flat and shallow area at the remaining
of the cross-section. Because of the geometry of the
lagoon, a wide lagoon with relative narrow inlets,
the energy dissipation results in a higher amplitude
signal at the inlets than at the interior. In addition,
the bottom friction of the shallow lagoon can also
contribute to make that happen.

During the Norte, the relatively low amplitude
in the water level caused by the shadow of Carmen
Island at the location of the TP-04 and TP-03 sensors
is slightly overestimated in the simulation. At the

TP-02 location, the model accurately reproduces the
peak of the storm surge, which is remarkable as it is
the closest point to the shoreline of all measurement
sites before the water starts to inundate the land.

3.2 Inundation area during the Norte

Using the outputs of the tide+wind simulation, con-
tour maps of the free surface elevation were used to
identify the flooding areas. Figure 8a represents the
free surface elevation 14 hours before the peak of
inundation and Figure 8b corresponds to the moment
of maximum flooding area during the Norte, nine
hours after the occurrence of the maximum wind
speed simulated at Aguada Island. While Figure 8b is
a snapshot in time when the greatest flood occurred,
Figure 8c shows the maximum surface elevation at
every node of the mesh during the analyzed period.
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An extensive area southwest of the TL was already
inundated with a relatively small water level before
the event (Figure 8a), which matches with the wetland
and mangrove areas documented in other studies
(Rodriguez-Zuiiga et al., 2013). However, 14 hours
later, the water level was significantly higher, and new
inundated areas appeared mainly south and east of the
lagoon. The increase in the flooded area in Figure 8c
with respect to Figure 8b indicates that not every
node reaches the maximum water level at the same

time. This last map represents the extension of the
flooded area regardless of the time. It is interesting to
notice the storm surge at the northern coast of Carmen
Island and how it is reduced at the inlet channels, as
was pointed out in the previous section.

3.3 Inundation area under sea level rise scenarios

Due to the low altitude of the area surrounding
TL, there is concern about flooding under the SLR
projections. Church et al. (2013) suggest that, if
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Fig. 8. Maps of free surface elevation (m) from the outputs of the tide+wind simulation: (a) 14 hours before the peak of
flooded area; (b) during the peak of flooded area, and (c) maximum surface elevation during the entire analyzed period.

some measures are taken to reduce emissions of
greenhouse gases, the most probable scenario for
the end of the century is the RCP6.0 (RCP stands for
Representative Concentration Pathway), and in the
case of continuing the current level of emissions, the
worst-case scenario would be RCP8.5, also known
as “business as usual” (Fuss et al., 2014). Scenario
RCP6.0 predicts an increase of the global mean sea
level of 0.50 m, while the scenario RCP8.5 estimates
a mean increase of 0.75 m (see Fig. 13.11a, from
Church et al., 2013). Based on the SLR scenarios,
three simulations were performed increasing the
mean sea level at the boundary of the model domain.
The runs have the same atmospheric forcing as the
tide+wind runs but with increments in the boundary
condition of 0.25, 0.50, and 0.75 m. The assumption
of this experiment is to analyze what may happen in
the future with an intense Norte like the one under
study, acting at different SLR scenarios.

At the time of the maximum impact of the Norte,
there are significant differences in the flooded areas
and the water level between the simulations repre-
senting the current mean sea level conditions (Fig. 8)
and those of the SLR scenarios (Fig. 9). For each
scenario, the peak of the flood is represented
(Fig. 9a, ¢, e) along with the maximum surface
elevation (Fig. 9b, d, f) during the analysis period,
showing the differences between them in relation to
the affected areas.

To have a better quantification of the differences
between scenarios, the flooded area and the mean

water-level height (MWLH) were calculated for each
hour of all simulations. Results for the five cases,
using the meteorological conditions from February 1
to April 1, 2010, were obtained (Fig 10). The flood-
ed areas corresponding to +SLR25, +SLLR50, and
+SLR75 from the model simulations are shown in
Figure 10a. The flood area was computed by selecting
the wet cells and adding their corresponding area at
each time step. For the MWLH (Fig. 10b), the water
level height at each wet node over land at each time
was considered and the mean was computed. The
effect of the Norte appears on February 25, and it is
clearly seen in Figure 10b. It is interesting to point
out that when averaging the flooded areas and the
MWLH with a linear increase in the SLR at regular
intervals of 0.25 m, the difference respect to the
tide+wind case is not linear (Table I). To clarify
the non-linearity a specific study is necessary, but the
causes may be that when the water column is larger
the associated momentum is higher if the speed is
similar. Also, regional topographic characteristics
may influence this response.

The increase of the flooded area in SLR simu-
lations relative to the area inundated considering
the current conditions is extremely large, since the
increases correspond to 1.3, 2.1 and 3.3 times for
the three cases of SLR (0.25, 0.50, and 0.75 m),
respectively (Table I). These increments represent
areas of 297, 1062, and 2152 km?, respectively, and
for reference, the mangrove area surrounding the
TL is around 2590 km? (Robadue et al., 2004). The
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nonlinear response is expected to be a particular char-
acteristic of each region since it depends on factors
like the topography, the run up, and the land cover.
The increase in water level height has a lower pro-
portion, which shows that inundation is not a linear
function of sea level change in some cases.

The flooded area on February 25, 2010 at 04:00
GMT was plotted in an incremental manner for
the different experiments (Fig. 11). The +SLR75
case shows the largest flooded area, followed by
the +SLR50 case, the +SLR25 case, the tide+wind
case, and the only-tide run with the smallest area.

The basic case is the only-tide simulation (yellow in
Fig. 11), which shows some areas that would nor-
mally be inundated during spring tides. The control
experiment is the tide+wind, which corresponds to
the flooded area during the Norte in February 2010.
The other cases indicate scenarios of how much the
flooded area may increase with a specific SLR.

The flooded regions for Carmen Island, where
most of the population lives in the western part, are
also shown in detail (Fig. 11b). The east and southeast
parts are mainly wetlands with mangrove. Future sce-
narios present an increase in the hazard of flooding in
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Table 1. Average flooded area and MWLH during the analyzed period relative to the control experiment (tide+wind).
All cases were forced with the prevailing meteorological conditions during February-March, 2010.

Experiment Average flooded area Average mean water-level height above ground
(MWLH)
Area covered Area increase Average MWLH
relative to relative to relative to MWLH increase
km? the control the control m the control relative to the control

experiment . experiment experiment

tidetwind ~ SXPerment tide+wind
only tide 139.8 - - 0.13 - -
tide+wind 940.6 - - 0.17 - -
+SLR25 1237.6 1.32 297 km? 0.19 1.16 0.026 m
+SLR50 2002.4 2.13 1062 km? 0.24 1.43 0.072 m
+SLR75 3092.6 3.29 2152 km? 0.29 1.73 0.123 m

the central part of the island, which is almost divided
in this part. Coastal protection structures for flooding
control may need to be considered in the future.
The different SLR scenarios show that more areas
will become flooded during Norte events due to storm
surge, as it is evident from figure 10a. But new areas

will also be flooded during high tides since there will
be an increase in the mean sea level, as observed in
the scenarios prior to the arrival of the Norte (Fig. 10).
Larger oscillations of water-level height that occur
under the SLR scenarios over land (Fig. 10b) are due
to the greater inertia that a higher water column has.
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This change will give a better hydrological exchange,
which may improve the conditions to facilitate the es-
tablishment, survival, and growth of mangrove. It also
can help the recovery of the forest structure and the
productivity of underground roots if there are recovery
programs that consider the changing conditions.

4. Conclusion

The water level and environmental conditions during
an intense Norte event occurred in February 2010
were analyzed based on tide gauge and weather
station data and by numerical simulations using a
calibrated hydrodynamic model.

The FVCOM model turned out to be a suitable
tool to study changes in storm surge impacts due to
sea level rise because of its adequate representation
of water level variations during the event. The model
simulated wet and dry cells, tidal propagation, and
the response to atmospheric forcing. WRF wind was
used for the surface momentum forcing. The simu-
lations performed for this study covered the period

from January to March 2010, they were calibrated
performing several test runs with different bottom
roughness, and validated with several observed water
level datasets that have a wide coverage in space and
time in the TL.

Results from the case study showed that an
intense Norte could generate a significant storm
surge in the TL area flooding large zones, includ-
ing Carmen Island where the CdC city is located.
Changes in flood areas and water level due to storm
surges were studied under different sea level rise
scenarios expected by the end of this century. The
results indicate that the flood area may grow in large
proportion around the TL, even in a conservative
scenario such as RCP6.0. Flood areas south of the
TL, currently covered by mangroves, will increase
as well as the water level associated with the storm
surge, leaving some regions below water for long or
permanent periods. Carmen Island will suffer from
higher-level floods, particularly in its central zone
and the southern coast.

Some regions that are currently occupied by
wetlands may be permanently inundated, while
some areas that are currently dry will be flooded
frequently. Considering the effect of Nortes, the
flooding frequency in Carmen Island will increase
if sea level continues to rise as expected, even if the
annual number and intensity of Nortes remain as
today. Results from this study are important for the
coastal development planning and may be considered
by policymakers.
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