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a b s t r a c t

Sea level oscillations are a result of continuous astronomic, oceanographic, and atmospheric interactions
on different time and intensity scales. Thus, the collective action of forcing factors such as tide, wind,
atmospheric pressure, and wave action may lead to elevated sea levels during cyclone events over the
continental shelf, abruptly impacting adjacent coasts. The objective of this study is to evaluate the po-
tential risks of sea level rise and coastal flooding associated with the passage of cyclones in southern
Brazil. An analytical model was developed based on extreme storm events from 1997 to 2008. The model
identifies the impact of each forcing factor during temporary sea level rise. Through the development of a
digital terrain model, it was possible to identify the areas most vulnerable to flooding by superimposing
the terrain model onto calculated sea levels. During storm events, sea level elevations ranged from 2 to
5 m and show wind as the major forcing factor, followed by swells waves, astronomical tide and finally
atmospheric pressure.

& 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Sea level oscillations continuously respond to astronomical,
oceanographic and atmospheric interactions, with a wide range of
periodicity (Gill, 1982). Thus, all sea level records contain a com-
plex signature spectrum that includes the tides with periods of
less than 1 day to the global eustatic secular changes that occur
with longer periods (Goring, 1995). In the intermediate range be-
tween 3 and 15 days, atmospheric pressure and wind variations
affect sea level. This meteorological influence produces low oscil-
lating flows in the sea level, known as storm surges, which can
propagate along or towards the coastline (Truccolo et al., 2006).
According to Pugh (1987), meteorological tides can be defined as
the difference between the observed and astronomical tides,
which may be negative or positive (“storm surge”). The storm
surge is therefore responsible for the increase or decrease in sea
level in relation to the astronomical tide observed at a given lo-
cation. This phenomenon is positive and generally more important
when the records exceed those provided by the astronomical tide,
which implies seawater intrusion into places where this usually
does not happen, causing major flooding (Marone and Camargo,
1994). However, when negative, the storm surge has considerable
effects on port activities.
N.Z. Maia),
ail.com (J.L. Nicolodi).
The storm surge phenomenon consists of two major compo-
nents: the wind friction on the sea surface allows momentum
transfer from the atmosphere to the ocean, and strong winds
blowing along an oceanic track towards the mainland leads to the
“pile up” of water in the coastal zone (“wind set-up”), while the low
barometric pressure associated with the cyclonic rotation in-
creases the level of the ocean (the inverted barometer effect -
“barometric set-up”, Pugh, 1987; Benavente et al., 2006).

Additionally, a third factor, the increase in the wave height, also
acts to increase the water level in the surf zone (“wave set-up”),
allowing the waves to reach further in land than normal waves do,
which transfers the surf zone towards the coast (Benavente et al.,
2006). Thus, according to Marone and Camargo (1994), positive
storm surges may be intensified depending on the amplitude and
period of the waves that often accompany these events when they
are most significant.

During high-energy conditions (storm cycles), the average level
of the sea water increases by a combination of the tide, wind, wave
and pressure. Thus, the beach and dunes are strongly attacked by
the incident waves, which generally causes erosion. When storm
waves reach the beach, they break with great intensity, and as a
result, a large volume of water is released on to the beach (Van
Rijn, 2009).

It is understood then that besides the rise in sea level due to the
presence of a long wave on the platform (tide), there is water on
the shore resulting from the wave breaking process (Marone and
Camargo, 1994), where the gradient of atmospheric pressure
causes the formation of winds, which in turn are responsible for
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generating waves and increasing the sea level. When the air
pressure gradient is very intense, there is the possibility that tro-
pical cyclones will form, leading to the generation of tall waves
that propagate as swells over long distances to the shore. Water
stacking by these waves associated with astronomical spring tides
accentuates the erosive power active on the coast to cause super
elevation above the tidal prism (Parise, 2007).

The combination of positive meteorological tides with wave set-
up can result in extreme values of wave run-up (maximum vertical
excursion of swash on the beach face), which can result in the
overtopping of dunes as well as structures of coastal protection,
especially when these storms coincide with astronomical spring
tides. Thus, flooding and erosion can occur in areas where they do
not normally occur (Benavente et al., 2006). According to Ferreira
et al. (2006), the storms associated with storm surges are the most
important factor controlling shoreline movement in the short term.

Thus, the effects of storm surges on the coast may result in
many losses for coastal communities, such as by depositing fluid
mud on the beach (Calliari and Faria, 2003), the loss of land, the
destruction of property and natural habitats, estate depreciation
and tourism, the reduction in tax collection and the loss of lives
(Teixeira, 2007). However, the distribution of the effects of a storm
on a coast depends on many variables, such as subaqueous mor-
phology, refraction and diffraction patterns of waves, sediment
budgets, morphodynamic behavior of beaches, dune development
and also human interventions and coast line uses (Balsillie, 1986;
Lawrence, 1994 apud Benavente et al., 2002; Toldo et al., 2010).

The potential consequences of these storm simply the need for
tools that recognize vulnerable areas at risk of flooding. This factor
has been modeled, and the resulting information forms the basis
for mappings of coastal risk (Benavente et al., 2006), as noted in
Van Cooten et al. (2011), that coupled hydrodynamic, hydrological
and atmospheric models aiming to measure sea level rises during
Fig. 1. Hermenegildo Beach,
storms and hurricanes in the American coast. Also on the Amer-
ican continent, a great effort has been made in order to study the
effect of storm surges on the coast through the Economic Comis-
sion for Latin America (CEPAL, 2011), under the project Effects of
Climate Change in Latin America and Caribbean coasts. This pro-
ject uses wave and tidal reanalysis data from the SMC-Brazil model
developed by the Hydraulic Institute of Cantabria, Spain. Also on
the Brazilian coast, several studies have been developed on this
theme, as in Machado and Calliari (2016) that studied the cyclone
lifecycle to identify the trajectory of them aiming to predict po-
tential impacts on the southern Brazilian coast. For this same
stretch of the coast of Brazil, Guimarães et al., (2014, 2015) com-
bined many different wave models, Wave Watch III, SWAN and
SWASH to provided the information on risk conditions during
storm events, by simulating the highly dynamic zones during ex-
treme hydrodynamic events over natural and urban structures.

In coastal areas that include an urban settlement, it is prudent
to take precautions against sudden and frequent sea level rises
that are potentially dangerous (Ferreira et al., 2006). The con-
sequent retreat of coastal erosion from storms is one of the most
important phenomena, and it needs to be precisely quantified to
facilitate effective management strategies for coastal areas (Call-
aghan et al., 2009).

In this context, the present study aims to assess the risks re-
lated to coastal flooding during the passage of cyclones in Her-
menegildo Beach in Brazilian southern coast (Fig. 1). For this an
analytical model was developed to calculate the sea level rises
using wave, wind, pressure and tide data, and in additional, was
also developed a Digital Terrain Model (DTM) with the topography
of the area in question. Thus, identifying the contribution of each
forcing in elevations and calculating the total lift on sea level
quota, with overlapping of the DTM was possible to identify the
most vulnerable areas to flooding during storms.
southern coast of Brazil.
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2. Methodology

The methodological sequence for the development of this work
followed the following chronology: gathering and processing data
related to the waves, wind, pressure and astronomical tide; de-
velopment and validation of an analytical model to calculate sea
level elevations; implementation of the analytical model to cal-
culate sea levels for the selected events; preparation of a digital
terrain model; and, finally, preparation of the illustrations related
to the calculated flood levels from 1997 to 2008 in the region
where it was tested.

2.1. Data

2.1.1. Waves
Wave data were obtained from the outputs of the model Wave

Watch III NCEP/NOAA (version 2.22), available at ftp://polar. ncep.
noaa. gov/pub/history/waves. Significant wave height and wave
period were considered with a temporal resolution of 3 h. The
model has a spatial resolution of 1°�1.25°, with the point defined
by the coordinates 34°S and 52.5°W used to obtain the data.

This point was chosen because, according to the output of the
model, it is close to Hermenegildo Beach over the continental shelf
and is situated approximately 80 km from the coast. The equations
that govern the Wave Watch III model include wave refraction due
to temporal and spatial variations of the average water depth and
currents. The parameterization of physical processes includes the
action of wind, nonlinear interactions, dissipation and friction
with the bottom. WW3 solve the conservation equation of spectral
energy density in terms of the number and wave direction as
functions that vary slowly in space and time. This equation im-
plicitly admits that the spatial and temporal scales of the waves
themselves are much smaller than the corresponding variation
ranges of the spectrum and the depths and currents. WW3 de-
termines the directional spectrum evolution of field waves, which
shows how this sea surface energy is distributed in terms of fre-
quency and direction of components, being height, period and
direction of waves (Tolman, 1997, 2002).

2.1.2. Wind and pressure
Data on wind and atmospheric pressure came from the Re-

analysis Project R-1NCEP/NCAR (National Centers for Environ-
mental Prediction) database, which is available at http://www.esrl.
noaa.gov/psd/data/gridded/data.ncep.reanalysis.html. Thus, it was
possible to monitor the weather conditions in the study area
during the passage of cyclones. The reanalysis data have a tem-
poral resolution of 6 h and spatial resolution of 2.5°�2.5°.

The NCEP/NCAR Reanalysis Project is a joint project between
the National Centers for Environmental Prediction (NCEP) and the
National Center for Atmospheric Research (NCAR). Reanalysis is a
scientific method for developing a comprehensive record of how
weather and climate are changing over time. In it, observations
and a numerical model that simulates one or more aspects of the
Earth system are combined objectively to generate a synthesized
estimate of the state of the system. Reanalysis products are used
extensively in climate research and services, including for mon-
itoring and comparing current climate conditions with those of
the past, identifying the causes of climate variations and change,
and preparing climate predictions A reanalysis typically extends
over several decades or longer, and covers the entire globe from
the Earth's surface. The goal of this joint effort is to produce new
atmospheric analyses using historical data (1948 onwards) and as
well to produce analyses of the current atmospheric. Reanalysis
datasets are created by assimilating climate observations using the
same climate model throughout the entire reanalysis period in
order to reduce the affects of modeling changes on climate
statistics. Observations are from many different sources including
ships, satellites, ground stations, RAOBS, and radar. The dataset is
kept current using near real-time observations (Available at http://
www.cpc.ncep.noaa.gov/products/wesley/reanalysis.html#intro;
http://www.esrl.noaa.gov/psd/data/gridded/reanalysis/).

For this study, the data at the point defined by the coordinates
32.5°S and 52.5°W were used, and with respect to the wave data,
this point was chosen based on the output of the template as being
the closest to Hermenegildo Beach over the continental shelf. To
calculate the resulting wind speed, we used the zonal (u) and
meridional (v) components at a height of 10 m (Bowden, 1983),
and for the atmospheric pressure, the respective values at the
average sea level. According to Oliveira et al. (2007), the Reanalysis
data are quite useful and satisfactory for cases in which the lack of
atmospheric data is substantial.

For visualization and analysis of wind and pressure data, as
well as waves, the Panoplys program (NASA/GISS) was used.

2.1.3. Astronomical tide
Astronomical tide data are from the Directorate of Hydrography

and Navigation (DHN) from the Brazil Navy and are available at
www.mar.mil.br/dhn/chm. DHN forecast are generated from har-
monic components obtained from observations made by various
institutions distributed along the Brazilian coast.

In the absence of specific data for Hermenegildo Beach, it was
decided to use the tide predictions for harmonic analysis for the
coast adjacent to Rio Grande city, approximately 200 km from the
study area. However, the two regions experience the same tidal
pattern. For each event, to characterize the worst elevation sce-
nario, the highest elevation value of the astronomical tide during
the passage of cyclones along the coast was selected.

2.2. Methods

2.2.1. Development of the analytical model
An analytical model (Equation 1) was developed for sea level

rise calculation during storms induced by the passage of a cyclone.
The water surface elevation was calculated by taking into account
each of the contributing factors described in this equation and
calculates the most extreme values of sea level rise during storm
events.

2.2.1.1. Level rise induced by wind (wind set-up). In the simplified
model used in this article, it is normally a fundamental hypothesis
that the wind-induced rise in the landmark is dominated by local
forcing. According to this hypothesis, level variations due to re-
mote effects that propagate along the coast in the form of platform
waves are excluded.

To calculate the elevation in the wind-induced level, we used
the equation proposed by Csanady (1982) for winds parallel to the
shore (Equation 2).

The average of platform depth (H¼100 m) of Equation 4 was
determined by parametric analysis, where different values have
been tested without significant variations in the results. In this
way it estimated the average value thereof.

The events analyzed were initially selected based on wind be-
havior, requiring cyclones to be located over the continental shelf
and requiring the wind to flow parallel to the coast from the SW.
The wind speed value entered into the equation was the average
speed for the duration of the event, which was also determined
from the displacement of the cyclone.

2.2.1.2. Level rise induced by wave (wave run-up). The increase in
the wave run-up on the coast caused by increased wave height
during the storms was calculated by Equation 8 proposed by
Battjes (1971), which evaluates the maximum vertical wave tour

http://www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis.html
http://www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis.html
http://www.mar.mil.br/dhn/chm


Fig. 2. Linear correlation between the rise in sea level values measured in the field
(Parise et al., 2009) and those calculated by the analytical model.
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on the beach face.
Equation 8 was also used by Ferreira et al., (2006) and Freitas

et al., (2010) to measure and calculate the over wash flood levels in
Ancão Peninsula (Portugal) and Itapocorói (Brazil), respectively.
For the wave height value entered into the equation, the average of
significant heights during the duration of the event was calculated
and used along with the wave period.

2.2.1.3. Level rise induced by atmospheric pressure (barometric set-
up). The sea level rise induced by atmospheric pressure was cal-
culated from the Inverse Barometer Effect (Equation 10). According
to Benavente et al. (2006), because low pressure persists for a
sufficient time interval, the water level increases in a proportion of
1 cm for each millibar decrease (or 1 hPa) at atmospheric pressure
at the sea surface. The Effect of Inverse Barometer describes an
isostatic sea level response to the balance applied by the pressure
gradient (Truccolo et al., 2006). This response was calculated, and
the values for the pressure drop induced by the cyclone passage
were used. Benavente et al. (2000) also used this principle to
identify flooding areas along the Valdelagrana spit on the Spanish
coast.

2.2.2. Development of the Digital Terrain Model (DTM)
For the DTM development, was used a kinematic GPS, which

according to Morton et al. (1993) provides for obtaining data
quickly and accurately along coastal segments. According to Mor-
ton and Speed (1998) and Pajak and Leatherman (2002), GPS with
shoreline mappings are more accurate than withdrawals made by
Photointerpretation, since they allow a better spatial sampling
throughout the area to be mapped.

Data acquisition was performed using geodetic GPS (RTK) with
planimetric accuracy of 0.005 m and altimetric of 0.02 m with
cutting angle for signal receiving of 15°, as well as altimetry data
referenced to the GRS-80 ellipsoid and operated with C/A code
(1023 MHz) and carriers L1 (1575.42 MHz) and L2 (1227.60 MHz).
Data collection was performed using the Stop and Go method and
for preparing the DTM, 10,000 points were used.
Table 1
Data used for analytical model validation. The values in bold are the level rises calculat
et al. (2009).

Ocurrence period Parise
et al. (2009)

Start of the
event (day,
time)

Event end
(day, time)

Event Dura-
tion (hours)

Wind
speed (m/
s)

06/17–21/06 15, 18 h 16, 18 h 24 5.61
06/21–29/06 26,12 h 27,0 h 18 13.3
07/07–11/06 9,6 h 9,6 h 6 15

07/25/06 –08/03/06 29, 0 h 30,12 h 42 12.3
08/19–25/06 20, 6 h 21, 12 h 36 11.9
09/01–08/06 2, 18 h 4, 12 h 48 14
09/22–26/06 23,6 h 24,6 h 30 11.3
09/26–29/06 28, 0 h 28, 12 h 18 8.6
10/04–13/06 5, 12 h 5, 18 h 12 12
11/02–13/06 6, 12 h 8, 18 h 60 10.2

11/24/06–12/16/06 4, 0 h 4, 6 h 12 6.8
02/04–9/07 7, 0 h 7, 6 h 12 10.4
02/14–24/07 18, 0 h 18, 12 h 18 11.1

03/31/07–04/14/07 8, 6 h 9, 0 h 24 10.8
04/25–29/07 26, 6 h 27, 18 h 42 8.7
05/06–11/07 6, 18 h 7, 6 h 18 10.4
05/22–27/07 23, 6 h 24, 6 h 30 11.2
05/27–31/07 29, 6 h 30, 0 h 24 10.1

05/31/07–06/07/07 3, 6 h 4, 6 h 30 12.1
06/07–20/07 15, 12 h 16, 0 h 18 15.2
06/20–28/07 27, 0 h 27, 18 h 24 6.3

06/28/07–07/05/07 30, 0 h 1, 18 h 48 7.53
07/05–17/07 10, 12 h 11, 0 h 18 11.3
2.2.3. Development of flood level illustrations
The results obtained by Equation 1 provide the values of sea

level rise during as a storm took place on the coast and, when
compared with the elevations of the Digital Terrain Model, in-
dicate areas of potential coastal flooding. Benavente et al. (2006)
and Freitas et al. (2010) obtained satisfactory results in identifying
areas vulnerable to flooding by overlapping sea level lifting quotas
with their DTMs.
3. Results and discussion

3.1. Validation of the analytical model

To validate the analytical model we compared modeled sea-
level rise with field measurements by Parise et al. (2009) on Cas-
sino Beach (RS) during 2006 and 2007. These authors monitored
23 events and measured meteorological tides using topographic
profiles and video monitoring. To assess the accuracy of the ana-
lytical model, we compared the values obtained by the model to
those measured in the field by Parise et al. (2009) (Table 1), and
ed by the analytical model for comparison with the measures in the field by Parise

Cd Wave
height (m)

Wave per-
iod (s)

ΔP (hPa) Calculed ele-
vation (m)

Elevation Parise
et al. (2009) (m)

1 2.4 8.05 8 0.51 0.48
1.5 4.24 8.58 28 1.4 1.26
1.6 1.1 5.8 25 0.7 0.81
1.4 4.46 10.06 17 1.96 1.81
1.4 3.8 8.84 16 1.68 1.84
1.45 3.94 9 24 2.7 1.82
1.4 2.5 6.43 18 1.19 0.92
1.2 2 7.4 8 0.58 0.49
1.4 2 6.7 10 0.68 0.12
1.3 3.5 9.1 27 1.85 0.73
1.2 1.4 6.22 11 0.4 0.44
1.4 1.4 7.6 15 0.64 0.93
1.4 2.14 5.6 19 0.84 0.89
1.4 2.35 6.6 14 0.95 0.92
1.2 2.8 8.7 13 1.1 1.45
1.4 2.3 6.12 18 0.8 0.62
1.4 3.3 7.74 18 1.29 1.07
1.4 3.8 9.73 6 1.0 1.06
1.4 3.92 9.67 19 1.55 1.14
1.6 2 6.3 17 1.33 0.74
1.2 1.16 10.01 19 0.63 0.89
1.2 2 8.63 21 1.0 1.94
1.4 2.6 7.9 21 1.0 1.02



Table 2
Sea level elevation values calculated by the analytical model for Hermenegildo Beach during the 16 selected extreme events between 1997 and 2008.

Event
number

Ocurrence period
Melo et al. (2010)

Start of the
event (day,
time)

Event end
(day,
time)

Event Dura-
tion (hours)

Wind
speed (m/
s)

Cd Wave
height
(m)

Wave
period (s)

ΔP (hPa) Astronomical tide
(m)

Level eleva-
tion (m)

1 04/05/1997 4, 12 h 6, 6 h 48 10.4 1.4 3.6 11.0 14.0 0.5 2.8
2 05/23/1997 24, 18 h 26, 6 h 42 6.1 1.15 2.5 11.0 19.0 0.6 2.0
3 03/25/1998 24, 12 h 26, 12 h 54 10.5 1.4 3.0 8.1 15.0 0.4 2.5
4 04/18/1999 15, 12 h 19, 12 h 102 7.75 1.2 3.26 8.04 17.0 0.7 2.7
5 05/20/1999 18, 18 h 21, 6 h 66 9.14 1.3 3.3 8.46 12.3 0.5 2.5
6 05/31/1999 29, 12 h 31, 0 h 42 13.8 1.45 3.8 7.9 18.0 0.6 3.3
7 04/18/2000 20, 0 h 21, 18 h 48 8.6 1.2 3.2 8.7 16.5 0.5 2.2
8 02/02/2002 1, 6 h 2, 12 h 36 11.9 1.4 3.6 8.6 13.0 0.1 2.2
9 09/01/2002 31, 12 h 2, 12 h 54 12.3 1.4 4.5 11.9 18.5 0.4 3.6

10 05/25/2003 23, 0 h 25, 12 h 66 14.9 1.6 3.6 8.4 23.3 0.5 5.0
11 05/26/2004 26, 6 h 28, 0 h 48 12.7 1.4 3.8 8.9 32.0 0.6 3.4
12 06/27/2006 26, 6 h 27, 18 h 42 10.6 1.4 4.2 9.1 22.0 0.3 2.5
13 07/29/2006 28, 18 h 31, 6 h 66 11.6 1.4 4.13 9.94 14.0 �0.1 2.9
14 09/04/2006 2, 12 h 4, 18 h 60 13.0 1.5 3.95 9.0 28.0 0.4 3.8
15 08/20/2007 20, 0 h 21, 6 h 36 11.3 1.4 2.7 7.2 18.0 0.2 2.0
16 05/25/2008 24, 6 h 25, 18 h 42 13.2 1.5 4.0 8.9 14.0 0.6 3.3
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calculated their correlation afterwards (Fig. 2). A positive correla-
tion coefficient (R) was found with the value of 0.77, which is
considered statistically high. However, taking into account all of
the simplifications assumed for the preparation of the analytical
model as well as the potential in accuracies in the amounts re-
corded by Parise et al. (2009), the correlation between the data can
be considered very satisfactory. The Equation 11 describes the
relationship between the data. Therefore, the correlation was
calculated excluding the event in which this behavior was ob-
served, as well as the event where the meteorological tide re-
corded by Parise et al. (2009) presented an inconsistent value
much lower than expected based on the pressure, wind and wave
characteristics. Thus, this correlation excludes events recorded for
the periods from 09/01/06 to 09/08/06, 10/08/06 to 10/13/06, 11/
02/06 to 11/13/06 and 06/07/07 to 06/20/07.

3.2. Analytical model implementation

For the analytical model implementation, the most extreme
events between 1997 and 2008 on the Rio Grande do Sul coast
identified by Melo et al. (2010) were selected. Through numerical
modeling, the authors identified the events with the highest wave
heights between the years 1979 and 2008. In this study, event
selection started in 1997 because the Wave Watch III wave data
started that year. For Hermenegildo Beach, sea level elevation
Table 3
Contributions from each forcing factor making up the overall rise in calculated sea leve

Event number Ocurrence period Wind elevation (m) Wave elevation (m) Pres
(m)

1 04/05/1997 1.02 1.18 0.14
2 05/23/1997 0.25 0.99 0.19
3 03/25/1998 1.17 0.78 0.15
4 04/18/1999 1.0 0.82 0.17
5 05/20/1999 1.0 0.87 0.12
6 05/31/1999 1.63 0.87 0.18
7 04/18/2000 0.6 0.88 0.16
8 02/02/2002 1.0 0.93 0.13
9 09/01/2002 1.6 1.4 0.19

10 05/25/2003 3.3 0.9 0.23
11 05/26/2004 1.5 1.0 0.32
12 06/27/2006 0.9 1.1 0.22
13 07/29/2006 1.7 1.4 0.14
14 09/04/2006 2.1 1.0 0.3
15 08/20/2007 0.9 0.7 0.2
16 05/25/2008 1.5 1.0 0.14
values were then calculated using the analytical model for 16
events induced by the passage of cyclones included in this period.
The sea level elevation values and their respective atmospheric
and hydrodynamic characteristics are shown in Table 2.

The analytical model is very sensitive to wind conditions, al-
lowing it to respond directly to speed increases and the time
duration of the event. Thus, the final values calculated for sea level
elevations at high and long durations of wind speeds can be over-
estimated, since Equation 2 assumes a constant depth throughout
the fluid flow to the coast and does not consider the friction with
the bottom of the water, making it an inviscid solution. Thus, ac-
cording to Csanady (1982), while there is wind present the water
level rises linearly with time due to water stacking on shore.
However, the simulations in this work can support and guide ur-
ban planning in the study area, even if the model at certain times
may over-estimate the elevation of sea level on the passage of
cyclones, since it is preferable to produce extreme scenarios that
results under-estimated and optimistic for this type of event..
Thus, as described by Van Cooten et al. (2011) with the IC-FLOW
Project, this work can be used as a planning tool by coastal man-
agers to simulate the effect of historical and/or hypothetical
storms on a community, thus creating an opportunity to enhance
resiliency through science-based community planning and emer-
gency response.
ls.

sure elevation Astronomical tide elevation
(m)

Total level elevation (m)

0.5 2.8
0.6 2.0
0.4 2.5
0.7 2.7
0.5 2.5
0.6 3.3
0.5 2.2
0.1 2.2
0.4 3.6
0.5 5.0
0.6 3.4
0.3 2.5
(-)0.1 2.9
0.4 3.8
0.2 2.0
0.6 3.3



Fig. 3. Sea level elevation in 2.7 m superimposed on DTM.
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3.3. Forcing contributions to sea level rise during the passage of
cyclones

According to Benavente et al. (2006), the influence of variables
that affect sea level rise during a “storm surge” depends on the
intensity of storms generated by the passage of frontal systems.
Fig. 4. Event 4. Cyclone parked in front
Therefore, for the analysis of Table 2, it can be seen that the events
presented different hydrodynamic and atmospheric behaviors,
which in turn generate different values for the sea level elevation.
In this sense, the values of sea level rise oscillated between 2 and
5 m during cyclone passage. These extreme values were directly
related to the wind behavior, where the lowest value of sea level
of the studied area during 4 days.



Fig. 5. House destruction during the April 1999 event.
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rise, 2 m, was recorded at a lower wind speed, 6.1 m/s. Similarly,
the highest elevation level, 5 m, was recorded at the highest wind
speed, 14.9 m/s. In general, referring to the contribution of each
forcing factor in the elevation levels shown in Table 3, the wind
has a greater contribution than the other factors to sea level rise.
On average, the wind was responsible for inducing 43% of sea level
rise, followed by waves at 35%, astronomical tides at 15% and fi-
nally the pressure at 7%. In studies conducted in southwestern
Spain, Benavente et al. (2000) credited the wind with 60% of the
sea level rise during the occurrence of a storm-induced cyclone,
while the waves were credited with 30% of the rise.

Table 3 shows the contribution of each forcing factor that
makes up the overall rise in sea level during the implementation of
the analytical model, with the wind as the major agent responsible
for the induction of positive oscillations of sea level during the
passage of cyclones.

For all 16 events analyzed, the wind came from the SW, which
due to the NE-SW orientation of the Rio Grande do Sul coast,
produces water stacking due to the Coriolis effect. This behavior
was also observed by Saraiva et al. (2003) and Parise (2007), and
these authors related elevations in sea level during the passage of
cyclones with a SW wind in 85% and 70% of cases, respectively.
Studying the occurrence of storm surges in southern Brazil, Truc-
colo et al. (2006) and Xavier (2003) also found the wind parallel to
the coast to be the main water truck agent on the coast. According
to the authors, the main forcing factors that promote positive and
negative fluctuations in sea level are the longitudinal / meridional
Fig. 6. Sea level elevation in 5 m superimposed on DTM. The inlets are indicated in re
referred to the web version of this article.)
components to wind stress on the coast, with atmospheric pres-
sure playing a secondary role.

3.4. Sea level elevation

Table 2 provides sea level elevation values calculated for the
selected events. Comparing and superimposing these values on to
elevations of the Digital Terrain Model indicate areas of potential
coastal flooding. It is noteworthy that the flood levels are related
to elevations of the land base and do not take into account the
interactions between water and structures on the ground. How-
ever, these models can be used to evaluate worst case scenarios for
lifting levels during storms (Ferreira et al., 2006). In this sense, as
adopted by Tagliani et al. (2010), in a scenario of flooding, a major
factor to consider is the elevation of the terrain where the lower
altitudes are more vulnerable to rises in sea level, water cannot
reach attainable sites or in the larger spring tide.

For the 16 events analyzed, we calculated 11 distinct values of
elevation level resulting from the passage of cyclones, oscillating be-
tween 2 and 5m. To identify the flooding vulnerability, the calculated
results were superimposed on to the Digital Terrain Model of Her-
menegildo Beach. Two of the specific cases will be discussed below. In
Maia (2011), you can see in detail all sea level rising situations iden-
tified in Table 2.

3.4.1. Sea level elevation at 2.7 m
The elevation level at 2.7 m was calculated for the event that

occurred on 04/18/1999 (Event 4), which is illustrated in Fig. 3. In
this event, the illustration indicates a greater intrusion of the sea
on to the beach, so that virtually all buildings located on the sec-
ond line of houses parallel to the beach are affected by sea water,
including those located at the northern and southern urbanized
limits of Hermenegildo Beach. However, at the southern end of the
same stretch in front of the preserved dunes, the water still re-
mains on the face of the beach. This event presented two im-
portant features, a large contribution from the astronomical tide,
26%, and a very high time of event duration, with the cyclone
staying on the platform for 102 h (Fig. 4), the highest among all
cases analyzed. According to Machado et al. (2010), the meteor-
ological scenario of this event was highly unusual because the
cyclone path on the platform developed in a circular manner,
without major zonal and meridional movements, and then prac-
tically remained parked opposite the Rio Grande do Sul coast.

Given its impact on the coast, several author shave studied the
d.(For interpretation of the references to color in this figure legend, the reader is



Fig. 7. Significant wave height during event 10.

Fig. 8. Wave period during event 10.
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event that occurred in April 1999. According to Esteves et al.
(2000), during this event on the Rio Grande do Sul shore, winds up
to 115 km/h were recorded, and waves up to 8 m were measured
by wave rider at a 15 m depth. Using modeling of wave propaga-
tion, Goulart (2010) found waves up to 9.2 m in the state. Ac-
cording to Esteves et al. (1999) as well as Santos and Esteves
(2001), these high-energy conditions resulted in critical erosion on
Hermenegildo Beach, causing the total destruction of 20% of sea
side houses and countless losses to structure, as illustrated in
Fig. 5. According to Tozzi and e Calliari (2000) the April1 999 storm
was a typical example of high-energy events that threaten the
Hermenegildo resort at least once a year.

3.4.2. Sea level elevation at 5.0 m
The increase in level of 5.0 m was calculated for the event on

05/25/2003 (Event 10) and is illustrated in Fig. 6. On examining
the figure, it is apparent that the resort has a large portion of its
territory exposed to the water, with flooding reaching the second
through the fifth home court. In the southern sector, a level rise of
5 m climbs the preserved dunes but not completely, with the top
of the dunes remaining dry. Thus, even in the face of a very high
rise in level, the dunes still retain their role as a natural barrier
that protects against advances from the sea. To the Rio Grande do
Sul coast, Guimarães et al. (2015) also identified through numer-
ical models the important role of the dunes to the coastal pro-
tection, preventing water intrusion on the continent. In the Fig. 6,
the two great depressions in the land north and south of the ac-
cess road to the resort are clear, and the worst-hit areas are pre-
cisely those located in the vicinity of inlets, as these regions have
lower quotas and are also characterized as access roads for the
intrusion of sea water on to the continent.

Due to the higher wind velocity recorded during all the events,



Fig. 9. Low pressure center in the Atlantic Ocean indicating the cyclone during event 10.

Fig. 10. Stagnant cyclone between two high pressure centers in April 1999.
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with 14.9 m/ s recorded, as well as the long event duration (66 h),
the wind contribution to raising the level was 66%. Thus, due to
this high value, the other forcing factors present relatively minor
percentage value contributions, with waves contributing 18%, the
astronomical tide contributing 10%, and the pressure contributing
5%; these values do not necessarily mean that they have con-
tributed little because the significant wave height was relatively
high, 3.6 m, and 8.4 s for the period (Figs. 7 and 8), and the
pressure introduced the 3rd largest value variation among other
events, with oscillations of 23.3 hPa (Fig. 9). Thus, as in event 14,
the high values in wind, wave and pressure properties were re-
sponsible for the high value in the elevation level of 5 m, especially
the wind.

Calliari and Faria (2003) also studied the event that occurred in
May 2003. According to the authors, this event could be observed
in the Argentine, Uruguayan and Brazilian coast. Also according to
these authors, significant wave heights up to 6.9 m with periods of
up to12.2 s were recorded by a Brazilian Navy buoy anchored 70 m
deep approximately 75 nautical miles SE of Rio Grande.

3.5. Positive storm surges and their impact on the Brazilian southern
coast

During the events studied, the most important factor for the
existence of positive storm surges was the presence of a low
pressure center (cyclone) in the Atlantic Ocean over the con-
tinental shelf. Off the Brazilian southern coast, cyclones move to-
wards the coast and can stay in this region for hours to days,
creating waves and high intensity winds on the Rio Grande do Sul
coast. Thus, in these situations, the main cause of storm surges is
the continued presence of cyclones coming toward the mainland,
which then generate strong winds, high waves, water accumula-
tion and stacking on the coast. According to Tozzi (1999), the lo-
cation of the center of high pressure is also of great meteorological
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importance because this factor may divert the trajectory of cy-
clones and even make them stagnate in a given area when acting
as an atmospheric blocking event. This situation was observed in
the April 1999 event (Event 4), in which the cyclone over the
continental shelf found itself trapped between two anti-cyclones,
one in the middle of the Atlantic Ocean and one on the main land,
as shown in Fig. 10. We setup an atmospheric blocking mode to
stagnate and prevent the dissipation of the cyclone, which then
remained for 102 h over the continental shelf adjacent to the Rio
Grande do Sul. According to Machado and Calliari (2016), in a
study of 93 extreme events occurring between 1948 and 2013 with
NCEP/NCAR reanalysis dataset, the path of the cyclone formed a
loop without much forward motion, and this extratropical cyclone
presented the lowest propagation velocity of all cyclones studied
during this 66 years.

Among all the events analyzed this event was that presented
the longer duration time (102 h), almost double that the second
(66 h). Thus, because of his long permanence on the platform, and
as described above, this event was responsible for the destruction
of 20% of sea side houses located in Hermenegildo Beach and
numerous others structural damage. According to Machado and
Calliari (op cit.) this storm caused severe erosion at this beach,
45 m3 m�1. Studying the occurrence of extreme events in south-
ern Brazil, Guimarães et al. (2014) identified an important re-
lationship between geomorphology and waves during storms
surges. According to the authors, the wave energy tends to be
concentrated in areas of higher gradients of bathymetry and with
heterogeneous bottom morphology, as in the Hermenegildo Beach
and, although the erosion at this beach has mainly been a problem
of anthropic occupation, this relationship between waves and
geomorphology shows that this problem can also be associated
with the cyclogenesis pattern and the wave transformation at the
shoreface, where the waves energy has been concentrated in front
of Hermenegildo Beach.

Tozzi (1999) and Parise (2007) consider that cyclones very near
the coast have a severe recurring impact, but storms located in the
middle of the ocean generate comparatively smaller impacts that
are distributed along the coast. Among the events analyzed in this
work, one that has more information about the damages, and also
considered in the existing literature the most harmful, the April
1999 event (Event 4) has, according to Tozzi and e Calliari (2000),
an annual return period. Sallenger (2000) proposed a scale of
storm impacts in coastal areas, where the most extreme levels,
Overwash Regime and Inundation Regime, were observed during
the event 10 with sea level rising at 5 m (Fig. 6). At this level, in the
areas with sand dunes preserved, is possible to observe both
overwash of some sections of the frontal dunes as the transposi-
tion of the same and subsequent flooding of the rear area of the
dune system. However, even with such increased level of 5 m and
the occurrence of both impacts, we can still observe the top of the
dune system emerged. So in 400 m of a beach stretch, depending
on the morphological variation of sand dunes, it was possible to
observe different levels of impact for the same event.

In a sea level lifting scenario, per share of storms, a factor that
draws attention when analyzing the illustrations relating to vul-
nerability to flooding is the presence of inlets. According to Fig-
ueiredo and Calliari (2005), these features are quite common in
the Rio Grande do Sul coast, where these small-scale water ways
play an important role in the drainage of the coastal zone and
especially in sediment remobilization of the dune and swash re-
gions. Thus, their presence on the coast is extremely important to
the dynamic sand configuration of the frontal dunes. In particular,
Hermenegildo Beach has a greater than average concentration of
inlets per kilometer of beach compared with the rest of the Rio
Grande do Sul coast (Tozzi et al., 1999), with 3 large inlets ob-
served throughout the resort, which extend less than 3 km (Fig. 6).
These structures are interruptions of the dunes and are true
weakness zones to the onslaught of the sea. In addition to inter-
rupting the continuity of the dunes, they are areas of low altitude,
thereby enhancing the effects of sea level highs on the inlets. This
is quite explicit in the illustrations relating to the sea level rise in
5.0 m, where the areas of greatest seawater intrusion are just over
the inlets (Fig. 6). To the Rio Grande do Sul coast, Guimarães et al.
(2015) also confirmed that the urban occupation in inlets pro-
duced a large susceptibility of flooding risk due to water level
variations. Another important factor in this context is that in storm
situations, the inlets support faster water movement due to the
increase in rain fall rates, draining water from the coastal area
adjacent to the region. However, with a rising sea level on the
coast, this rain water cannot drain and empty into the sea but
rather is dammed in the continent, transposing the margins of the
inlet sand flooding the region. As the volume of water handled by
an inlet is variable, its position and mouth are also dynamic and
meander, assuming different degrees of compliance. This feature
makes the areas surrounding these inlets more vulnerable and
susceptible to marine action, constantly changing the morphology
of the dunes. Thus, the flood potential is intensified in areas where
the lateral migration of inlets changes the setting of the dunes
(Benavente et al., 2006). Inlets of Hermenegildo Beach does not
contain containment structures, which allows the horizontal dis-
placement of the shoreline in these areas into the continental in-
terior. Thus, the natural occurrence and patterns of changes pro-
duced by urbanization highlight inlets coastal risk characteristics
(Figueiredo and Calliari, 2005).
4. Conclusions

An analytical model was developed to calculate sea level rise
during storms with satisfactory results. For the study area, the
model can be used for reconstitution and forecasting rises in sea
level on the coast due to the passage of cyclones.

In the case of the Rio Grande do Sul southern coast during
cyclone-induced storms, rising sea levels were forced primarily by
the wind (contribution 43%), secondarily by swell (contribution
35%), followed by astronomical tide (contribution 15%) and finally
by atmospheric pressure (contribution 7%). Combining the results
obtained by applying the analytical model for sea level rises during
storms with Digital Terrain Models (DTM) allowed an approx-
imation of the potential flooding of the beach, dune field and
adjacent regions, supplementing forecasts and decision making by
managers. Such tools are used to support the analysis of coastal
risk, although other factors such as the presence of containment
structures (walls, spits, etc.) should also be considered in quanti-
fying the degree of risk.

For the Hermenegildo Beach, the following can also be
concluded:

The central sector is the most vulnerable to flooding because
this segment has less beach width due to sea advancement and
restriction of the shoreline by high concentrations of houses on
the escarpment. The southern sector of Hermenegildo Beach is the
least vulnerable stretch. In this area, urbanization still has a small
presence, and the dunes are preserved. This stretch also includes
the widest beach, which dissipates wave energy, reducing the
impact on this coastal sector. As this section is still preserved, it
has greater adaptive capacity for dynamic beach balance, and the
dunes are shown to be very efficient structures in terms of natural
coastal protection. On the other hand, zones adjacent to the inlets
may be considered highly vulnerable to floods.
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Appendix

η η η η η= + + +t v w p a.
Equation 1. Analytical model to calculate the rise in sea level

during storms induced by cyclones. Where,.
ηt¼total level rise.
ηv¼ level rise induced by wind (wind set-up).
ηw¼ level rise induced by wave (wave run-up).
ηp¼ level rise induced by pressure (barometric set-up).
ηa¼ level rise induced by astronomical tide.

η = *
ƒ

[(ƒ )е ]−v
u

c
t
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R

Equation 2. Wind-induced level elevation. Where,
ηv¼ level rise induced by wind (wind set-up) (m).
u*¼wind stress on the water surface (m/s).
ƒ¼Coriolis parameter (1/s).
c¼wave velocity in shallow water (m/s).
t¼event duration (s).
x¼distance from the point of desired elevation to the coast,

adopted here as 0 m (for wanting to achieve a level rise on the
coast).

R¼Rossby ray strain (m).
Where,

Ω αƒ = ( )2 sin

Equation 3. Coriolis parameter.

=c gH

Equation 4. Wave propagation speed calculation in shallow
water.

=
ƒ

R
c

Equation 5. Rossby ray strain. Where,
Ω¼7.292�10�5.
α¼�34°.
g¼9.8 m/s.
H¼ Average depth of the platform, adopted in this work as

100 m.
And also,

τ
ρ* =u
a

2

Equation 6. Wind surface tension on water.
Where,
ρa¼water density (1024 kg/m3).
τ¼wind shear stress.

τ ρ= CdVar
2

Equation 7. Wind shear stress. Where,
ρar¼air density (1.25 kg/m3).
V¼wind speed parallel to the coast (m/s).
Cd¼wind drag coefficient, which is dependent on the wind

speed and is derived from Bowden (1983).

η β= ( ′)o H L tans 0
0.5

Equation 8. Wave run-up. Where,
Hs ¼significant wave height in deepwater.
L0¼wave length.
β¼slope from the beach face in degrees, adopted here as 2.6°,

taken from Pereira et al. (2010).
And also,

′ =L T1. 560
2

Equation 9. Wave length. Where,
T¼ peak period associated with the significant wave height.

ρ
η =ΔP

g
p

a

Equation 10. Pressure-induced level elevation by Inverse Bar-
ometer Effect. Where,

ηp¼ level rise induced by pressure (barometric set-up).
ΔP¼atmospheric pressure variation (Pa).
ρa¼water density (1024 kg/m3).
g¼9.8 m/s.

= +Y x0.817 0.2252

Equation 11. Equation from linear correlation between sea le-
vel elevation values measured in the field (Parise et al., 2009) and
calculated by the analytical model.
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