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Chapter 6
Long Term Analysis of Meteorological- 
Oceanographic Extreme Events 
for the Baixada Santista Region

Celia Regina de Gouveia Souza, Agenor Pereira Souza, and Joseph Harari

Abstract This chapter presents a database of extreme events, including storm 
surges (SS) and coastal inundation/flooding (CI/F) that caused injuries and eco-
nomic/environmental losses in cities from Baixada Santista Metropolitan Region 
between 1928 and 2016 (hemerographic method). A group of seven indicators 
describes the boundary conditions of each event: duration/evolution interval, lunar 
phase, meteorological tide height, precipitation, wind direction and intensity, sig-
nificant wave height and direction, and ENSO phases. They were listed 115 SS 
(76.5% only in the current century) and 123 CI/F (47.2%). Around 76.5% of SS 
occurred between April and September, while 50.4% of CI/F between January and 
April. Spring tides influenced 52.2% of SS and 65.6% of CI/F. Accumulated rainfall 
volume during the duration interval was 227.1  mm in SS and 277.8  mm in 
CI/F. Maximum height of meteorological tides was 0.78 m for both types. Wind 
intensity reached 20.6 m/s in SS and 17 m/s in CI/F events, both with predominant 
SW-SSW directions. Significant waves reached 7 and 5.5 m respectively in SS and 
CI/F, being S-SSE directions predominant. ENSO phenomenon seems to control 
these extreme events, once 54.8% of SS and 46.3% of CI/F occurred during EN, and 
40% of SS and 37.4% of CI/F during LN phases.
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6.1  Introduction

Coastal zones are influenced by oceanographic, atmospheric and continental pro-
cesses and are therefore particularly sensitive to climate variations. In a climatic 
change scenario, sea-level rise and changes in the intensity, spatial distribution and 
temporal frequency of extreme meteorological-oceanographic events induced by 
wind, rain, waves and tides might produce significant impacts in these regions.

Much evidence suggest that climate changes have already modified the magni-
tude and frequency of extreme meteorological events around the world, though 
attributing isolated events to climate change is still difficult (IPCC 2012). Moreover, 
a general increase in extreme events is expected in future decades (IPCC 2014).

Brazil’s coastal zone is very susceptible, and its inhabitants vulnerable, to cli-
mate change and its effects (Marengo et al. 2017a, b). Considering sea-level rise 
(SLR) alone, the consequences can be diverse, as they impact both natural and 
anthropogenic environments. In this regard, many Brazilian regions are already 
being affected by severe coastal erosion and coastal inundation linked to extreme 
storm and tidal surges (Souza et al. 2005; Muehe 2006; Nicholls 2006; Gasparro 
et al. 2008; Souza 2009a, b, 2010, 2011, 2012; Magrin et al. 2014; PBMC 2014; 
Marengo et al. 2017a, b).

A 61-year time span (1948–2008) of wave climate data reanalysis for the Latin 
American and Caribbean regions showed that many changes in wave height and the 
mean direction of the energy flux have occurred along the Brazilian coast, mainly in 
the South Region (Losada et al. 2013; Reguero et al. 2013; CEPAL 2016).

Reguero et al. (2013) and CEPAL (2016) pointed to the following results for the 
Brazilian coast: increase in mean annual significant height (Hs) by ca. 6 mm/year; 
increase in Hs12 (Hs exceeded for 12 h on average every year, thus related to the 
annual extreme values; Hs is closely linked to the closure depth of the beach profile 
and thereby to potential erosion), with mean values of around 3 cm/year; a moderate 
(1.5 mm/year) increase in surge extremes was noted on the southern Brazilian coast, 
with a similar reduction in the northern coast; and a clockwise rotation trend in the 
direction of the mean energy flux (DFE; related to sediment transport and pocket 
beach rotation). The clockwise rotation trend is probably related to the previously 
detected trend of rotation toward the poles in extratropical storm activity, meaning 
more storm activity at high latitudes and less at medium latitudes, something which 
is more pronounced in the South Hemisphere (SH). The southern Atlantic coast 
shows low positive correlation according to the northward displacement of the 
Atlantic intertropical convergence zone. The correlation pattern, however, has 
strong similarities to the pattern of the Tropical South Atlantic Index (measures sea- 
surface temperatures in the eastern tropical South Atlantic Ocean), because both 
indices are related to Atlantic warming. In view of these results, no apparent link 
exists between El Niño–Southern Oscillation (ENSO/SOI) and wave climate on the 
South Atlantic coast, for either wave height or direction.

C. R. de G. Souza et al.
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Despite the limited mapping scale, the data from wave climate reanalysis (1948–
2008) presented by Reguero et al. (2013) and CEPAL (2016) allows us to identify 
some trends specifically for the coast of São Paulo State, such as mean annual Hs of 
1.5  m; maximum mean Hs of 2.5 during June-July-August, and 3.8  m during 
September-October-Novenber; Hs12 ranging between 3.3 and 4.3 m; DFE of SSE 
(135–180°); astronomical tide ranges of 0.5–1.0  m; meteorological tide (storm 
surge influence) of 0.3–0.4 m on average. Considering only extreme events (Hs + 
storm surge) and return periods of 50 years (period of reanalysis) and 500 years 
(reference year: 2010), Hs(50) = 5.5–6.0 m; Hs(500) = 7.0–8.0 m; meteorological tide 
(50) = 1.3–1.8 m. The long-term (61-year time span) trends indicate the following 
increases in average values: Hs  =  0.1–0.3  cm/year; Hs12  =  0.7–1.3  cm/year; 
DFE = 0.13–0.22°/year clockwise (values also increase northward along the state 
coast).

According to Losada et al. (2013) and CEPAL (2016), the annual trends in storm 
surge (SS) extremes indicated that the zone with the greatest positive trend was Río 
de la Plata, with values of up to 5 mm/year between 1948 and 2008. This was also 
the area with the greatest surge extremes throughout all seasons. Trends decreased 
to 2 mm/year immediately north of the river inlet, extending northward to Brazil’s 
southern coast. The increase is associated with the 100-year return period level, 
which is at its greatest in northern Argentina, Uruguay and southern Brazil, where 
the trend is dominated by SS extremes (note that these areas are poles of cyclogen-
esis). At the remaining points, the mean sea level (MSL) trend predominates. 
Moreover, long-term shifts in extreme probability density functions suggest that 
extreme values have become more frequent in recent decades.

These results imply that coastal flooding risk in low-lying areas may be increas-
ing due to a combination of rising MSL and variations in extreme SS events. By 
itself, rising MSL may not cause flooding, but rising water levels have caused a 
decrease in the return periods of the extreme total water levels during the last five 
decades (Losada et al. 2013).

Concerning climate extreme projections for the Brazilian coastal zone, trends 
point toward an increase in magnitude and frequency of extreme rainfall events 
(5 days), as well as a decrease in their return periods for all regions, the Southeastern 
and Southern Regions in particular, and an increase in wind velocity for all regions, 
the Northeast in particular (e.g. Magrin et al. 2014; CEPAL 2016; Marengo et al. 
2017a). These trends, in addition to an increase in the SLR rate for the entire 
Brazilian coast, will likely increase the number and magnitude of natural disasters 
related to meteorological-oceanographic events, such as coastal erosion, coastal 
inundation and flooding.

This chapter presents an analysis of an extensive time series of hazardous events 
and associated processes, such as storm surges and coastal inundation/flooding, that 
have caused injuries and widespread human, material, economic or environmental 
losses in many areas of the Baixada Santista Metropolitan Region (BSMR).

6 Long Term Analysis of Meteorological-Oceanographic Extreme Events... 
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6.2  Main Concepts

Storm surge (SS) is the abnormal rise in seawater level during a storm on an open 
coast, measured as the height of the water above the normal predicted astronomical 
tide, resulting from the combined impact of wind setup due to wind stress on the 
water surface, the atmospheric pressure reduction (cyclonic storm), decreasing 
water depth, and the horizontal boundaries of the adjacent water (Pugh 1987; NOAA 
2017; Mangor et al. 2017). The “surge” is the difference between the observed and 
the predicted (astronomical tide) levels, which can be either positive or negative and 
causes a rapid increase or decrease in sea level (SL), respectively (Pugh 1987). 
Therefore, it corresponds to the meteorological tide. Storm tide is the total observed 
seawater level during a storm, resulting from the combination of storm surge and 
astronomical tide (NOAA 2017).

In summary, high winds and low pressure created by the cyclonic storm cause 
water to accumulate at this centre, resulting in water piling up along the front of the 
storm during its migration across the ocean (Pugh 1987). Closer to the shore, water 
is pushed toward the beach, causing a rapid elevation in SL, with waves becoming 
higher and more powerful. Consequently, an SS occurs. However, this complex 
phenomenon is further influenced by many different factors. The amplitude of the 
SS at any given location depends on the orientation of the coastline relative to the 
storm track; the intensity, size, and speed of the storm; and the local bathymetry and 
underwater topography (NOAA 2017; Mangor et al. 2017). The effects associated 
with atmospheric pressure are less than 10% of the total, wind shear stress on the 
sea surface being the main component (Camargo and Harari 1994; Marone and 
Camargo 1994).

In the southern region of South America, atmospheric circulation is controlled by 
atmospheric perturbation, particularly the South Atlantic Tropical Anticyclone—a 
wet and stationary (westerly winds) high pressure centre—and the cold migratory 
anticyclones, such as the Atlantic Polar Anticyclone, which are responsible for the 
northward migration of extratropical cyclones (southeastern winds) and associated 
cold fronts (e.g. Satyamurti et al. 1998).

South America has four cyclogenesis centres (Gan and Rao 1991; Sinclair 1996; 
Parise et al. 2009; Reboita et al. 2010) responsible for the formation and migration, 
or meteorological patterns, of extratropical cyclones: (a) Pattern I – cyclogenesis in 
the southern Argentinian coast, with a displacement to the east and a trajectory 
between 47.5°S and 57.5°S; (b) Pattern II – cyclogenesis in the southern Uruguayan 
coast, with a displacement to the east and a trajectory between 28°S and 43°S; (c) 
Pattern III – cyclogenesis in the southern Uruguayan coast, with a displacement to 
the southeast and a trajectory between 32°S and 57.5°S; (d) Pattern IV  – high- 
pressure centre generating easterly winds.

Machado et al. (2010) conducted a hindcast study of wave energy in deep water 
(100 m), using a wave model based on reanalysis of 29 years (1979–2008) of wind 
data for the coast of Rio Grande do Sul. They identified a total of 40 extreme events, 
53.66% of which had a Pattern II trajectory, while 26.82% were associated with 
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Pattern III; collectively, these patterns represented 80% of all extreme events. 
Coastal erosion episodes were associated mostly with Pattern II, while Pattern III 
caused the highest surges.

Parise et al. (2009) studied extreme SS in southern Brazil and concluded that the 
highest sea level elevation events resulted from the action of SW winds, which blow 
parallel to the main NE-SW coastline orientation in the region, and may be explained 
by the Coriolis effect (i.e. Ekman transport) causing a build-up of water along the 
coast.

Another way to retrieve and analyse historical data on extreme meteorological- 
oceanographic events is through a survey of articles from local and regional news 
media. Paula et al. (2015) called this type of survey the “hemerographic method”. 
Examples of this approach being used in Brazil can be found in the works of 
Bittencourt et al. (2008), Lins-de-Barros (2010), Pontes and Zee (2010), Paula et al. 
(2015), and Rudorff et al. (2014).

Chapter 8 also surveys news articles, as sources of information on the occurrence 
of mass movements.

6.3  Coastal Processes and Extreme Events in Santos

In general, on any ocean coastline, SS has the following results:

 (a) Beach erosion – due to the transfer of sediments from the immersed/subaerial 
contour to the submerged contour of the beach (Bruun rule), and the temporary 
transverse/vertical migration of the beach contour in the direction of the 
mainland;

 (b) Erosion of urban infrastructure and retention structures – due to the hydraulic 
and mechanical forces generated by the waves (overtopping) on these 
structures;

 (c) Coastal inundation – due to the raised elevation of the SL and the overtopping 
of waves over urban structures.

Coastal erosion (of the entire coastline) can be classified as chronic or acute (e.g. 
Mangor et al. 2017). Normally, coastal erosion develops progressively and continu-
ously over the years. This happens due to the deficit in the sedimentary balance of a 
given coastal cell. Acute erosion results from extreme events, such as storm surges 
(waves heights greater than normal) and positive meteorological tides (short-term 
sea level rise), whose effect is the migration of the beach profile toward the main-
land and the displacement of large quantities of sand to the immersed contour of the 
beach (e.g. Souza 2009a, b, 2012).

The consequences of coastal erosion can be diverse – a reduction in the width of 
the beach and/or retrogradation of the coastline; disappearance of the backshore and 
even of the beach itself; loss of properties and assets along the coastline; destruction 
of man-made structures parallel and transverse to the coastline; problems with, or 
collapse of, the sanitation drainage system (underground systems and marine 
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 outfall); reduction of the recreational water quality of coastal waters; erosion in the 
region downstream of estuarine ecosystems, with possible alteration of estuarine 
circulation; loss of fishery resources; loss of scenic value of the beach and/or coastal 
region; loss of the property value of oceanfront homes; compromised tourism 
potential of the region; impairment of socioeconomic activities connected to beach- 
related tourism and leisure; artificial construction of the coastline (coast “protec-
tion” structures); increased expenses due to restoration of beaches and reconstruction 
of the waterfront (Souza et al. 2005; Souza 2009a, 2012).

In Santos, chronic erosion has affected Ponta da Praia since the beginning of the 
1940s, triggered mainly by the construction of the avenue to the waterfront over the 
beach itself (Souza et al. 2012; Souza 2017). Further contributions to this erosion 
include destruction of the dunes, coastal strands and mangroves; alterations to the 
drainage network; increasing impermeability of the land close to the coastline; land-
fills above the estuarine channel; installation of structures transverse to the coast-
line; construction of retaining walls and stone bulkheads; dredging (mainland and 
Santos Bay); removal of sand from the beach; sea-level rise; and increased occur-
rence of extreme events (storm surges and meteorological tides).

On the short- and mid-term temporal scale, the morphodynamic processes of 
Praia de Santos are controlled by the occurrence of extreme meteorological- 
oceanographic events (Souza et  al. 2016a, b; Souza 2017). In the east-southeast 
sector (Southeast Zone) of the beach (Fig. 6.1), these events cause acute erosion of 
the beach and destruction of urban infrastructure, and they intensify the chronic ero-
sion of Ponta da Praia and its expansion toward Canal 4, as well as provoking coastal 
flooding in the Ponta da Praia region and, eventually, the waterfront of neighbour-
hoods adjacent to Canal 4 (Fig. 6.2).

Costal inundation has also affected the Northwest Zone of Santos (see Fig. 6.1). 
This area also suffers with flooding caused by intense rains and high concentration 
of surface runoff, influenced by the drainage network coming from the hills of 
Santos; the low declivity of the entire region; the increasing impermeability of the 
land (this region was largely built over old mangroves and wetlands); the ineffi-
ciency of the urban macro-drainage system; and the damming of water in the mouth 
of the basin (man-made channel) connected to the estuary, which is provoked by 
high tides, especially during spring tides. What occurs in the area is a sum of pro-
cesses that trigger coastal inundation and flooding.

In addition to the costs of the restoration of Ponta da Praia and the continual 
maintenance of the sanitation canals, the greatest socioeconomic harm arising from 
these extreme events in Santos is related to loss and damage of the public and pri-
vate natural heritage, due to coastal erosion; coastal inundation; flooding in low-
lands; siltation in the navigation channel; damage to coastal protection works; 
structural or operational damage to Santos Port and terminals; damage to urban 
structures; flooding of the underground parking of buildings; structural damage or 
operational damage to sanitation and port infrastructure works; exposure of buried 
pipelines or structural damage to exposed pipelines; and serious disruption of the 
functioning of coastal communities, especially transportation and services.

C. R. de G. Souza et al.
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6.4  Data Bank Framework and Indicators of Boundary 
Conditions

The database presented here includes a historical analysis, using the hemerographic 
method, of the occurrence of extreme meteorological-oceanographic events that 
affected the region. These events are reported in the media as “Ressacas” (storm 
surges) and “Marés Altas” (high tides). In fact, they correspond to one type of haz-
ard (storm surge) and its associated geodynamic processes, including coastal ero-
sion, coastal inundation and flooding. In this case, flooding is caused by the 
combination of heavy rainfall and high tides, so that the waters from the watersheds 
discharges summed to the superficial continental runoff flowing down are blocked 
by the tidal waters rising into the existing drainage system (Marengo et al. 2017b).

Fig. 6.1 Areas in Santos most affected by storm surges, causing coastal erosion and coastal inun-
dation/flooding (C1–C6 = man-made drainage canals)

6 Long Term Analysis of Meteorological-Oceanographic Extreme Events... 
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The research focused mainly on the largest regional newspaper, A Tribuna de 
Santos, through both its physical (since 1928) and online (www.atribuna.com.br/) 
archives. Other newspapers, such as Diário do Litoral, Expresso Popular, Jornal da 
Tarde, D.O. Urgente, served as complementary references. News and information 
on oldest historical events were also consulted on the website Novo Milênio (www.
novomilenio.inf.br/).

Generally, these events are only reported on by the newspapers when they sig-
nificantly alter the beaches and/or cause some disruption for the city. In other words, 
most of the reports refer to events of high intensity and magnitude; therefore, we 
refer to them here as “extreme events”.

It must be noted that most of the news reports refer to Santos, home of the sur-
veyed newspapers. As the urbanisation in Santos seaside dates back to the beginning 
of 1930s, we can assume that an absence of news is not due to a lack of 
urbanisation.

For comparison, we also consulted the extreme events registry – Cadastro de 
Eventos Extremos – developed by the Geological Institute for the period 1923–2010 
(Gutjahr 2011), and the climate studies registry  – Cadastro do Laboratório de 
Estudos Climáticos  – of the Institute of Geosciences/Unicamp (LECLIG, for 
Laboratório de Estudos Climáticos do Instituto de Geociências in Portuguese), cov-
ering the period 1928–2014.

Fig. 6.2 Some impacts caused by storm surges on 07/04/2015 (a), 06/08/2016 (b), 16-08/2017 (c) 
and 20/05/2018 (d) in Ponta da Praia region (Southeast Zone) (photos from the first author)

C. R. de G. Souza et al.
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6.4.1  Methodological Approach

The meteorological-oceanographic events are influenced by a set of forcings linked 
to winds, waves, tides, lunar phase, precipitation, atmospheric circulation at the 
regional scale, and climate phenomena at the global scale, such as the El Niño 
Southern Oscillation (ENSO).

Regarding the atmospheric phenomena that influence these events in the state of 
São Paulo, the studies of Campos et al. (2010) were pioneering. The authors anal-
ysed a historical series (1951–1990) of data for wind fields, surface pressure, and 
sea level rise to identify SS in the Baixada Santista region and to compare them to 
some high-intensity occurrences that caused significant damages to Santos. The 
results showed that SS occurred due to the migration and persistence of a low- 
pressure system (extratropical cyclone) over the ocean, moving from southern South 
America, as well as the action of an anticyclone over the continent for a period of 
days, with winds above 8 m/s acting upon the ocean near the coast. The authors 
concluded that, in general, 2 days before an event of maximum sea level elevation 
is felt in Santos, an associated cold front is positioned over the coast of Paraná and 
São Paulo; one day before, the front passes over Santos, moving to Rio de Janeiro; 
and on the day of peak SS in Santos, the cold front reaches Espirito Santo. The 
period of greatest SS activity occurs between autumn and winter (April and August) 
and appears to depend on the intensification, size and position of the troughs over 
the ocean. In both the autumn and the winter, there are intense SW winds approxi-
mately parallel to the coast, a pattern determined by the troughs over the ocean in 
conjunction with high pressure over the mainland, increasing the number of SS 
events. In winter, severe intensification of the anticyclone over the mainland 
increases the pressure gradients responsible for intense SW winds; this period has 
the highest incidence of extreme cases. Conversely, in spring and summer, the 
troughs weaken, and the wind intensity diminishes, reducing the occurrence of 
events. For the analysed series, the distribution of events was as follows: 14.5% in 
spring; 13.4% in summer; 40.2% in autumn; and 30.8% in winter. Comparing the 
considered decades, the authors observed an increasing trend in the number of posi-
tive extremes between 1951 and 1980, of the order of 13%.

Thus, to determine the boundary conditions of each event registered by the data 
banking we selected seven indicator groups:

 (a) Duration and evolution intervals of the events
 (b) Lunar phase
 (c) Maximum height of the meteorological tide
 (d) Precipitation accumulated in the duration and evolution intervals of the event
 (e) Direction and intensity of the winds in the region
 (f) Significant wave height and direction in the region
 (g) Correlation with phases of El Niño and La Niña

6 Long Term Analysis of Meteorological-Oceanographic Extreme Events... 
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6.4.1.1  Duration and Evolution of Events

The “duration interval” of the event was defined as being the period between the 
actual start date of the event (not necessarily of the news about it) and last news 
report on the same event.

Considering the results of Campos et  al. (2010), we defined the “evolution 
period” of the event, which encompasses 4 days prior to the beginning of the event 
in addition to the “duration interval”. This period was used for synoptic analysis of 
the events and to obtain rainfall accumulations.

6.4.1.2  Lunar Phase

Record of the lunar phase for each event was obtained from websites (http://www.
cosmobrain.com.br and http://magodosol.atspace.org/lua).

The phases of greatest sea level rise occurred during the full and new moons, i.e. 
during spring tides, while the least SLR occurred during neap tides. Some events 
can occur in transition phases or extend over more than one lunar phase. Thus, to 
represent the different phases, we adopted the scale shown in Table 6.1.

6.4.1.3  Meteorological Tide

The tidal regime on the coast of São Paulo is semi-diurnal with diurnal inequality, 
having two high tides and two low tides at approximately 6-h intervals, the noctur-
nal high tide generally being the highest.

To describe this indicator, the highest meteorological tide levels were used for 
the duration interval; these values were made available by the Institute of 
Oceanography of the University of São Paulo (historical series of the Torre Grande 
tide gauge and satellite altimetry data) and the Hydrodynamic Research Centre at 
the University of Santa Cecília (measuring instrument of the Praticagem as of 2015).

It must be stressed that, because the data is from different sources, the results 
should be interpreted with caution.

Table 6.1 Values attributed 
to lunar phases for showing 
in graphic representation

Lunar Phase Value

Full/waning 0.5
Waning 1
Waning/new 1.5
New 2
New/waxing 2.5
Waxing 3
Waxing/full 3.5
Full 4

C. R. de G. Souza et al.
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6.4.1.4  Rainfall Volume

Rainfall data were acquired from the pluviometric databases of Santos provided by 
the Caete station (DAEE E3-041, 23°53′00″S/46°13′00″W, 200-m high) and the 
Saboó station (DNAEE-02316279, originally located at 23°56′06″S/46°20′22″W, 
60-m; currently at 23°55′12″S/46°20′40″W, 32-m), and from the rainfall index of 
the Santos Municipal Government (www.santos.sp.gov.br/indicepluviometrico). 
The Caete station covers the period 1937–2004, and the Saboó station, from 1939 
onward.

The data from the Saboó station were also analysed in Chaps. 3 and 8.
Between the data from the two stations, we always selected the highest volume 

and accumulated totals for the duration interval and evolution period (duration 
interval + 4 days prior to the beginning of the event).

For the data analysis, the cumulative rainfall data were divided into range classes 
(Table 6.2), chosen according to previous studies on accumulated minimum rainfall 
for flooding/inundation development in other coastal regions of the state of São 
Paulo (Santana et al. 2004; Souza 2009c).

6.4.1.5  Waves, Winds and Synoptic Charts

The wind and wave data were compiled from databases provided by the following 
institutions: National Bank of Oceanographic Data of the Brazilian Navy (BNDO/
DHN, for Banco Nacional de Dados Oceanográficos – Diretoria de Hidrografia e 
Navegação), National Institute for Space Research (INPE-CPTEC, for Instituto 
Nacional de Pesquisas Espaciais  – Centro de Previsão de Tempo e Estudos 
Climáticos) and Hydrodynamic Research Centre of the University of Santa Cecília 
(Unisanta).

The data from BNDO/DHN (the Meteoromarinha bulletins) include the oldest 
historical series, starting in 1941, though it contains many gaps. Until November 
1978, these bulletins presented descriptive (not numerical) information about the 
intensity of the winds, significant wave heights and general direction of wind and 
waves. We therefore transformed the information on wind intensity and wave height 
into numerical data based on the Beaufort and Sea State scales (available on the 
website of the DHN), respectively. The absence of wave period data until November 

Time Duration interval Evolution period

Rainfall (mm) 0–60 0–100
61–120 101–200
121–180 201–300
181–240 >300
>240

Table 6.2 Rainfall accumulation 
classes for duration interval and 
evolution period

6 Long Term Analysis of Meteorological-Oceanographic Extreme Events... 
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1978 was the reason that this attribute was not used as a descriptor of the events’ 
boundary conditions.

The data provided by the INPE-CPTEC derived from simulations made by the 
model WAVEWATCH, implemented in Brazil in March 2006. For the Baixada 
Santista, the model has a spatial resolution of 1 × 1°, over an area centroid of 24°S 
and 46°W.

The data provided by Unisanta is also on a regional scale and is based on SWAN 
wave models and NOAA meteorological models, with wave data starting in October 
2014 and wind data since December 2015 (Ribeiro et al. 2016).

The values entered into the present database (for the event duration interval) 
were always the highest among all available data sources. For the wind and wave 
direction data, the azimuth notations were transformed into numerical values 
(0–360°), and then the average of the values was used.

It must be noted that, due to different data sources and types of collection/model-
ling, the presented results should be interpreted with caution.

The synoptic charts (BNDO and INPE-CPTEC) were used to analyse the synop-
tic evolution of the atmospheric systems and validate the news reports.

6.4.1.6  El Niño and La Niña

To characterise the active phases of ENSO – El Niño and La Niña – we consulted 
the INPE-CPTEC website for the historical series 1877–2010 (http://enos.cptec.
inpe.br/) and the NOAA website for the period 1950–2017, based on the Oceanic 
Niño Index  – ONI (http://www.cpc.ncep.noaa.gov/products/analysis_monitoring/
ensostuff/ensoyears2011.shtml), as well as another compilation organised into 
annual intervals and based on the ONI (http://ggweather.com/enso/oni.htm).

The available data indicates the active year and the classification of the phenom-
enon, such as very strong to strong, medium and weak intensities (Table 6.3), which 
is based on the pattern and magnitude of anomalies of the Tropical Pacific Sea 
Surface Temperature.

Table 6.3 ENSO phases and 
attributed intensity values Intensity

El 
Niño La Niña

Very strong-strong 3 −3
Moderate 2 −2
Weak 1 −1
Neutrality 0 0

C. R. de G. Souza et al.

http://enos.cptec.inpe.br
http://enos.cptec.inpe.br
http://www.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ensoyears2011.shtml
http://www.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ensoyears2011.shtml
http://ggweather.com/enso/oni.htm
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6.5  Storm Surges and Coastal Inundation/Flooding Events: 
Boundary Conditions

Table 6.4 presents a list of events registered between 25 April 1928 and 28 October 
2016, as well as some earlier ones, in which Storm Surge and Coastal Inundation/
Flooding are referred to as SS and CI/F, respectively.

The first storm surge and high tide event registered in the region, and in Brazil, 
occurred in 1541, called the “tsunami” of de São Vicente in historical documents. 
The consequences were determinants of the region’s history, with the near total 
destruction of then Vila de São Vicente, and the relocation of the port there to the 
opposite end of Ilha de São Vicente, where the Povoado do Porto de Santos and, 
later, the Vila de Santos were built. In 1580, another strong event occurred, destroy-
ing part of the then reconstructed Vila de São Vicente. There are records of strong 
storm surges in the years 1905, 1908, 1914, 1927 and 1946; however, the exact dates 
are unknown.

Most of the events compiled refer to the municipality of Santos, but may also 
involve other municipalities or all of the Baixada Santista, and may even include all 
of coastal São Paulo. News articles that do not cite Santos account for 37 events (13 
SS and 24 CI/F), which correspond to 15.6% of the total. These events refer mainly 
to São Vicente, a contiguous neighbour located on the same island.

Some of the indicators that depend on measurements in the field, such as winds, 
waves, rain and real tides, present several gaps in their data series, especially prior 
to the mid-twentieth century. Hence, for these indicators, the statistical analyses do 
not represent the totality of registered events.

6.5.1  General Characteristics

Between 1928 and 2016, 238 extreme events were registered (see Table 6.4), among 
them 115 SS (48%) and 123 CI/F (52%). Fifty of these events, or 21%, were simul-
taneously SS and CI/F.

In the graphic showing the annual distribution of these events (Fig. 6.3), a large 
increase is evident in the number of extreme events per year, especially SS, starting 
in 1999. Between the 1920s and 1970s, there were 19 CI/F events and 9 SS events. 
In the 1980s, the number of events increased considerable, with 33 CI/F and 12 
SS.  In the 1990s, the number decreased, totalling 13 CI/F and 6 SS, 4 of which 
occurred in 1999 alone. In the 2000s, the number of SS jumped to 49, and CI/F 
events increased to 24. The year 2010 had the highest number of events, with 14 SS 
and 3 CI/F, followed by 2009 (11 SS and 5 CI/F) and 2016 (10 SS and 6 CI/F).

Also evident is an increase, starting in the 1980s, of the number of consecutive 
years in which both types of events occurred, eventually becoming yearly. The only 
years without any record of extreme events during the studied period were 1993, 

6 Long Term Analysis of Meteorological-Oceanographic Extreme Events... 
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1998 and 2012. The 1970s seem to have been a transition, with SS becoming ever 
more frequent and in greater numbers per year.

The distribution of events per decade (Fig. 6.4) shows that the largest number 
occurred in the 2000s, which had 83 occurrences (35% of the 238 events), compris-
ing 49 SS (42.6% of the 115 registered events) and 34 CI/F (27.6% of the 123 reg-
istered). The 2010s also look promising, since 65 events had already occurred in 
only half of the decade (39 SS and 24 CI/F). Therefore, in the last 17 years alone 
(2000–2016), there have been 146 events (61.3% of the total), of which, 88 (76.5%) 
are SS and 58 (47.2%) are CI/F. The 1930s was the only decade without registered 
events. SS has appeared only from the 1960s onward.

Another interesting fact is the occurrence of combined events, whose number 
increased to 10 in the 1980s, compared to 1 in the 1960s and 3 in the 1970s (and 
none before 1960). In the 1990s, the number of occurrences decreased again, occur-
ring only three times. However, the number jumped to 19 in the 2000s, and there 
were 14 between 2010 and 2016. As these combined events are of greater magni-
tude, affecting all of Baixada Santista and, generally, other sectors of coastal São 
Paulo, we may conclude that the number of very strong events increased starting in 
the 2000s.
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Analysis of SS event distribution per century (Table 6.5) shows that the twentieth 
century, specifically 1928–1999 (72  years), had 27 events (23.5% of the total), 
which represents an average of 0.4 event/year. In the twenty-first century, in only the 
first 17 years (2000–2016), there have been 88 events (76.5% of the total), which 
corresponds to an average rate of 5.2 events/year. This indicated an increase in the 
number of events by 3.3 times (226%) in the twenty-first century, or an increase in 
the rate of events/year by 13.6 times, relative to the twentieth century. For CI/F, 65 
events happened in the twentieth century (52.8%), indicating a rate of 0.9 event/
year; while in the twenty-first century, 58 events have occurred (47.2%) at a rate of 
3.4 events/year. Therefore, the increase in CI/F this century is 0.9 times the number 
of events and 3.8 times the rate of events/year.

In terms of the monthly distribution of events (Fig.  6.5), although both types 
occurred in all months, some key trends are highlighted above.

July was the month with the most events, totalling 32 (19 SS and 13 CI/F), fol-
lowed by April (14 SS and 13 CI/F) and May (19 SS and 8 CI/F), both with 27 
events each, while March had 26 (6 SS and 20 CI/F). The months with the fewest 
occurrences were November (5 SS and 2 CI/F) and December (1 SS and 6 CI/F), 
with seven events each.

The distribution of SS is most concentrated between April and September 
(cyclone/SS season, autumn/winter), totalling 76.5% (88 occurrences); May and 

Table 6.5 Distribution of events along the centuries and rates of increase

Century (years)
SS 
(no)

Cl/F 
(no)

ALL 
(no)

% SS 
(115)

% Cl/F 
(123)

Rate SS 
(no/year)

Rate Cl/F 
(no/year)

Rate ALL 
(no/year)

XX (1928–1999) 27 65 92 23.5 52.8 0.4 0.9 1.3
XXI (2000–2016) 88 58 146 76.5 47.2 5.2 3.4 8.6
Rate of Increase 3.3 0.9 1.6 226.0 10.8 13.6 3.8 6.7 
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July had the highest number (19 each). These results are similar to those obtained 
by Campos et al. (2010), which showed that 71% of SS events occurred in autumn/
winter (in a time series for 1951–1990).

CI/F occurs mainly between January and April, making up 50.4% of these events, 
with most happening in March (20), followed by January (16). The summer months 
alone (January–March) had 39.8% of events (49), while the autumn/winter had 
46.3% (57). These results show that the CI/F are controlled by the more intense 
rains during the summer, often triggering flooding, and then by the effects of the 
cyclone/SS season and the steric effect (warming of the ocean during the summer) 
in autumn/winter, when the main process is coastal inundation. This assertion is 
supported by reports of combined events (those of greater magnitude), since among 
those 50 events, 11 occurred in the summer months, and 39 in the autumn/winter 
months.

December and January had the fewest SS events, and November and August had 
the fewest CI/F.

6.5.2  Duration of Events

The time span of each event’s duration interval varied from 1 to 8 days (Fig. 6.6). 
For SS, the average duration interval was 1.9 days (variation of 1–8 days, with stan-
dard deviation of 1.4) and for CI/F, 1.8 days (variation of 1–5 days, with standard 
deviation of 1.1).

Around 49.2% of all events had a 1-day duration (4.6% of SS and 52% of CI/F). 
Events of 2- or 3-day duration totalled 40.3%; 9.2% lasted 4 or 5 days, and only 
1.3% of SS events lasted for 7–8 days.

In the 2000s and 2010s, the SS events were of notably longer duration, particu-
larly in the years 2007, 2010, 2015 and 2016.
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6.5.3  Lunar Phase

Figure 6.7 and Table 6.6 show that both types of events occurred during all lunar 
phases, including the intermediate phases, when the effects of one or the other are 
offset. However, most of the events occurred during the full moon (30.7%) and new 
moon (28.6%) phases, i.e. during spring tides, constituting 59.2% of the total (141 
events).

For SS, the dominant phases are new moon (29.6%), waxing moon (23.5%) and 
full moon (22.6%), the spring tides predominating (52.2%). During the CI/F, as 
expected, full moon (38.2%) and new moon (27.6%) phases predominate, account-
ing for almost 66%.

However, the results show that factors other than the influence of the moon also 
contribute, since around 48% of SS events and 34% of CI/F occurred during neap 
tides and intermediate phases.

6.5.4  Meteorological Tide Heights

The meteorological tide heights varied from 0.01 to 0.78 m for both SS and CI/F 
(Fig. 6.8). The maximum height was reached in only one combined event, which 
occurred in 07 June 1985. Another seven events had meteorological tide heights 
≥0.70 m (17 May 1977; 02 January 1980; 02 June 1988; 07 April 1997; 16 July 
2000; 05 May 2001; 25 March 2003), four of them being combined events.

The overall average height for all the events (178 events with information) was 
0.36 m; for SS, 0.35 m (84 events), and for CI/F, 0.38 m (94 events).

The predominant heights were 0.41–0.60 m, making up 36% of all events, 35.7% 
of the SS, and 36.2% of the CI/F (Table 6.7). For SS, that class was followed by the 
interval 0.01–0.20 m, in 34.5% of events. For CI/F, the second most frequent class 
was 0.21–0.40 m, in 31.9% of events. These results agree with those presented by 
Reguero et al. (2013) and CEPAL (2016), which found that the mean meteorologi-
cal tide reaches 0.3–0.4 m at the São Paulo coast.

The monthly pattern of maximum meteorological tide heights (Fig. 6.9) show 
clearly the influence of the cyclone/storm surge season on both types of events, as 
expected. Only in January was the behaviour anomalous in relation to the summer 
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months, due to the event of 02 January 1980 (0.73 m). The greatest meteorological 
tide height occurred in the month of June and corresponds to the combined event of 
07 June 1985 (0.78 m). The month of May follows (0.74 m) with the combined 
event of 05 May 2001. The lowest heights occurred in December (0.44 m for CI/F 
and 0.28 m for SS).

Table 6.6 Distribution of lunar phases

ALL SS CI/F
Moon N° events % Moon N° events % Moon N° events %
0.5 16 6.7 0.5 5 4.3 0.5 11 8.9
1 23 9.7 1 13 11.3 1 10 8.1
1.5 3 1.3 1.5 2 1.7 1.5 1 0.8
2 68 28.6 2 34 29.6 2 34 27.6
2.5 7 2.9 2.5 3 2.6 2.5 4 3.3
3 40 16.8 3 27 23.5 3 13 10.6
3.5 8 3.4 3.5 5 4.3 3.5 3 2.4
4 73 30.7 4 26 22.6 4 47 38.2

See Table 6.1 and Fig. 6.9 above for lunar phase references
ALL all events (238), SS Storm Surge (115), CI/F Coastal Inundation/Flooding (123)
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Fig. 6.8 Meteorological tide height for storm surge and coastal inundation/flooding events (the 
absence of bars signifies a gap in the data)

Table 6.7 Distribution of meteorological tides heights

Height ALL SS CI/F
Classes (m) n° % n° % n° %

0.01–0.20 50 28.1 29 34.5 21 22.3
0.21–0.40 46 25.8 16 19.0 30 31.9
0.41–0.60 64 36.0 30 35.7 34 36.2
0.61–0,78 18 10.1 9 10.7 9 9.6

C. R. de G. Souza et al.
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6.5.5  Rainfall Volume

The pattern of rainfall accumulation in the event duration intervals and evolution 
periods are shown in Fig. 6.10.

For the event duration intervals, the greatest accumulations were 227.1 mm for 
SS and 277.8 mm for CI/F. For the evolution period, the greatest accumulation was 
468.4 mm for both SS and CI/F.

Among all events, the average rainfall accumulation in the duration interval was 
40.9 mm, and for the evolution period, 84.0 mm. In SS events, the averages were 
33.1 mm for the duration interval and 63.9 mm for the evolution period. In CI/F 
events, the averages were 51.3 mm for the duration interval and 103.0 mm for the 
evolution period.

In the duration intervals of all events, the predominant rainfall accumulations 
were between 0 and 60 mm (78.1%), representing 85.2% of SS and 71.3% of CI/F 
events (Table 6.8). During the evolution period, rainfall accumulations between 0 
and 100 mm occurred in 72.6% of events—83.5% of SS and 62.3% of CI/F.

These conclusions are also shown in the graphs of the monthly rainfall accumu-
lation averages, which are controlled largely by seasonality (Fig. 6.11).

Table 6.8 Rainfall index classes for duration interval and evolution period of the events

Rainfall ALL (237) SS (115) CI/F (122)
Classes n° % n° % n° %

Duration interval 0–60 185 78.1 98 85.2 87 71.3
61–120 29 12.3 13 11.3 16 13.1
121–180 9 3.8 0 0,0 9 7.4
181–240 11 4.6 5 4.3 7 5.7
>240 3 1.3 0 0,0 2 1.6

Evolution period 0–100 172 72.6 96 83.5 76 62.3
101–200 40 16.9 14 12.2 26 21.3
201–300 15 6.3 3 2.6 12 9.8
>300 10 4.2 3 2.6 7 5.7
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As expected, both types of events have the highest rainfall accumulations in the 
summer months (December to March). In the autumn/winter months (the SS sea-
son), lower accumulations prevail. For SS, the anomalous pattern in December is 
due to an isolated event (13 December 2010).

In the case of CI/F, seasonality clearly controls the type of process involved: in 
the spring/summer months (the rainiest), floods predominate, and during the cyclone 
season, the autumn/winter (least rainy), coastal inundations predominate.

The results also indicate a greater influence of rainfall on CI/F events than on SS 
events. This suggests low concomitance of a passing cold front and the peak of an 
SS event, which corroborates the studies of Campos et al. (2010).

6.5.6  Winds

The wind velocity varies between 1 (Light air) and 20.6 (Gale) m/s (Fig. 6.12). The 
average velocity for all 214 events was 6.63 m/s—for SS, 6.23 m/s, and for CI/F, 
7.03 m/s; i.e., all were of the moderate Breeze class. The maximum velocities were 
20.6 m/s (Gale) for SS and 17.0 m/s (near Gale) for CI/F.

In most events, the conditions were gentle to moderate Breeze (3.4–7.9 m/s), 
with very close distribution between the two classes, making up 73.4% of all events, 
75.2% of the SS and 62.9% of the CI/F (Table 6.9). Winds between 8 and 20.6 m/s 
(fresh Breeze, strong Breeze, near Gale and Gale) occurred in 18.3% of SS and 
32.4% of CI/F (though Gale winds did not occur during CI/F).

The results show predominant and average velocities slightly lower than those 
found by Campos et al. (2010), who concluded that during the events, winds near 
the coast are stronger than 8 m/s.
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Regarding the wind direction (Fig. 6.13), values varied between 2° and 358° (N), 
the average of all events being 198° (SSW). During the SS events, winds varied 
between 2° and 358° (N), with an average of 204° (SSW). In CI/F, winds varied 
between 2° (N) and 340° (NNW), and the average was 191° (S-SSW).

The distribution of directions according to the classes and quadrants (Table 6.10) 
reveals a broad spectrum of winds blowing from all quadrants, notwithstanding a 
predominance of the S-W quadrant with similar percentages in all cases: 42.2% 
among all events, 42.3% among SS, and 42.1% among CI/F. These results corrobo-
rate the results of Campos et al. (2010).

SW (14.7%) and SSW (13.3%) were the predominant directions for all events as 
well as for CI/F (15% and 15.9%, respectively). For SS, SW (14.4%), S (12.6%) and 
WSW (12.6%) directions predominated.

6.5.7  Significant Waves

The significant wave heights (Hs) varied between 1 and 7 m (Fig. 6.14), the total 
average being 2.5 m (213 events). For SS, the average was 2.8 m (1.5–7 m; standard 
deviation 0.91), and for CI/F, 2.2 m (0.5–5.5 m; standard deviation 0.85).

Table 6.9 Wind intensity frequency according to the Beaufort scale

Beaufort 
scale (m/s)

Light 
air

Light 
breeze

Gentle 
breeze

Moderate 
breeze

Fresh 
breeze

Strong 
breeze

Near 
Gale Gale

1–1.5 1.6–3.3 3.4–5.4 5.5–7.9 8–10.7
10.8–13- 
8

13.9–
17.1

17.2–
20.7

Distribution n° % n° % n° % n° % n° % n° % n° % n° %

ALL 3 1.4 9 4.2 79 36.9 78 36.4 28 13.1 16 7.5 9 4.2 1 0.5
SS 1 0.9 6 5.5 42 38.5 40 36.7 11 10.1 4 3.7 4 3.7 1 0.9
CI/F 2 1.9 3 2.9 28 26.7 38 36.2 17 16.2 12 11.4 5 4.8 0 0.0
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These results show heights greater than the mean annual Hs of 1.5 m obtained by 
Reguero et al. (2013) for the coast of São Paulo State.

The trend lines in both graphs suggest a slight increase in the Hs height over 
time. In the case of SS, if the purged value of event 22 (17 May 1977) were reduced, 
the slope of the line would increase considerably.

These trends agree with results from Reguero et al. (2013) and CEPAL (2016), 
which found increases in mean annual significant height (Hs) of ca. 6 mm/year; in 
Hs12, with mean values of around 3 cm/year; and in surge extremes, of 1.5  mm/
year.

The distribution of significant wave height frequencies (Table 6.11) show that the 
intervals 1.1–2.0 and 2.1–3.0 m predominated in all situations, totalling 75.6% of all 
events, 70.3% of SS, and 81.4% of CI/F.

However, considering SS separately, the 2.1–3.0 m class (46.8%) predominated 
over the 1.1–2.0  m class (23.4%), contrary to CI/F, for which the 1.1–2.0 class 
(47.1%) predominated (as expected) over the 2.1–3.0 class (34.3%).

The next most frequent heights are 3.1–4.0 m, with 17.4% of the total; for SS, 
this class corresponds to 23.4%, same as the 1.1–2.0  m class. For the CI/F, as 
expected, the frequency is much lower, less than 11%.

No SS event had waves under 1.5 m, unlike the CI/F (nine events). Only seven 
events presented waves higher than 4 m, five of which were in SS (17 May 1977, 08 
June 1981, 08 April 2010, 03 May 2011, 11 June 2016) and two in CI/F (08 June 
1981, 03 May 2011). Note that two CI/F events were combined.

In relation to the monthly distributions of Hs (Fig. 6.15), the highest averages 
were concentrated in the autumn/winter months for both types of events, as expected, 
and varied between 2.6  m (September) and 3  m (May) during SS, and between 
2.2 m (April) and 2.7 m (May/June) during CI/F. The month of November, however, 
fell outside this pattern, with averages of 3.1 m for SS and 3.3 m for CI/F. The 
 lowest averages occurred in the summer months and December (2.3–2.7 m for SS 
and 1.7–2.1 m for CI/F).
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The pattern of maximum heights is less regular, though the month of May pre-
sented the greatest heights for both types of events (7 m for SS and 5.6 for CI/F), 
followed by the month of June (5 m for both). However, according to the studies of 
Reguero et al. (2013), these values obtained for May would be quite anomalous and 

Table 6.11 Frequency of significant waves (Hs) classes

Hs (m) 0.5–1.0 1.1–2.0 2.1–3.0 3.1–4.0 4.1–5.0 5.1–7.0
Distribution N° % N° % N° % N° % N° % N° %

ALL 8 3.8 74 34.7 87 40.8 37 17.4 4 1.9 3 1.4
SS 0 0.0 26 23.4 52 46.8 26 23.4 3 2.7 2 1.8
CI/F 8 7.8 48 47.1 35 34.3 11 10.8 1 1.0 1 1.0
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Fig. 6.14 Hs height for storm surge and coastal inundation/flooding events

0
1
2
3
4
5
6
7

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

Hs Maximum: Storm Surges

Month

(m
)

0
1
2
3
4
5
6
7

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

Hs Maximum: Coastal Inundation/Flooding

(m
)

Month

0

1

2

3

4

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

Hs Mean: Surges

Month

(m
)

0

1

2

3

4

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

Hs Mean: Coastal Inundation/Flooding

(m
)

Month

Fig. 6.15 Monthly mean and maximum Hs for storm surge and coastal inundation/flooding events

6 Long Term Analysis of Meteorological-Oceanographic Extreme Events... 



126

comparable to projections for the return periods of 50  years (5.5–6.0  m) and 
500 years (7.0–8.0 m).

Regarding seasonality, the result obtained here, although from another sample 
universe, are similar to those in Reguero et al. (2013) (maximum mean Hs of 2.5 m 
for J-J-A, and 3.8 m for S-O-N)—for J-J-A, we found an overall average of 2.7 m 
and an average maximum of 4 m; for S-O-N, the overall average was 2.7 m, and the 
average maximum, 3.8 m; for combined events, the overall average was 2.7 m.

In relation to wave direction, note the more consistent behaviour in the SS events 
than in CI/F events (Fig. 6.16). The directions varied between 23° (NNE) and 300° 
(NW), the average among all events being 170° (SSE-S). During SS, waves varied 
from 90° (E) to 300° (NW), with an average of 177° (S). During CI/F, the direction 
varied from 23° (NNE) to 280° (W), with an average of 162° (SSE).

The distribution of directions according to classes and quadrants reveal that 
waves originate mainly from the E-S quadrant, with similar percentages in all cases: 
70.7% among all events, 75.5% during SS, and 65.7% during CI/F (Table 6.12).

The predominant direction was S, followed by SSE, with the following distribu-
tion, respectively: 34.4% and 21.4% in relation to all events; 41.8% and 25.5% for 
SS; and 26.7% and 17.1% for CI/F.

6.5.8  El Niño and La Niña

Among the 238 registered events, 212 (89.1%) occurred in phases of ENSO activity, 
50.4% of them under El Niño (EN) and 38.7% during La Niña (LN) (Table 6.13).

Most of the events happened during phases of moderate to weak EN (37.8%) and 
moderate to weak LN (33.6%); the phases of strong/very strong EN/LN totalled 
17.6% of all events. Thus, only 10.9% of the events occurred in phases of 
neutrality.
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SS events had the following distribution: 54.8% under EN activity, moderate and 
weak intensities predominating, with similar percentages of about 20% each; 40% 
of events happened during LN, with predominantly moderate intensity (21.7%); 
only 5.2% of the events occurred during neutrality phases.

For CI/F events, the trends were somewhat similar: 46.3% occurred under EN 
activity, with predominantly moderate to weak intensities and similar percentages 
of around 17% each; 37.4% of the events happened in LN, with predominantly 
weak intensity (17.1%); and during the neutrality phases, 16.3% of the events 
occurred.

The temporal distribution of the events, illustrated in the graphs of Figs. 6.17 and 
6.18, show the increasing trend in the number of events with EN and LN activity, 
starting in the 2000s.

When compared to the years of global ENSO occurrence (see, for example: 
http://ggweather.com/enso/oni.htm), these results underline the conditioning of the 

Table 6.13 Frequency of ENSO phases and intensities

Events 
Intensity

Strong/very 
strong Moderate Weak Total

Distribution n° % n° % n° % n° %

ALL El Niño 30 12.6 46 19.3 44 18.5 120 50.4
La Niña 12 5.0 40 16.8 40 16.8 92 38.7
Neutrality 26 10.9

SS El Niño 16 13.9 24 20.9 23 20,0 63 54.8
La Niña 2 1.7 25 21.7 19 16.5 46 40.0
Neutrality 6 5.2

CI/F El Niño 14 11.4 22 17.9 21 17.1 57 46.3
La Niña 10 8.1 15 12.2 21 17.1 46 37.4
Neutrality 20 16.3
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extreme climatic events at the global scale, but they also suggest that other factors 
must be controlling these events, among them the regional climatic variability and 
the behaviour of the atmospheric systems preceding ENSO itself, as well as other 
possible forcings not analysed here.

However, as seen in Table 6.13, the intensity of the ENSO does not seem to influ-
ence the number of events per year, because in the years with strong El Niño and La 
Niña activity, the number of events did not increase, with exception of 2015–2016; 
however, these years still follow the decadal trend.

The control exerted by other forcings is clear when the following are observed: 
(a) the occurrence of 26 events (10.9%) during neutrality phases, 20 CI/F and 6 SS, 
and distributed throughout all seasons of the year; (b) the reduced number of events 
in the 1950s and 1960s, because, since the 1950s at least, the number of years with 
global ENSO seems not to have varied much (8 in the 1950s, 6 in the 1960s, 1980s, 
1990s e 2000s, 9 in the 1970s, and 4 between 2011 and 2016); (c) there is no appar-
ent link between El Niño–Southern Oscillation (ENSO/SOI) and wave climate in 
the South Atlantic coast, either for wave heights or for directions, as postulated by 
Reguero et al. (2013).

6.6  Final Remarks

The volume of manipulated data in the database exceeded 7000.
A synthesis of the main conditions surrounding the 238 events is exhibited in 

Table 6.14.
The two events considered most intense, given the proportion of their impacts on 

the Santos coastline, were combined; their characteristics are presented in Table 6.15. 
It is interesting to note that neither of them presented very high Hs, meteorological 
tide or wind intensity values.

This and all the results presented here suggest that, as mentioned previously, 
other factors are also very important triggers of impacts on Santos. One of the main 
factors must be the direction of the waves entering the Bay of Santos and the changes 
they undergo until they reach the coastline. The local winds, in turn, can also affect 
the behaviour of these waves and of the longshore drift currents during extreme 
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events. Furthermore, the morphodynamic state of the beach preceding an extreme 
event is also a determinant of how the beach receives and readjusts to the impacts of 
storm waves. Beaches in a state of chronic erosion and beaches affected by consecu-
tive SS (acute erosion) will present morphodynamic disequilibrium and negative 

Table 6.14 Summary of the boundary conditions for SS and CI/F events

Indicator Storm Surge (115 events)
Coastal Inundation/Flooding (123 
events)

Distribution Highest n° of events: 2000s 
(49 = 42.6%); year 2010 (14); 33% 
in May and July; 76.5% between 
April and September

Highest n° of events: 2000s 
(34 = 27.6%); years 2006 and 2014 (8 
each); 16.3% in March; 50.4% 
between January and April

21st century (2000–2016): 76.5% of 
the total; increased by 3.3 times 
relative to the 20th century

21st century: 47.2% of the total; 
reduction by 0.9 or constant relative to 
the 20th century

Duration Average: 1.9 days (1–8 days) Average: 1.8 days (1–5 days)
Lunar phase 52.2%: during spring tides 65.6% during spring tides

34.8%: during neap tides 18.7%: during neap tides
Meteorological 
tide height

Average 0.35 m (maximum: 0.78 m); 
predominant 0.41–0.60 m (35.7%); 
greatest heights (>0.7 m) in January, 
May and June

Average 0.38 m (maximum: 0.78 m); 
predominant 0.41–0.60 m (36.2%); 
greatest heights (>0.7 m) in January, 
May and June

Rainfall volume Duration interval: average 33.1 mm; 
maximum 227.1 mm; 0–60 mm 
accumulated = 84.3%

Duration interval: average 51.3 mm; 
maximum 277.8 mm; 0–60 mm 
accumulated = 72.1%

Evolution period: average 63.9 mm; 
maximum 468.4 mm; 0–100 mm 
accumulated = 83.5%

Evolution period: average 103.0 mm; 
maximum 468.4 mm; 0–100 mm 
accumulated = 62.3%

Winds Intensity: average 6.2 m/s (moderate 
breeze); maximum 20.6 m/s (gale); 
75.2% between 3.4 and 7.9 m/s 
(gentle-moderate breeze)

Intensity: average 7.0 m/s (moderate 
breeze); maximum 17.0 m/s (near 
gale); 62.9% between 3.4 and 7.9 m/s 
(gentle-moderate breeze)

Direction: average 204° (SSW) 
(2–358°); SW/S/WSW predominate 
(37.8%)

Direction: average 191° (S-SSW) 
(2–340°); SW/SSW predominate 
(30.9%)

Significant 
Waves

Height: average 2.8 m; maximum 
7 m; 75.7% between 1.5 and 3.0 m; 
45% between 2.5 and 3.0 m; highest 
average in May (3.0 m)

Height: average 2.2 m; maximum 
5.5 m; 80.4% between 1.5 and 3.0 m; 
50% between 1.5 and 2.0 m; highest 
average in May–June (2.7 m)

Direction: average 177° (S) 
(90–300°); S/SSE predominate (41.8 
and 25.5%)

Direction: average 162° (SSE) 
(23–280°); S/SSE predominate (26.7 
and 17.1%)

ENSO El Niño: 54.8%; moderate to weak 
intensities predominate (40.9%)

El Niño: 46.3%; moderate to weak 
intensities predominate (35%)

La Niña: 40%; moderate intensity 
predominates (21.7%)

La Niña: 37.4%; weak intensity 
predominantes (17.1%)

Neutrality: 5.2% Neutrality: 16.3%
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sedimentary balance, which will result in greater erosion during SS, facilitating the 
incursion of water over the mainland and increasing coastal inundation.

Therefore, there is clearly a need to gather local monitoring data to better under-
stand the behaviour of these very complex extreme events.

In any respect, the data set obtained for this 89-year historical series of extreme 
events of SS and CI/F in the Baixada Santista region, today constitutes an important 
tool for the municipal contingency1 plans for storm surges and anomalous high tides 
(currently under development in most cases) as well as city planning within the 
context of climate change and its effects.

Although the socioeconomic impacts caused by these events are difficult to 
quantify, the damages and restoration expenses in many cases were on the order of 
millions of Brazilian reals, especially after large-magnitude events.
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Table 6.15 Characteristics of the most impactful events for Santos coastline

Date 

Dura-
tion 
(day)

Lunar 
phase

Meteo-
rological 
tide (m)

Rainfall 
volume: event 
duration; 
evolution 
period (mm)

Winds: 
intensity; 
direction

Significant  
Waves:  
height 
direction ENSO

26/04/2005 1 Full 0.50 26.6; 85.4 8.7 m/s; 180º 4.0 m; 180º Weak 
EN

27/04/2016 4 Full/
waning

0.49 26.4; 26.4 7.2 m/s; 310º 3.2 m; 187º Strong 
EN
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