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Abstract: This study aims to assess the changes in the atmospheric conditions favorable to storm
surges over the Santos Coast in Southeast Brazil. Storm surges can favor high sea level rises and
coastal erosion, affecting people and strategic structures in coastal areas. The assessment of the
atmospheric conditions was based on the downscaling of climate simulations of the Brazilian Earth
System Model by the Eta regional climate model at higher spatial resolution. The detection scheme
used by the model was able to reproduce the three observed atmospheric patterns favorable to storm
surges found by recent studies: Pattern 1 is characterized by a cyclone on the synoptic scale over
the ocean; Pattern 2 presents an intense wind fetch from the southeast; Pattern 3 is characterized
by winds parallel to the coast. The simulations underestimated the number of cases in Patterns
1 and 2. However, it overestimated the number of days in Pattern 3. The model presented more
intense winds in the three patterns. The storm surges characterized by Pattern 1 will become more
intense. However, it will be equal to or less frequent. In Pattern 2, the number of events will decrease.
Nevertheless, these episodes will be associated with more precipitation along the coastline. Pattern 3
will have a similar number of storm surges.

Keywords: Eta Model; climate change; coastal hazards

1. Introduction

Storm surge is the temporary increase, at a particular locality, in the height of the sea
due to extreme meteorological conditions, according to the Special Report on the Ocean
and Cryosphere in a Changing Climate (SROCC). The authors of [1] define storm surges
as rising sea levels due to low atmospheric pressure and strong winds. In addition, these
authors conclude that tropical cyclones drive the most extreme storm surges. However,
extratropical cyclones can also be responsible for high sea levels, especially when they
coincide with high tides [2].

Coastal zones are considered highly vulnerable to climate change effects, including sea
level rise [3], changes in the frequency and intensity of storms [4], increases in precipitation,
and warmer ocean temperatures. Furthermore, most of the world’s coastal regions in which
intense storms pass on a regular or occasional basis are affected by storm surges [5]. In addition,
the concurrent events of heavy precipitation and storm surges are increasing in coastal areas
worldwide, according to the analyses of past changes observed by the authors of [6].

In [7], the authors identify the atmospheric conditions favorable to causing storm surges
on the coast of Santos from May 1981 to 2010. In addition, they verify that the number of
storm surge events and the maximum monthly significant wave height is increasing during
May. These diagnostics are obtained using ERA5 reanalysis data [8]. The choice of May is
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associated with a higher frequency of storm surges in Southeast Brazil between April and
September [7,9,10]. Ref. [9] show a historical analysis based on an observational database of
Santos. They conclude that May and July have the highest storm surge events. In addition,
May presents the highest wave heights during storm surges, according to these authors.

The projected changes in the frequency of extreme winds are associated with the
changes in the characteristics (locations, frequencies, and intensities) of tropical and ex-
tratropical cyclones [11]. These changes could contribute toward increasing or decreasing
future storm surge risk.

Future projections of climate change over the city of Santos, including the trend of
temperature, precipitation, indicators of climatic extremes, and storms related to extratropical
cyclones, are evaluated in [12] based on the downscaling of three global climate models at
the RCP4.5 and RCP8.5 scenarios. The assessment of climate change projections indicates
warming, about 2 ◦C by the end of the 21st century, and a reduction in rainfall across the
region. The projections of the minimum surface pressure over the coast of southeastern Brazil
showed a weakening trend in the RCP8.5 scenario. These results may contribute to a change
in the characteristics of the intensity and frequency of storm surge events in that region.

The main goal of this study is to assess the changes in the atmospheric conditions
favorable to cause storm surges in the future climate. The frequency and duration of
atmospheric conditions favorable to storm surge over the Coast of Santos, in Southeast
Brazil, are assessed. This information on the changes in the atmospheric conditions prone
to storm surges is expected to support the studies on impact, vulnerability, and adaptation
to climate change in the coastal area of Santos.

2. Materials and Methods

The assessment of the atmospheric conditions was based on the downscaling of climate
simulations of the Brazilian Earth System [13] using the Eta regional climate model [14,15] at
higher spatial resolution. The study region, the BESM, and the Eta Model are described below.

2.1. The Study Region

Santos is a coastal city in São Paulo State, Southeastern Brazil (Figure 1). The pop-
ulation is 432.957 [16] in an area of approximately 280.000 km2. This region has several
economic activities, such as tourism and the presence of the Port of Santos, one of the
largest ports in Latin America, with a large concentration of industries and expensive
housing located along the coastal zone.
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Figure 1. (a) Area 1 (green dashed box) and Area 2 (red dashed box), where mean values of mean 
sea level pressure, wind speed, and wind direction at 10 m are taken. (b) The coastal area of Sao 
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horizontal derivatives, particularly the horizontal pressure gradient force. Therefore, the 
eta coordinate is especially suitable for operating in regions of steep topography. A cut-
cell feature was added to the orography to allow slanted flow near mountain tops [19,20]. 

The Eta is a model with full dynamics and physics. The climate version [21–23] 
operated only in hydrostatic mode. The non-hydrostatic modifications followed in [24] 
and the results of this version were evaluated in [15] using simulations of Southeast Brazil 
at 5 km resolution. 

The model equations are solved using the Arakawa E-grid. The time integration is 
split-explicit, using the forward–backward and Euler–backward schemes modified by the 
authors of [25]. The horizontal advection follows the Arakawa approach [26], and the 
vertical advection uses the piecewise linear scheme, which makes it a full finite volume 
model [19]. The model physics package of the climate version applies the Betts–Miller 
scheme [27] to produce convective precipitation and the Zhao scheme [28] for grid-scale 
precipitation. The longwave component of the radiation is solved in [29], and the 
shortwave component is solved in [30]. The surface layer is based on the Monin–Obukhov 
similarity theory and stability functions [31]. Land-surface processes are treated using the 
NOAH scheme [32]. The turbulence parameters follow [33]. 

Climate change simulations from regional climate models are helpful for the 
assessment of impacts due to the local scale and the magnitude of the changes. Improving 
orography descriptions and other surface characteristics helps to detail the climate 
system. However, the climate reproduced by a regional climate model is strongly 
dependent on the lateral boundaries. 

In this study, the Eta regional model [14] is nested into the Brazilian Earth System 
Model (BESM) global model [13,34] developed by the National Institute for Space 
Research (INPE). The nested simulations are referred to as Eta-BESM. The model has 
results using two domains, one that covers South America at 20 km resolution and another 
that covers Southeastern Brazil at 5 km resolution. This version of the Eta model is adapted 
for climate change studies [15]. 

In this study, the present climate (reference period) is simulated from 1976 to 2005, 
whereas the future climate is projected for 2031 to 2060 under the RCP4.5 and RCP8.5 
emission scenarios. 
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Figure 1. (a) Area 1 (green dashed box) and Area 2 (red dashed box), where mean values of mean sea
level pressure, wind speed, and wind direction at 10 m are taken. (b) The coastal area of Sao Paulo
and the city of Santos are more detailed.

Santos is vulnerable to occurrences of extreme meteorological and oceanographic events,
such as storms, strong winds, and heavy precipitation, which can cause floods and land-
slides [16,17]. In this region, the main cause of storms is the presence of extratropical cyclones
associated with frontal systems, often with strong southwest winds that blow parallel to the
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coast. Therefore, past and future climate conditions are analyzed to support studies on the
impacts, vulnerability, and adaptation measures to climate change in this region.

2.2. Eta Model

The regional climate model adopted for higher-resolution downscaling is the Eta
Model. This model is a grid-point limited area. One of the characteristics of the model is the
eta vertical coordinate [18], which represents the topography in steps. The approximately
horizontal surfaces of the coordinate reduce errors in calculating the horizontal derivatives,
particularly the horizontal pressure gradient force. Therefore, the eta coordinate is especially
suitable for operating in regions of steep topography. A cut-cell feature was added to the
orography to allow slanted flow near mountain tops [19,20].

The Eta is a model with full dynamics and physics. The climate version [21–23] operated
only in hydrostatic mode. The non-hydrostatic modifications followed in [24] and the results
of this version were evaluated in [15] using simulations of Southeast Brazil at 5 km resolution.

The model equations are solved using the Arakawa E-grid. The time integration is
split-explicit, using the forward–backward and Euler–backward schemes modified by the
authors of [25]. The horizontal advection follows the Arakawa approach [26], and the
vertical advection uses the piecewise linear scheme, which makes it a full finite volume
model [19]. The model physics package of the climate version applies the Betts–Miller
scheme [27] to produce convective precipitation and the Zhao scheme [28] for grid-scale
precipitation. The longwave component of the radiation is solved in [29], and the shortwave
component is solved in [30]. The surface layer is based on the Monin–Obukhov similarity
theory and stability functions [31]. Land-surface processes are treated using the NOAH
scheme [32]. The turbulence parameters follow [33].

Climate change simulations from regional climate models are helpful for the assess-
ment of impacts due to the local scale and the magnitude of the changes. Improving
orography descriptions and other surface characteristics helps to detail the climate system.
However, the climate reproduced by a regional climate model is strongly dependent on the
lateral boundaries.

In this study, the Eta regional model [14] is nested into the Brazilian Earth System
Model (BESM) global model [13,34] developed by the National Institute for Space Research
(INPE). The nested simulations are referred to as Eta-BESM. The model has results using
two domains, one that covers South America at 20 km resolution and another that covers
Southeastern Brazil at 5 km resolution. This version of the Eta model is adapted for climate
change studies [15].

In this study, the present climate (reference period) is simulated from 1976 to 2005,
whereas the future climate is projected for 2031 to 2060 under the RCP4.5 and RCP8.5
emission scenarios.

The 5 km resolution non-hydrostatic Eta runs were driven by the 20 km resolution Eta
simulations via the lateral boundaries. The 20 km Eta runs are, in turn, driven by the BESM.
Therefore, the 5 km Eta runs are the second nesting of the BESM runs.

The sea surface temperature is derived from the BESM and updated daily. Initial soil
moisture and soil temperatures are derived from the BESM. Lateral boundaries are updated
every 6 h. The model has 38 vertical layers, with the model top at 25 hPa.

2.3. Atmospheric Patterns in Storm Surge

Ref. [7] described three atmospheric patterns that favor the occurrence of storm surges
on the coast of São Paulo based on sea level pressure, wind speed, and direction, using
ERA5 data for May, from 1981 to 2010. Eighty-nine storm surge days were found and
clustered into three patterns.

Pattern 1 (Figure 2a) is characterized by a very intense low-pressure center near the
coastline. The wind blows from the southwest and parallel to the coast. There are no
expressive rainfall values on the Santos coast.
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Figure 2. Atmospheric patterns favorable to storm surge events: (a) Pattern 1, (b) Pattern 2, and
(c) Pattern 3. “H” is high pressure, and “L” is low pressure. The red arrow is associated with the
maximum wind speed and its direction. Adapted from [7].

Pattern 2 (Figure 2b) is characterized by the long and wide wind fetch created by a
high-pressure center south of the South Atlantic Ocean and a low-pressure center north
of the South Atlantic Ocean. This pattern is associated with a large area of intense winds,
allowing a more efficient propagation of high ocean waves. In addition, the winds carry
moisture from the ocean towards the coast, contributing to more significant rainfall along
the Santos coast.

Pattern 3 (Figure 2c) is characterized by southwesterly winds blowing from high
pressure centered over the continent and elongated low pressure over the ocean. Hence, the
atmospheric horizontal pressure gradient caused by these pressure centers produces intense
southerly winds along the coastline, favoring high waves in this region. Nevertheless, the
downward vertical motion of the high-pressure system results in dry regions, inhibiting
convective motion and affecting rain formation.

2.4. Detecting Atmospheric Patterns in Storm Surge

The daily outputs of the 20 km Eta model simulations are compared to the three
patterns described in the previous section. The comparison is made for May of the reference
period from 1976 to 2005 and of the future climate from 2031 to 2060.

To detect the storm conditions in the long climate simulations, we apply pattern
correlation of the mean sea level pressure of areas 1 and 2, shown in Figure 1a, and the
zonal and meridional components of the 10 m wind over Area 1. We can consider a day
with favorable atmospheric conditions for a storm surge when the spatial correlation of the
three atmospheric variables, i.e., mean sea level pressure, wind speed, and wind direction,
is greater than or equal to 0.5. From this, the possible days with potential for storm surge
belonging to each pattern are detected.

The same is performed to detect the conditions required for the occurrence of storm
surges in the future, from 2031 to 2060, under RCP4.5 and RCP8.5 emission scenarios.

Global climate models (GCMs) are essential for improving and understanding global
climate change. In general, the resolution of GCMs is coarse to capture details in these
studies. On the other hand, the impacts in different socioeconomic sectors occur at a local
scale. Therefore, regional climate models of smaller grid sizes are required to improve over
the GCM driver and capture a phenomenon’s intensity more accurately. Thus, a higher
resolution is needed to study the impacts at the urban coastal scale.

To assess the local impacts of the storm surges around the coastal area, a second level of
downscaling of 5 km resolution Eta-BESM was performed. This resolution is more suitable
for reproducing regional climate details in the metropolitan and Santos’ coastal regions.
Therefore, the refinement produced by the regional climate model in the highest resolution
is essential to improve the quality of data and information. In addition, improving the
coastline description is particularly important for the present study.
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Spatial patterns of atmospheric variables, such as mean sea level, wind at 10 m, and
precipitation in storm surge potential days, are produced by the 20 km Eta. An evaluation
of local impacts in the coastal zone of Santos by the 5 km Eta is also performed. In addition,
both results are compared to show the improvements of a higher resolution.

3. Results

In this section, the three surface atmospheric patterns favorable to the occurrence of
storm surges simulated by the 20 km Eta-BESM model for the reference climate (1976–2005)
and for the future climate (2031–2060) are presented.

In addition, the atmospheric conditions projected by 5 km Eta-BESM for the future
climate from 2031 to 2060, using only one greenhouse gas emission scenario, RCP8.5, are
also analyzed.

3.1. Large-Scale Atmospheric Patterns
3.1.1. Reference Climate

In May, from 1976 to 2005, the 20 km Eta-BESM simulated a total number of 99 days
with the potential to form a storm surge near the coast of Santos. Therefore, the simulations
overestimate the number of potential storm surge days; the number of days in 30 years of
the ERA5 dataset identified was 89 [7].

The mean of each meteorological pattern simulated by the 20 km Eta-BESM from 1976
to 2005 is presented in (Figure 3).

Climate 2023, 11, x FOR PEER REVIEW 6 of 15 
 

 

 
Figure 3. The three patterns of intensity and wind direction at 10 m (shading and vectors, 
respectively) and PNMM (isolines) favorable to the occurrence of storm surges simulated (a–c) to 
the reference period (1976–2005) and projected by the 20 km Eta-BESM in May during the future cli-
mate (2031–2060), using RCP4.5 (d–f) and RCP8.5 (g–i): Pattern 1 (first column); Pattern 2 (second 
column); and Pattern 3 (third column). 

Pattern 1 (Figure 3a) presents a lower pressure center between the South and 
Southeast Regions with southwest winds parallel to the coast. The wind speed on the coast 
is less than 6 m/s; in contrast, the ERA5 Reanalysis shows a wind speed greater than 8 m/s. 
Pattern 1 presents the least number of days; the ERA5 Reanalysis had 10 days, whereas 
the simulation detected 5 potential days. 

Pattern 2 (Figure 3b) reproduces a more intense wind fetch than the ERA5 Reanalysis. 
The maximum wind speed is around 11 m/s. This wind fetch is formed by the presence of 
a high-pressure center, located approximately at 40° S and 47° W, and a low-pressure 
center at 30° S and 30° W. The simulation detects 15 potential days of storm surge. 
Therefore, it underestimates the number of days compared to the ERA5 Reanalysis, which 
is 22 days. 

Pattern 3 (Figure 3c) presents the southwesterly winds from the higher pressure over 
the continent. There is also a trough over the ocean with wind speeds greater than 14 m/s. 
Therefore, the wind speed is overestimated in this region compared to the ERA5 
Reanalysis, which reaches 8 m/s. The simulation reproduces 79 potential days, a large 
number compared to the 57 potential days from the ERA Reanalysis. Similar to the 
reanalysis, the simulation shows that this pattern is the most frequent. 

  

Figure 3. The three patterns of intensity and wind direction at 10 m (shading and vectors, respec-
tively) and PNMM (isolines) favorable to the occurrence of storm surges simulated (a–c) to the
reference period (1976–2005) and projected by the 20 km Eta-BESM in May during the future cli-mate
(2031–2060), using RCP4.5 (d–f) and RCP8.5 (g–i): Pattern 1 (first column); Pattern 2 (second column);
and Pattern 3 (third column).
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Pattern 1 (Figure 3a) presents a lower pressure center between the South and Southeast
Regions with southwest winds parallel to the coast. The wind speed on the coast is less
than 6 m/s; in contrast, the ERA5 Reanalysis shows a wind speed greater than 8 m/s.
Pattern 1 presents the least number of days; the ERA5 Reanalysis had 10 days, whereas the
simulation detected 5 potential days.

Pattern 2 (Figure 3b) reproduces a more intense wind fetch than the ERA5 Reanalysis.
The maximum wind speed is around 11 m/s. This wind fetch is formed by the presence of
a high-pressure center, located approximately at 40◦ S and 47◦ W, and a low-pressure center
at 30◦ S and 30◦ W. The simulation detects 15 potential days of storm surge. Therefore, it
underestimates the number of days compared to the ERA5 Reanalysis, which is 22 days.

Pattern 3 (Figure 3c) presents the southwesterly winds from the higher pressure over
the continent. There is also a trough over the ocean with wind speeds greater than 14 m/s.
Therefore, the wind speed is overestimated in this region compared to the ERA5 Reanalysis,
which reaches 8 m/s. The simulation reproduces 79 potential days, a large number compared
to the 57 potential days from the ERA Reanalysis. Similar to the reanalysis, the simulation
shows that this pattern is the most frequent.

3.1.2. Future Climate

The assessment of future hazards in coastal cities requires knowledge about projections
of future storms and storm surges. The total number of storm surges projected using the
RCP4.5 was 91, whereas the RCP8.5 detected 84 days. Both scenarios indicate a decrease in
potential storm surge days concerning the reference climate. The projections are shown in
Figure 3 (second and third rows).

Pattern 1 contains the least number of potential days in both scenarios. The RCP4.5
(Figure 3d) shows 5 days, whereas the RCP8.5 (Figure 3g) shows only one day. The RCP4.5
scenario projects a low pressure near the coast, and the center value is 1008 hPa. It is more
intense than in the reference climate, and its center value is 1012 hPa. In contrast, the
RCP8.5 scenario shows a low center pressure equal to 1016 hPa. In addition, the winds
parallel to the Santos coast are stronger in RCP4.5.

The RCP4.5 (Figure 3e) scenario projected in Pattern 2 presents a more intense fetch wind
compared to the RCP8.5 (Figure 3h) scenario. In RCP4.5, the values are greater than 6 m/s. In
both scenarios, there is a decrease in wind speed in comparison with the reference climate.
The mean sea level pressure values simulated by RCP8.5 are higher than the reference period.
Therefore, there is a more intense high-pressure center over the continent and a less intense
low-pressure center over the ocean in the simulated future.

Pattern 3, in RCP4.5 (Figure 3f), presents the high-pressure center of 1016 hPa over the
continent, whereas in RCP8.5 (Figure 3i), the pressure center is 1020 hPa, which is more intense
than the 1016 hPa of the reference climate. In both scenarios, the wind speed is greater in the
trough area over the ocean, and the maximum values range from 8 to 10 m/s. However, these
wind speeds are weaker than those of the reference climate when they were around 12 m/s.

3.2. Local Impacts Simulated by 5 km Eta Model

To assess the impacts of climate change on the storm surges near the coast of Santos,
higher spatial resolution is required as the coastal processes have local scale features. The
high-resolution dynamic downscaling, the 5 km Eta-BESM, is produced to evaluate the
local impacts of atmospheric conditions in potential storm surge days on Santos Coast
reproduced by the 20 km Eta-BESM. At higher spatial resolution, a detailed land cover
description is necessary to capture the small-scale variability [15].

3.2.1. Reference Climate

The three meteorological patterns required for storm surges simulated to the reference
climate (1976–2005) by the 5 km Eta-BESM are shown in Figure 4.
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Figure 4. The three local patterns of intensity and wind direction at 10 m (shading and vectors,
respectively) and PNMM (isolines) favorable to the occurrence of storm surges simulated to the
reference period (1976–2005) by the 20 km Eta-BESM in May at 06Z (a–c) and 18Z (d–f): Pattern 1
(first column); Pattern 2 (second column); and Pattern 3 (third column).

Mean Sea Level Pressure and 10 m Wind

Frontal systems and breeze circulation influence Santos and orography [35]. To capture
the signal of the diurnal cycle and the breeze circulations, we analyzed the outputs at 06Z
and 18Z. These local circulations are driven by thermal and pressure differences between
two different land covers. At 06Z, which is 03LT, nighttime, the land breeze blows from
continent to ocean (northwest–southeast), while at 18Z, which is 15LT, the wind blows
from ocean to continent (southeast–northwest) in the sea breeze. On the other hand, the
synoptic-scale weather systems in storm surge events overlap the breeze effects.

Pattern 1 is characterized by a cyclone on the synoptic scale, over the ocean, with
parallel winds on the coast. In the 5 km simulation at 06Z (Figure 4a), the winds from
the southwest are weakened due to the force of the pressure gradient of the land breeze
circulation, which presents winds with a direction opposite (northwest winds) to the large-
scale flow. At 18Z (Figure 4d), the pressures decrease from the ocean to the continent, and
the wind flux happens from higher to lower pressures. Combined, this flux and the sea
breeze accelerate the surface flow towards the coastal region.

Pattern 2 presents an intense wind fetch from the southeast, created by an anticyclone
and a cyclone over the ocean on a synoptic scale, extending to Santos’s coastal region.
At 06Z (Figure 4b), the 10 m winds near the coast exceed 3 m/s. The predominant wind
directions are from the south and southeast. Therefore, large-scale circulation prevails over
the land breeze. At 18Z (Figure 4e), the sea breeze contributes to the same direction, from
the southeast, to accelerate the large-scale flux.

Pattern 3 is the most frequent and favorable to storm surges. It is characterized by
winds parallel to the coast from a high-pressure center over the continent. On a local scale,
at 06Z (Figure 4c), southwesterly winds weaken as they approach the coastal zone, which
may occur due to the roughness of the land and topography that acts to slow them down.
At 18Z (Figure 4f), the winds are from the southeast, which is favored by the circulation of
the sea breeze.

Precipitation

The precipitation (mm/day) to the three atmospheric patterns required to storm surges
in the reference climate are shown in Figure 5. The observed rain from MSWEP [36] to



Climate 2023, 11, 176 8 of 13

storm surge days selected by the ERA5 Reanalysis are presented in the first line. The
simulations by the 5 km Eta-BESM are shown in the second line. Finally, the results from
the 20 km Eta-BESM are presented in the last line.
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and Pattern 3 (third column).

Statistical dependence between extreme rainfall and storm surge is likely as common
meteorological forcing often drives both variables. Cyclonic systems may produce strong
onshore winds leading to an extreme storm surge while generating large amounts of rainfall
on the adjacent coastal catchments [37].

Pattern 1 (Figure 5d) presents values less than 3 mm/day on the coast. Although this
pattern presents a cyclone on the coast, this is the least rainy. The simulation by the 5 km
Eta-BESM underestimates the precipitation.

In contrast, Pattern 2 accumulates more precipitation. The simulations by the 5 km
Eta-BESM (Figure 5e) show precipitation rates greater than 21 mm/day alongshore, which
is overestimated according to MSWEP observations. This precipitation is a response to the
intense wind fetch that brings moisture from the ocean to the continent and causes heavy rain.

The Pattern 3 (Figure 5f) simulations reproduce the maximum precipitation along the
coast at rates closer to the MSWEP precipitation observations, although still overestimating.
The simulations show precipitation rates greater than 12 mm/day alongshore. The largest
precipitation amount in this region is related to the southwesterly winds from the high
pressure over the continent on a large scale. This high-pressure system contributes to
moisture transport at lower levels from the ocean toward the coast.
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Generally, the 5 km Eta-BESM (Figure 5d–f) produces more rain than the 20 km Eta-BESM
(Figure 5g–i) over the region. Despite that, both simulations agree with the rain distribution in
the three patterns: the least precipitation in Pattern 1 and the most in Pattern 2.

3.2.2. Future Climate
Mean Sea Level Pressure and 10 m Wind

The climate future projections (2031–2060) over the scenario RCP8.5 by the 5 km Eta-
BESM are shown in Figure 6. This figure presents the wind speed difference between the
future and the reference climate to the three atmospheric patterns required to storm surge at
06Z and 18Z. However, the wind direction and sea-level pressure are in the future climate.
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The average of the future climate is for the period 2031–2060, at 06Z (a–c) and 18Z (d–f): Pattern 1
(first column); Pattern 2 (second column); and Pattern 3 (third column).

In Pattern 1, the direction winds are predominant from the southwest, creating a fetch
wind parallel to the coast, supporting storm surge days. There is an increase in the wind
speed at 06Z (Figure 6a) while it decreases at 18Z (Figure 6d) over the coastline.

In Pattern 2, at 06Z (Figure 6b), the winds blow from the south, and there is an increase
in the wind speed over the coastline, contributing to storm surge events. On the other hand,
at 18Z (Figure 6e), the winds are from the southeast and are weaker than in the reference
climate over the coastal region.

In Pattern 3, there is an increase in wind speed over the ocean, including all the
coastline, at 06Z (Figure 6c). There are no evident changes in wind speed, near the coast, at
18Z (Figure 6f).

In general, all projections show an increase in wind speed over the ocean at 06Z to
climate future, but a reduction at 18Z. As the stronger winds mostly occur at 18Z in the
reference climate, this weakening of the winds may suggest a weakening of the storm
surges. Pattern 1 presents the most significant changes with respect to the reference climate.

Precipitation

The precipitation in the three patterns favors storm surges projected for the climate
future (2031–2060) over the RCP8.5 scenario by the 5 km Eta-BESM are shown in Figure 7.

Pattern 1 (Figure 7a) presents a reduction in storm surge days in the future from 6 to 1
potential day. Despite that, this pattern is associated with more intense rains in the future
climate. Therefore, it can cause significant damage to the city of Santos and the port area.
Projections show that rainfall is intense throughout the coastal region, with values between
18 and 21 mm/day. The highest rainfall values are over the ocean, with values greater than
27 mm/day.
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Pattern 2 (Figure 7b) has more rain towards the continent. The precipitation is con-
centrated throughout the São Paulo coastline, reaching values above 27 mm/day. There is
an increase in rainfall concerning the present climate. Therefore, the region becomes more
vulnerable to impacts, such as landslides and floods.

Pattern 3 (Figure 7c) has 57 potential storm surge days. This pattern could show better
changes. There is an increase in rainfall in some parts of the coastal region and a decrease in
the ocean. Pattern 3 is characterized by being the one with the highest occurrence; however,
it is the least intense in terms of precipitation.

In general, climate projections show an increase in rainfall to climate future in the
three patterns over the coastal region.

4. Discussion

The simulations show an overestimated wind speed in the reference climate compared
to the ERA5 Reanalysis results from [7]. In addition, the Eta model simulated more potential
storm surge days in Pattern 3 and fewer days in Pattern 1. Therefore, the distribution of
simulated days among the three patterns corresponds to the same distribution from [7].
These results show satisfactory performance in reproducing the atmospheric patterns
required to storm surges by the 20 km Eta-BESM.

The Santos coast is influenced by the passage of frontal systems, the breeze circulation,
and the orographic effect. In Figure 4, the times of 06Z and 18Z are shown to emphasize
the breeze circulation. At the time of 06Z, there is a land breeze, and the air flows from the
continent toward the ocean, with high pressures over the continent and lower pressures
over the ocean. Despite this, due to the performance of synoptic scale systems in storm
surge events, such as cyclones and anticyclones, the effects of these circulations overlap the
circulation of the breeze. Therefore, at 06Z, the forcing of the surface mesoscale circulation
is contrary to the large-scale flow, causing a deceleration of the winds towards the coast.
On the other hand, at 18Z time, there is the presence of sea breeze; the air blows from the
ocean to the continent, with the highest-pressure values over the sea and lowest. Thus, the
forcing of the surface sea breeze circulation favors large-scale flow.

Pattern 1 is characterized, on a synoptic scale, by the presence of a cyclone over the
ocean with winds parallel to the coast. In the dynamic downscaling at 5 km, the winds from
the southwest are weaker at 06Z due to the forcing of the land breeze circulation, which
presents winds in the opposite direction to the large-scale flow. At 18Z, there is a center
of high pressure on the coast, contributing to the acceleration of surface flow towards the
coastal region, accelerating the winds that enter the continent.

Pattern 2 stands out for presenting an intense southeast wind track formed by the
presence of an anticyclone and a cyclone over the ocean, which extends to the coastal region
of Santos. The flow of 06Z shows higher wind intensities 10 m close to the coast, reaching
values greater than 9 m/s. The prevailing wind directions are from the south and southeast,
prevailing the action of the large-scale circulation.
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Pattern 3 is the most frequent and favorable to storm surges. This pattern is characterized
by winds parallel to the coast coming from the center of high pressure, on a synoptic scale,
over the continent. On a local scale, at 06Z, the southwest winds weaken as they approach the
coastal zone, which may occur due to the roughness of the topography that acts to slow them
down. At 18Z, the winds are from the southeast, favored by the sea breeze.

These atmospheric conditions were already observed on the Santos coast by the authors
of [10]. These authors evaluated the atmospheric influence over the ocean for storm surge
events along the coast. The authors concluded that these extreme events occur due to the
migration and persistence of extratropical cyclones with wind speeds greater than 8 m/s near
the coastline.

These patterns are also found in [38,39] in other areas on the southern coast of South
America. Ref. [39] investigated the oceanic and atmospheric features of an extreme cyclone
that generated high waves in southern Brazil. These authors concluded that the anticyclone
position relative to the cyclone centers plays a crucial role in storm surge intensity due
to the increase in the horizontal pressure gradient and, consequently, the increase in the
wind speed. Moreover, the continental anticyclone affects the cyclone’s travel speed, which
affects the extension and position of the wind fetch.

The climate projections show a similar number of potential storm surge days to
Patterns 2 and 3 simulated by the scenarios RCP4.5 and RCP8.5. The RCP8.5 presents 6 and
77 days in Patterns 2 and 3, respectively, whereas RCP4.5 shows 7 and 78 days. In Pattern
1, the RCP4.5 scenario indicates a wind speed stronger than RCP8.5 near the coast and a
more intense center of low pressure over the ocean. Regarding the reference climate, both
scenarios show wind speeds more intense in Pattern 1 and less severe in Patterns 2 and 3.

The changes at the local scale show the increased wind intensity along the coastline, at
06Z, in all patterns. In contrast, negative anomalies indicate weaker winds at 18Z, mainly
in Patterns 1 and 2. Pattern 3 does not show evident changes in the future.

Observed impacts of climate change include increased rainfall intensity that causes
instability in coastal areas, including cities, that suffer from flooding and landslides. In
the long term, this phenomenon is associated with increased storms and winds, which
may increase storm surges. The 5 km Eta-BESM projections showed intense precipitation
throughout the coastline. The highest rainfall values are verified over the ocean in Pattern
1. In Patterns 2 and 3, precipitation is concentrated along the entire coast of Santos. The
projections of the three patterns indicate increased rainfall in the Santos region. These
patterns will become more intense and can cause significant damage to the city of Santos.

5. Conclusions

The city of Santos’ vulnerability to variability and climate change is associated with
high population density and intense economic activity. Therefore, the coastal city of
Santos requires investments and measures to adapt to climate change, reducing risks and
minimizing impacts caused by extreme climatic and oceanographic events observed in the
present and projected for the future. The main objective of this work was to characterize
changes in meteorological conditions favorable to the occurrence of storm surges based on
future climate projections for the city of Santos.

The detection scheme showed that the 20 km Eta-BESM reproduced the observed
atmospheric patterns favorable to storm surges found in [7]. The simulation underestimated
the number of cases in Pattern 1 and Pattern 2. However, it overestimated the number
of days in Pattern 3. In general, 20 km Eta-BESM presented more intense winds over the
ocean in the three patterns compared to the ERA5 Reanalysis. Despite this, the atmospheric
conditions of the three patterns were spatially configured adequately.

In conclusion, the storm surge events characterized by Pattern 1 will become more intense.
However, it will be equal to or less frequent than the reference climate. In Pattern 2, both
scenarios point to a decrease in the number of events in the future. Nevertheless, these episodes
will be associated with more precipitation along the coastline. The heavy rain associated with
increased storms and winds can result in a higher intensity of storm surges. Finally, Pattern 3
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will have a similar number of storm surge events in the future. However, the winds will tend to
be weaker.
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