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Abstract

:

The Southern Brazilian Coast is highly susceptible to storm surges that often lead to coastal flooding and erosive processes, significantly impacting coastal communities. In addition, climate change is expected to result in expressive increases in wave heights due to more intense and frequent storms, which, in conjunction with sea-level rise (SLR), has the potential to exacerbate the impact of storm surges on coastal communities. The ability to predict and simulate such events provides a powerful tool for coastal risk reduction and adaptation. In this context, this study aims to investigate how accurately storm surge events can be simulated in the Southwest Atlantic Ocean employing the coupled ADCIRC+SWAN hydrodynamic and phase-averaged wave numerical modeling framework given the significant data scarcity constraints of the region. The model’s total water level (TWL) and significant wave height (Hs) outputs, driven by different sources of meteorological forcing, i.e., the Fifth Generation of ECMWF Atmospheric Reanalysis (ERA 5), the Climate Forecast System Version 2 (CFSv2), and the Global Forecast System (GFS), were validated for three recent storm events that affected the coast (2016, 2017, and 2019). In order to assess the potentially increasing storm surge impacts due to sea-level rise, a case study was implemented to locally evaluate the modeling approach using the most accurate model setup for two 2100 SLR projections (RCP 4.5 and 8.5). Despite a TWL underestimation in all sets of simulations, the CFSv2 model stood out as the most consistent meteorological forcing for the hindcasting of the storm surge and waves in the numerical model, with an RMSE range varying from 0.19 m to 0.37 m, and an RMSE of 0.56 m for Hs during the most significant event. ERA5 was highlighted as the second most accurate meteorological forcing, while adequately simulating the peak timings. The SLR study case demonstrated a possible increase of up to 82% in the TWL during the same event. Despite the limitations imposed by the lack of continuous and densely distributed observational data, as well as up to date topobathymetric datasets, the proposed framework was capable of expanding TWL and Hs information, previously available for a handful of gauge stations, to a spatially distributed and temporally unlimited scale. This more comprehensive understanding of such extreme events represents valuable knowledge for the potential implementation of more adequate coastal management and engineering practices for the Brazilian coastal zone, especially under changing climate conditions.
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1. Introduction


Storm surges can lead to flooding and erosion in coastal environments and urbanized areas [1], significantly impacting the lives and economy of coastal communities [2]. These phenomena are mainly driven by the inverse barometer effect (i.e., atmospheric pressure) and the tangential wind stress over the free water surface [3]. Moreover, the combined effects of wind-generated waves and the gravitational forces that generate astronomical tides must also be considered to assess the total water level (TWL) amplitude during a storm surge event [4,5]. Although astronomical and meteorological tides are driven by fundamentally different processes, the TWL can be intensified if a storm surge co-occurs during spring tides. Timing, therefore, is also an important controlling factor on storm surges’ magnitudes and impacts, which are particularly more relevant in microtidal range regions [6,7]. As a representative case, the 2000 southernmost kilometers of the Brazilian coast are governed by a micro-tide regime, with a range lower than 2 m.



The Southern Brazilian Coast is highly susceptible to storm surges generated by extra-tropical cyclones and anticyclones that often cause water piling-up nearshore increasing wave action and, consequently, erosive processes [8,9]. According to [10] storm surges magnitudes’ in Southern Brazil can be 2 m higher than those observed on the Northern Brazilian coast. As a matter of fact, the state of Santa Catarina (27° S) in Brazil has been recurrently impacted by large events (i.e., events that exceed the usual magnitudes in the region) recently recorded in the southwest Atlantic Ocean. Hurricane Catarina (2004) was the first documented hurricane in South America, and made landfall as a category-1 hurricane, being responsible for approximately USD 163 million in damages [11,12]. During this major event, at least 45,000 homes were affected and more than 3700 people displaced, of which 40 were injured [13]. The frequency of such events also plays an important role in determining coastal vulnerability. For instance, between 1995 and 2014, an annual average of 28 meteorological events, which also include storm surges, impacted the state [11]. The events’ magnitude and frequency as well as their impacts may be aggravated given the projected climate changes [14].



As stated in the literature, the global mean sea level can rise from 0.52 to 0.98 m in 2100 [14]. In addition to the intrinsic damaging character of sea-level rise (SLR) itself, which has been intensively described by many climate change studies [15,16,17,18,19], significant increases in wave height due to more intense and frequent storms are expected in the Southern Ocean. Likewise, wave periods and directions might be also affected [14,20,21]. In this context of unprecedented changes and unobserved patterns, numerical models stand out as powerful tools to simulate such complex natural phenomena, either by means of historical hindcasting or simulating future scenarios [22]. Furthermore, it plays an important role in contributing to coastal management tools and strategies [23], such as the Brazilian Plan to Climate Change Adaptation at Coastal Zones and the Brazilian Program for Shoreline Conservation (ProCosta).



In Brazil, several hydrodynamic and wave models have been implemented since the 1980s to simulate the influence of the astronomical and meteorological components of the TWL [24], investigate the oceanic circulation in the continental shelf [25], investigate local tidal characteristics [26], evaluate coastal interventions, and understand local littoral processes [27], among others. However, a series of limitations must be highlighted, for example, the lack of precise coupled bathymetric and topographic surveys hampers the accurate representation of the surf zone and seafloor features in shallow waters, as well as the assessment of coastal flooding due to storm surges. Moreover, the poor network for ocean observation and the constant discontinuity in the available time series compromises its use for the model validation, as well as statistical analysis to identify patterns in meteorological events and their influence on ocean circulation [9,28,29]. This limitation in oceanographic data availability is typical in developing countries and has been widely reported in the literature [30,31,32]. Despite this limitation for numerical modeling implementation, the tightly coupled ADCIRC+SWAN hydrodynamic and phase-averaged wave models [33] have been recently employed in different poorly monitored areas to simulate water levels and waves during extreme events for coastal flooding studies. For instance, [34] showed a good agreement with observed data in a simulation of cyclone-induced storm surges in Bangladesh, based on a 900-m resolution bathymetry dataset. In India, [35] performed a satisfactory representation of extreme nearshore waves, which contributed approximately 30% of the TWL during an extreme event. The authors of [36] implemented a numerical model approach in Iran to assess the impacts of storm surges on coastal communities. In addition to data scarcity, the meteorological forcing component of storm surge simulation can also represent a model limitation, since it relies on estimations of the storm parameters based on available climate models [37].



Meteorological forcing (i.e., wind and pressure fields) represents a dominant mechanism that controls the storm surge magnitude. Therefore, model accuracy is critically related to the wind and pressure field’s input to the model setup [38]. Thus, it is expected that the proper implementation of a reliable hindcast or forecast storm surge system is highly dependent on meteorological inputs. However, such storm mechanisms are represented by an estimation of meteorological parameters coming from climate models. Hence, inherent uncertainties and specificities of each climate model must be taken into account, e.g., model resolution [39]. The models’ predictive skills were also extensively tested for storm surge simulation, considering the diverse range of available climate models that provide the necessary meteorological forces for the model implementation [40,41,42]. However, to the best of our knowledge, the ADCIRC+SWAN modeling approach has not been yet applied to the coastal areas of Brazil.



In this context, this study aims to understand how accurately storm surge events can be simulated in the Southwest Atlantic by implementing a numerical modeling approach in data-scarce areas. First, data availability regarding waves, TWL, astronomical tides, wind, and sea-level pressure were gathered for different temporal scale and spatial distribution. Next, three storm surge events were selected to implement the ADCIRC+SWAN model using three different meteorological forcing sources to investigate uncertainties in the wind and pressure fields, as well as the resulting TWL and waves in the Southwest Atlantic. Model outputs were validated against the available data and error metrics are presented to evaluate the model performance. Finally, a local scale study was developed in order to investigate two SLR scenarios. This manuscript is organized as follows. Section 2 presents the data availability for storm surge numerical models in the aforementioned study area, the model set-up, and the meteorological forcing specification. Section 3 presents the research results and discussion for the: (a) harmonic analyzes conducted to evaluate the model performance for astronomical tides prediction; (b) meteorological forcing validation for the selected events; (c) TWL simulation validation and error metrics; (d) waves validation and error metrics; (e) local scale application for different astronomical tides scenarios during storm surges, and Additionally, two SLR scenarios to exemplify the influence of different water elevation values nearshore. Section 4 provides the conclusions.




2. Materials and Methods


2.1. Study Area


Our study area encompasses the entire Southern Brazilian continental shelf, which extends from 22° S to 34° S throughout approximately 34% of the Brazilian coast, where the South and Southeast administrative regions are situated (Figure 1C). These regions concentrate the most densely populated and heavily industrialized areas of that coastal zone and have a significant influence on the country’s economy. In addition, the area converges the five most important Brazilian seaports, including the Port of Santos, which is the busiest container port in Latin America [43]. The area is predominantly characterized by a humid subtropical climate and a large variety of coastal and marine ecosystems, such as sandy beaches, mangroves, and coastal lagoons [44], which has turned it into a popular tourist destination. Regarding the regional oceanographic characteristics, the continental shelf circulation is influenced by oscillations of the Subtropical Shelf Front (confluence of Brazil and Malvinas currents), located near 33° S, as well as by the northwards transport close to the coast of low salinity waters from the La Plata River and the Patos/Mirim system [45]. Based on available wave data, [46] indicated that the predominant wave directions in the Southern Brazilian continental shelf are 100° and 160° (E–SE), while the wave heights vary from 1 to 1.5 m. Regarding the wave period, a variation between 6 and 14 s was observed. Although winter is the most energetic season on the Southern Brazilian coast, big waves (i.e., significant wave height (Hs) higher than 4 m) are present in all seasons [47]. Furthermore, despite its microtidal regime, the maximum values of both Hs and storm surge on the Brazilian coast are found in this region due to its high exposure to frequent and intense extratropical storms [9,10].



According to [48], the Southwest Atlantic Ocean presents two centers of cyclo-genesis along the Uruguay coast (35° S) and San Matias Gulf in Argentina (40° S), with higher frequency during winter and increased baroclinic instability during El Niño years. In a more recent study, three cyclogenesis regions were identified in the Southwest Atlantic Ocean, located in the Southern Brazilian coast (30° S), La Plata river discharge region, in Uruguay (35° S), and the Southern coast of Argentina (40° S–55° S) [49]. In addition, [50] highlighted that the Southern Brazilian coast is also susceptible to high-pressure fields known as anticyclones genetic regions at around 30° S, which have a major influence on the regional atmospheric circulation. However, according to [51], cyclones are the main weather system, responsible for 87.1% of extreme winds occurrence on the Southern Brazilian coast. Despite the main regional atmospheric patterns, the sub-synoptic-scale and local characteristics have an important role in events intensification [50]. Thus, the high susceptibility to storm surge events, along with a densely populated coastal zone, favors a high vulnerability status to the coastal communities in the study area [52].




2.2. Data Availability


Figure 2 presents the data availability for the Southern Brazilian coast considering its five different coastal states for the last 10 years. Brazil also has tidal observational data throughout its coastline acquired by its ports and specific academic projects that gather ocean data for short periods (i.e., weeks, months). However, data are often unavailable for third parties and/or are not interoperable. Although meteorological data are made available for long periods (i.e., almost a century), such as the time series provided by the Brazilian National Meteorology Institute (INMET), stations are often located overland, making it difficult to use for hydrodynamic modeling validation.



Data discontinuity is evident throughout the time series. The period between 2018 and 2019 presents the highest number of operational stations. Nevertheless, none of the stations gathered data for the entire analyzed 10 years period. Furthermore, wave buoys present several gaps and/or equipment noises. At this moment, the study area encompasses 18 operational stations, including three wave buoys and 15 tide gauges (Figure 2).



Given the context of this scarce observational data, only three different storm surge events were selected between 2016 and 2019 based on waves and TWL available data for model validation. All selected events presented major TWLs in the station records and were related to distinct astronomical tidal cycle characteristics. The first event occurred in October 2016 (Storm 1) with a duration of three days, in spring tide condition. The second event occurred in May 2017 (Storm 2) with a duration of two days in the neap tide. Finally, the third event occurred in July 2019 (Storm 3) with a duration of 7 days also during a spring tide. Figure 1 shows both the numerical modeling domain (A) and the selected stations and buoys for model validation (C).




2.3. Modeling Approach


In the present study, the tightly coupled ADCIRC+SWAN hydrodynamic and phase-averaged models [33] were employed to simulate the evolution of the storm surge and the propagation of wind-generated waves from the open ocean to the coastal areas in order to assess and validate the TWL during three different meteorological events. In this context, for this study, the TWL results from the combined effects of astronomical tides, meteorological tides, and wave set-up [53]. Despite the fact that this numerical modeling approach has been applied to several studies in different parts of the world [34,54,55,56], it has not been previously applied in Brazil.



The ADvanced CIRCulation (ADCIRC-2DDI) model is a two-dimensional depth-integrated, finite-element-based hydrodynamic model based on the generalized wave continuity equation (GWCE) and depth-averaged momentum equations [57]. ADCIRC is one of the most commonly used hydrodynamic models for coastal flooding simulations as well as for astronomical tides, storm surges, and TWL worldwide [55,58,59,60]. The Simulating WAves Nearshore (SWAN), on the other hand, is a third-generation phase-averaged spectral wave model [61] that is applied to solve the wave action balance equation to obtain wave parameters in the numerical domain. Furthermore, in order to represent the resistance between hydrodynamic and wave interaction, and different surfaces and/or obstructions, landcover classes are treated as an enhanced bottom friction value (Figure 3C), i.e., different Manning’s n coefficients are selected according to each landcover class [62,63] and converted into a friction length in the model domain [64].



In a coupled mode, ADCIRC+SWAN can share both the same unstructured numerical mesh and parallel computing infrastructure, allowing the model components to be applied at the same time. In this modeling setup, the time step for ADCIRC is set to 1 s, while for SWAN the time step is set to 3600 s to maintain computational stability. According to [33], SWAN accesses wind speed, water levels, and currents provided by ADCIRC to compute radiation stress gradients that allow ADCIRC to re-calculate set-up and currents. Subsequently, SWAN uses this information to recalculate water depth and wave related parameters (i.e., propagation, breaking, etc.) that will update ADCIRC again as a forcing function. Note that SWAN does not calculate infragravity waves and wave run-up.



The model domain was designed to incorporate all meteorological specificities that might influence the study area such as spatial distribution and frequency of cyclogenesis in the Southwest Atlantic Ocean pointed out by [48,49,50]. Figure 3 presents the mesh domain and its different resolution ranges along the Southern Brazilian coast.



With a total of 116,695 nodes and 229,904 triangular elements, the grid resolution varies from 25 km in the open ocean boundary (Figure 3A) to 30 m along the Santa Catarina Island, where the only area overland was conceived in order to allow the local scale scenario analyses (Figure 3C). The two-dimensional unstructured mesh generation process was carried out via OceanMesh2D, an objected-oriented framework [65]. The mesh resolution was distributed in several nested boxes, allowing high resolution in the study area. Different minimum mesh sizes (h0) are shown in Figure 3, as well as the thalweg mesh size function (Figure 3B,D) that was enabled to improve water conveyance nearshore. Regarding the geographic database, the General Bathymetric Chart of the Oceans (GEBCO) [66] with a 15 arc-second of grid resolution was employed here in addition to nautical charts from the Brazilian Navy [27], used only for the center part of Santa Catarina State at depths lower than 50 m. In order to characterize the topography of Santa Catarina Island, utilized in the scenario analyses (presented in Section 2.5), the Secretaria de Estado do Desenvolvimento Economico Sustentavel (SDS) Digital Elevation Model was employed [67]. Additionally, as a means to characterize the coastline geometry, the Global Self-consistent, Hierarchical, High-resolution Geography Database [68] was utilized. All nearshore topobathymetric data have been standardized to the Mean Sea Level (MSL) of the local vertical datum.




2.4. Hindcast Parameters


For each selected storm surge event, data from three different meteorological forcing sources were used to assess model sensitivity regarding different climate model specificities. The fifth-generation ECMWF atmospheric reanalysis (ERA5) [69], which has a grid resolution of 0.25° × 0.25°, the Global Forecast System (GFS) [70], with a spatial resolution of 0.5° × 0.5° and, finally, the Climate Forecast System Version 2 (CFSv2) [71], which is presented in a 0.2045° × 0.2045° grid, were all considered as the main wind and pressure forcing of the model setup. Both winds at 10 m above the sea surface and mean sea level pressure were extracted from the aforementioned climate models to perform the hydrodynamic and wave simulations on intervals of 6 h.



The numerical modeling simulations were performed with open boundaries using a forcing of 12 harmonic tidal constituents (M2, S2, O1, K1, K2, N2, Q1, M4, P1, 2N2, MS4, MN4) derived from TPXO 9.1 [72]. However, to accurately represent the astronomical tides in our domain, a 4-month tide-only simulation (starting on 1 September 2019) was carried out using the ADCIRC standalone model. The harmonic analysis was performed for the last 90 days of the simulation [73] as well as the form number calculation to estimate the regional tidal type [74]. Constituents amplitudes were validated against the Epagri/CIRAM predictions during the same period.



Understanding uncertainties and errors associated with the numerical approach is also an important factor for planning and mitigation actions in the coastal zone [75]. Thus, model performance was analyzed comparing model outputs (i.e., both wind and pressure fields, TWL, astronomical tides, and Hs) against tide gauges and wave buoys observed data. The performance was quantified using the root-mean-square error (RMSE) [76] for TWL, astronomical tides, and Hs. Wind and pressure fields are qualitatively discussed in Section 3.2.




2.5. Scenarios Analysis


The analysis of the three scenarios are presented in the last section of this manuscript. We simulated Storm 1, which occurred in October 2016 during a spring tide cycle, under a different astronomical forcing, to verify the TWL for the same meteorological conditions during the neap tide and, therefore, verify the dependency among the two storm-surge main forcing parameters. Moreover, the same meteorological event was also simulated under two different SLR scenarios pointed out by the IPCC’s Fifth Assessment Report (AR5) in two different Representative Concentration Pathways (RCPs 4.5 and 8.5) as a global mean SLR in 2100, i.e., the far horizon for the global SLR scenarios [14]. The results were discussed within our modeling domain, focused on a local scale cutout in Ingleses Beach, located in the northeast of the Santa Catarina Island, Florianopolis. The selected area is a tourist destination and presents both natural and dense urbanized coastlines that have had recent problems with severe erosion due to storm surges [8].





3. Results and Discussion


3.1. Astronomical Tides


The harmonic analysis was carried out for a period of four months, and the results were compared against astronomical tidal predictions in three stations in the Santa Catarina State. The sector analyzed presents a mixed, semidiurnal microtidal type, i.e., two unequal high tides and two unequal low tides, presenting form numbers between 0.25 and 1.5. The results of the harmonic analysis regarding constituents’ amplitudes are presented in Figure 4, while phases are shown in the supplementary material (Figure S1). The ADCIRC model was able to accurately represent all major harmonic constituents aside from M4 and MS4 at the northernmost station (Figure 4A). Moreover, the S2 constituent was responsible for generating the largest residual errors at all analyzed stations. For instance, at the Florianopolis station (SC2951), S2 was overestimated by 0.047 m, while M2 was underestimated by 0.009 m.



The time series presented in Figure 5A refers to the entire simulation period at the Florianopolis station (SC2951), where the calculated RMSE is 0.10 m. On the other hand, the Balneario Camboriu Station (SC2927) and Imbituba station (SC2963) present an RMSE of 0.24 and 0.11 m, respectively. Figure 5B highlights, in detail, the low amplitudes of a mixed, semidiurnal microtidal type as well as a misrepresentation of the transitions between spring and neap tides. However, as depicted in Figure 5C, a strong dependence is evident between the observed and modeled values, showing a suitable representation of astronomical tides.



According to [77], the third-diurnal principal lunar constituent (M3) has a significative amplitude in our study area and its resonance directly affects the astronomical tides signal. For instance, although the predictions present amplitudes up to 0.038 m for the M3 constituent in Balneario Camboriu station, the tidal database TPXO 9.1 [72] has no tidal data for the aforementioned constituent. Additionally, the lack of a precise and up to date bathymetry and its relative importance for an appropriate hydrodynamic simulation must be emphasized [78].




3.2. Wind and Pressure Fields


Figure 6 depicts both wind and pressure fields in the model domain for three specific dates representing the atmospheric conditions when the TWL peaks were recorded at the tide gauges in Santa Catarina. Both Storm 1, which occurred during spring (Figure 6A), and Storm 2, which occurred in the fall (Figure 6B), were generated by extra-tropical cyclones with similar spatial and atmospheric conditions. On the contrary, Storm 3, which also occurred in the fall, was generated by a high-pressure field adjacent to the coast (Figure 6C). Due to different climate model resolutions and a lack of observation data, both wind and pressure fields were qualitatively analyzed in three different buoys (Figure 1).



During Storm 1, all three climate models were able to characterize the time-series variation regarding the air pressure at mean sea level (Figure 7A–C). However, as a probable consequence of its coarser resolution, the GFS model was not able to represent the low-pressure peak (Figure 7A) as well as small variations throughout the time series. In contrast, although having a better resolution, the CFSv2 model completely misrepresented the pressure variations during Storm 2 (Figure 7D–F). None of the climate models were able to accurately represent the low-pressure peak at the closest buoy to the Santa Catarina state coastal zone (Figure 7E). Finally, in Storm 3, all climate models presented a suitable representation of pressure amplitudes with a slight shift in the phase if compared with the observations (Figure 7H).



The tangential wind stress is a dominant variable of a meteorological event and its action over the sea surface can represent up to 90% of a storm surge magnitude [79]. Regarding the climate models’ performance, both ECMWF and CFSv2 were able to represent wind magnitude amplitudes throughout the time series. The GFS model, on the contrary, consistently underestimated wind magnitudes and did not accurately characterize the high peaks observed in the Rio Grande buoy (Figure 8A,D) and Itajai buoy (Figure 8E). As in the pressure data, a slight shift in the phase can be observed under a high-pressure event (Figure 8G).



Although seemingly distant, the observed and modeled wind data in the southernmost buoy (Figure 8A,D,G) are still related to the meteorological monitoring conducted in the Rio Grande do Sul coast. [50] obtained maximum wind magnitudes of 24 m/s, and [51] found an average wind magnitude of 6.2 m/s and maximum values of 26 m/s over 66 years of storm surge analysis. Through a distribution analysis, all wind magnitudes higher than 17 m/s were classified as extreme winds, which occurred only in 0.16% of the observed data time series [51].




3.3. Total Water Levels


Storm surges can combine the effects of multiple non-linear interactions of oceanic processes (e.g., astronomical tides and wind-generated waves). On the other hand, extreme TWL can also be derived from single intense processes and still cause serious damage to coastal areas [4,5,35]. In this section, the results of our numerical approach and its comparison with observations obtained in three tide gauges located at the Santa Catarina State coastal zone are presented (Figure 1).



Regarding the storm surge peaks, the model was not able to accurately predict the maximum values in all simulations. The modeled TWL peaks were consistently underestimated, as depicted in Figure 9. In Storm 1, the simulation forced by the GFS model presented the best results being capable to reproduce 84% of the maximum observed values. During Storm 2, even the lower water level peaks recorded during a neap tide were substantially underestimated by all sets of simulations. For example, the simulations forced by CFSv2 and GFS presented the best results in Balneario Camboriu station (SC2927); however, with an absolute error of 0.29 and 0.31 m, respectively, there is an almost 40% underestimation. Finally, in Storm 3, the simulation forced by the CFSv2 forced model presented the best results in all three stations. In the Imbituba station (SC2963), the simulation was able to represent 74% of the maximum water levels with an absolute error of 0.28 m. In contrast, a similar research [75] indicated a good agreement between modeled and observed maximum water level values with a relative error up to 2.3%, utilizing the very same modeling approach forced by the CFSv2 model in the South China Sea.



The time series presented in Figure 10 demonstrates that the substantial underestimation observed in the maximum values, in fact, occurs during all selected storm surge events. In Storm 1, despite that the GFS model has provided the best results for maximum values, an overestimation is evident in the subsequential days (Figure 10B,C). Furthermore, the model has presented similar behaviors in Storms 2 and 3, i.e., under normal meteorological conditions the model was able to accurately represent the TWL in all stations, and during the storms, a negligible increase in the water surface elevation is observed. Overall, the model presented a low sensitivity to different meteorological forcing. For instance, in Storm 2, although the CFSv2 completely misrepresented the local pressure fields and the GFS model exhibited a lack of accuracy on the wind magnitudes, the resulting TWL outputs were relatively similar.



Table 1 presents the RMSE for all simulations in terms of TWL and the boldfaced values represent the best results obtained in the set of simulations. Despite that the GFS model has presented a good performance in terms of maximum values, it has been surpassed in all simulations by either ECMWF or CFSv2 models when the entire time series is considered. Additionally, it is important to highlight that the ECMWF model has presented the most consistent RMSE results in all simulations. For instance, while a difference of 1 cm is observed between the ECMWF and the CFSv2 results in Storms 1 and 3 simulation errors, a much larger error in magnitude is observed in Storm 2, where ECMWF is the best meteorological forcing. In addition, Table 2 presents the error metrics for surge only, i.e., disregarding the astronomical tides, which indicates that the error is mostly related to the water piling up caused by the action of meteorological forcing.



Despite that the TWL results pointed out by this research suggest a lack of accuracy in the meteorological forcing, [40] stated that simulations forced by the same climate models led to similarly accurate results for storm surge forecasting in the Northwest Atlantic Ocean, highlighting the ECMWF model efficiency. Moreover, [42], also affirmed that ECMWF stood as a highly accurate climate model, however, with significant spatial dependency in the United States coast. On the other hand, in the Persian Gulf, the GFS model produced the best wind field data and, thus, was more accurate for storm surge numerical modeling applications [41]. Regarding the Southwest Atlantic, our findings are in agreement with [78], which demonstrated that even the most widely used climate models can lead to a fail in up to 50% on TWL hindcasting in our study area.



Lastly, it should be mentioned that the present study does not yet consider the effects of river discharge, rainfall, infragravity waves, wave run-up, as well as depth-dependent processes, such as velocity gradients due to density, that might vary according to different ocean temperature and salinity. According to [80], the South Brazilian Bight (extending from 23° S to 28° S) is highly influenced by the Brazil Current. Moreover, the spatial variability of currents confluence (i.e., Brazil-Malvinas) might as well influence the circulation in the Southern Brazilian Shelf [81]. In a three-dimensional numerical modeling approach, [82] pointed out for the first time that the Brazilian Current has a strong baroclinic impact in the northern portion of the Brazilian Bight.




3.4. Waves


Wind-generated waves may be a significant component of the TWL during a storm event. Moreover, the wave setup might increase coastal flood hazard in wave-tide dominant regions such as the Southern Brazil Bight [83]. According to [4], the dependence of those two elements is dominant in midlatitudes, owing to the fact that the compound effect is generated by the same atmospheric conditions. As stated by [10,47], higher and long-period waves are found in the southern region of the Brazilian coastal zone, along with extreme waves during the winter months. The wave setup that also composes the TWL has a nonnegligible impact in numerical modeling simulations of storm surges, even though in lower magnitude meteorological events its effect might be lower than 10% [75].



The scatterplot presented in Figure 11 depicts a much stronger dependence between observed and modeled wave height maximum values if compared with TWL model results. During the most significant event (Storm 1), the simulation forced by the CFSv2 model was able to represent 98% of the observed peak at the Rio Grande Buoy (Figure 12B). However, at the same validation point, a timing delay between all climate models is observed. As shown in Table 3, despite the models’ accuracy, the maximum value was predicted 10 h ahead of the observed peak, while GFS, which also presented a good performance, was able to force the wave peak with a positive timing shift of 6 h. On the other hand, despite being outperformed by the other climate models, the simulation forced by the ECMWF Era-5 resulted in a wave peak exactly at the same time as the observed at the Santos buoy during the same event. The same situation is even more evident during Storm 3 (Figure 12J) when the same lagging was not observed for the wind forcing products (Figure 8A,H).



Due to a lack of observation data, the evolution of the wave propagation in the study area cannot be completely understood during the selected meteorological events. However, as depicted in Figure 12B,D, a magnitude loss of almost 40% in the wave maximum values is evident after 15 h in a fetch of 816 km. In contrast, in Storm 2, the wave energy evolves in the opposite way, though at a different order of magnitude. In a fetch of 521 km between the Rio Grande and Santos buoys (Figure 12F,G), the wave maximum values show an increase of approximately 20% after 9 h. The authors of [80] stated that the large meteorological variability on the Southwest Atlantic Ocean prevents short-term simulations to fully comprehend the ocean waves’ behavior patterns, suggesting the need for long-term simulations (over 10 years), which cannot be completely validated as a consequence of insufficient wave data. However, a reanalysis based dataset is available as an alternative to describe wave climate along the Brazilian coast [27,84] as well as a long-term-wave database at local scales, e.g., [85].



Overall, the model approach showed good performance for the Hs modeling and a suitable representation with observations is evident. Table 4 shows the Hs error metrics and the boldfaced values represent the best results obtained in the set of simulations. In Storm 1, the simulation forced by CFSv2 presented a better RMSE in both buoys with available observations for the same period, despite that the GFS was a better option in the second buoy for maximum values. The same occurs in Storm 2. The simulation carried out with the CFSv2 forcing resulted in a better RMSE in all available buoys. Even though the GFS model led to a better representation of maximum values, the biggest time-shifting of up to 15 h was observed in both buoys. Finally, in Storm 3, the model results were validated in only one buoy due to the lack of recent observational wave data in Brazil. The RS-4 is the southernmost buoy, as well as the closest to the coast (around 8 km at 32° S). In this case, both the best maximum values and RMSE are related to the ECMWF Era-5 meteorological forcing. Yet, the CFSv2 overpredicted the entire time-series. In a similar investigation, [80] validated the wave heights at the very same set of oceanic buoys in a longer period of simulations, where the RMSE was no lower than 0.46 m in the Rio Grande Buoy and 0.57 m in the Itajai buoy, even though a hybrid oceanic model was employed, using the CFSR climate model. Likewise, [85] presented a similar RMSE order of magnitude (maximum values of 0.58 m for wave heights higher than 1 m) in a local long-term set of simulations validated at 24° S and forced by an ECMWF climate model. On the other hand, in the North Atlantic Ocean, a similar modeling approach applied for wave forecasting showed RMSE values ranging between 0.26 and 0.84 m [86].




3.5. Local Scale Assessment


The Santa Catarina Island (27.6° S and 48.4° W) is located in the South Region of Brazil and partially composes the territory of Florianopolis, which is the state capital and the second-largest city of the Santa Catarina State (Figure 3C). The island encompasses two different marine domains owing to the fact that it is located at a small distance from the mainland. The Atlantic Ocean domain incorporates both north and east sectors that present reflective and intermediate beaches of different sizes, generally east-southeast-facing, delimited by rocky headlands [87]. In contrast, the west domain, facing a bay system, is sheltered from the direct incidence of waves and is composed of rocky headlands, low energy pocket beaches, and estuarine systems with mangrove occurrence [88]. Florianopolis is the most affected city by storm surges in the state, with an extensive record of both inundation and erosion events, with important repercussions over densely occupied coastal segments and their communities [88,89,90]. The Ingleses beach is a representative case of an area highly susceptible to the effects of storm surges [91,92]. The aforementioned beach is located at the north shore of the island (Figure 13A) and features distinctive characteristics in a retreating coastline [93], where the sheltered areas (southern sector) are densely urbanized and highly susceptible to storm surge impacts, while the semi-exposed areas (northern sector) presents vegetated foredunes that provide, among a large number of local ecosystem services, the coastline protection that locally reduces its susceptibility [92,94].



Figure 13 illustrates three different components of the Storm 1 event describe in this research in a specific and detailed cutoff of our global maximum file outputs, located at the Ingleses beach. The maximum surface elevation over the entire simulation indicates a range between 0.83 and 0.88 m along the beach shore (Figure 13B). Due to its gentle beach face slope [95], the maximum water level values under this storm surge event led to a collision regime even in the northernmost sector, where a wider backshore induces a lower susceptibility to erosion [92]. Moreover, the urbanized shore on the southern sector also registered a collision regime; however, with a direct impact on the urbanized area, where damages had been recorded during this event.



The maximum Hs, as well as the wave direction, are presented in Figure 13C and depict the south-eastern waves being diffracted towards the Ingleses shore. Maximum Hs values of 3.7 m reached the Santa Catarina Island a day after a 5.3 m of Hs was registered at the Itajai buoy on 28 October 2016 (Figure 12C). Nevertheless, on a distinct extreme event, waves with a maximum height of 6.5 m have been recorded adjacent to the Santa Catarina island by [96]. Although the regional wave climate is dominated by south, southeast, and east swells, due to its orientation, the Ingleses beach is protected from south swells, partially sheltered from southeast swells, and mainly exposed to eastern waves [8,95,97]. As a matter of fact, during a southwest event, waves of 1.3 m were hindcasted in the northernmost sector at a 2 m depth, while in the central part of the beach waves of 0.9 m height were obtained and, finally, 0.6 m in the sheltered area in the southernmost beach sector. In a similar analysis, based on a 60-year global reanalysis database, [98] presented the Hs mode values of 0.75 m in both sectors North and Central, while Hs of 0.5 m in the Southern area. The peak wave period (Tp) has shown a significant dependency on the wave direction. Longer peak period waves (14–17 s) were modeled along with all the exposed areas to the incidence of southeastern waves, while in areas where the waves were refracted, such as the Ingleses beach, Tp varies between 6 and 8 s (Figure 13D). This suggests that although the long-period waves from south-southeast are the most frequent in the area, the water level increment observed in this event (also possibly true for the others) appears to be related to waves with shorter periods from northeast-east, generated closer to the shore.



In order to investigate the dependency of the two main storm surge components, i.e., meteorological forcing and astronomical tides, on the TWL, a scenario analysis was conducted in our domain considering two different tidal cycles. The results were also analyzed in the central sector of the Ingleses beach (Figure 14). The astronomical tides along the state of Santa Catarina have a microtidal range, with spring tides varying from 0.46 m in the southernmost area to 1.05 m in the north [87], and according to [88], the Ingleses beach presents a moderate tidal range of 0.6 m. The first scenario (Figure 14A) represents the real event, i.e., the storm surge occurred during a spring tide cycle, when usually coastal flooding and erosion are most likely to happen due to a higher TWL induced by those factors simultaneously. The predicted astronomical tides at the opposite portion of the island indicated a 0.43 m peak, corresponding to 36% of the observed TWL at the tide gauge. On the other hand, at Ingleses beach, a 0.43 m peak was predicted in our simulation. In contrast, while a TWL of 1.21 m was observed at the Florianopolis tide gauge, a 0.82 TWL peak was simulated independently of different meteorological forcing. Finally, Figure 14B shows the second scenario, which demonstrates both TWL and tides for the same meteorological forcing under a neap tide cycle. In this scenario, a 0.23 m tide peak was predicted and a 0.54 m TWL peak was simulated, indicating that under different astronomical conditions, Storm 1 could have reached a peak of at least 0.2 m lower.



As a second analysis, two different 2100 SLR scenarios were implemented as fixed mean sea level offsets of 0.53 and 0.74 m, according to the IPCC RCPs 4.5 and 8.5, respectively [14]. Several physical impacts are expected globally due to SLR in the 21st century, such as an increase in flooding events and the submergence of low-elevation coastal zones. Moreover, longer-term effects related to the coastal adjustment to new morphodynamic conditions can lead to severe erosion and the compromise of coastal aquifers due to saline intrusion [99]. These impacts, therefore, will exacerbate socio-economic damage in more vulnerable coastal communities. For instance, in the Brazilian southeast region, the SLR is expected to produce a significant impact on the Santos Estuarine system in 2100, when almost 50% of its mangroves will be flooded as well as part of the adjacent beaches [100]. Although the SLR effects have been globally studied, on a local scale those impacts are under-reported in Brazil, thus making it difficult to be considered in coastal management, such as in the case of Florianopolis. However, a coastal sensitivity and population exposure to SLR assessment presented by [88] pointed out that Ingleses beach presents a high population exposure to SLR in its southern sector, even though it has a sheltered characteristic. On the other hand, in areas with a low population density such as the northern sector, the exposure is, naturally, lower even with a high susceptibility to erosion.



Figure 15 shows the SLR scenario analysis conducted at the Ingleses beach considering the most significant among the analyzed storm events (Storm 1), of which the magnitude has not undergone any changes as well as the original tidal cycle. Therefore, Figure 15B represents the original storm surge amplitude at the TWL peak while Figure 15C,D show the predicted offsets added in order to simulate the IPCC RCPs 4.5 and 8.5, respectively. In the first scenario, the maximum accumulated value referring to the original TWL and the SLR offset represents an increase of approximately 60% in the water surface elevation. Furthermore, the second scenario suggests an even more significant change in the storm surge effects, indicating an increase of approximately 82% over the original TWL. Although the model does not present an approach that quantifies coastal erosion, it is worthwhile to mention that such a significant change in the TWL might potentially impact the entire surf zone, leading to a local morphodynamic readjustment and, therefore, altering the entire beach profile.



The SLR effects will also impact regular oceanographic conditions. In southern Brazil, storm surges occur every 6.5 to 11 days [9], and regardless of their magnitude, a collision regime at Ingleses beach may occur during spring tides. In this context, the frontal dunes in the northern sector of the beach have the potential to be even more essential in providing coastal protection and stabilization. This ecosystem has only a remnant of frontal dunes, extending for only 20% of the beach.





4. Conclusions


The coupled ADCIRC+SWAN hydrodynamic and phase-average wave numerical modeling framework was presented as an alternative for storm surge hindcasting and SLR scenario analysis on the Southern Brazilian coast given the significant data scarcity constraints of the region. Moreover, the models’ dependency on different sources of meteorological forcing was investigated considering three different wind and pressure field sources i.e., the Fifth Generation of ECMWF Atmospheric Reanalysis (ERA 5), Climate Forecast System Version 2 (CFSv2), and the Global Forecast System (GFS). The results demonstrate that with regards to astronomical tides, the modeling approach presented a good agreement with the tide gauge predictions in terms of amplitudes. Concerning the meteorological events simulations, although constantly underestimating TWL values, the Hs results presented good accordance with observational data, despite the evident inaccuracy of the wind magnitude data. The results showed significantly low sensitivity to different meteorological forcing; however, the CFSv2 model stood out as the most consistent meteorological forcing for storm surge and waves numerical hindcast, and ERA5 was highlighted as the second most accurate meteorological forcing while adequately simulating the peak timings. The lower predictability of the GFS meteorological forcing could be attributed to its coarser resolution.



Furthermore, three scenario analyzes were conducted in order to demonstrate different model applications on a local scale. First, the astronomical tide amplitudes influence on the TWL was investigated during a storm surge event. It was demonstrated that in a specific event, the co-occurrence of the storm that arises during a spring tide had an impact of 20% on the TWL. Although governed by a microtidal regime, the astronomical tides stood out as a significant storm surge component in the study area. Furthermore, a correct prediction of astronomical tides represents paramount importance when implementing the modeling approach as a framework for forecasting hydrodynamic and wave conditions. Second, two different 2100 SLR scenarios were implemented in accordance with the IPCC RCPs 4.5 and 8.5. In the first scenario, a possible increase of up to 60% was determined in the TWL during Storm 1, inducing higher water levels along the beach, while in the second scenario an 82% increase was predicted. The proposed framework is an invaluable asset to support the Brazilian Plan to Climate Change Adaptation at Coastal Zones, as it is considered that SLR will cause coastal erosion and flooding, saline intrusion, and impacts on natural resources and biodiversity.



Despite the limitations imposed by the lack of continuous and densely distributed observational data, as well as up to date topobathymetric datasets, the proposed framework is capable of expanding TWL and Hs information, previously only available to a handful of gauge stations, to a spatially distributed and temporally unlimited scale. This more comprehensive understanding of such extreme events represents valuable knowledge for the potential implementation of more adequate coastal management and engineering practices for the Brazilian coastal zone, especially under changing climate conditions. Furthermore, the proposed methodology can highly contribute to the Brazilian Program for Shoreline Conservation (ProCosta), a shoreline management initiative that aggregates projects dealing with updating topobathymetric datasets; projection of future coastlines and hazard identification; and coastal risk and adaptation strategies. In addition, as a recommendation for future research, the influence of both the Malvinas and Brazil currents can be incorporated into the model domain in order to understand the regional oceanic circulation effects in the storm surge propagation.
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Figure 1. (A) Numerical modeling domain; (B) Southern Brazilian continental shelf; and (C) selected stations of which data were used for validation. 
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Figure 2. Available meteo-oceanographic observational data in the study area. Selected stations for model validation are presented in boldface and shown in Figure 1. * No wave data ** Real-Time. 
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Figure 3. (A) Numerical modeling domain; (B) Santa Catarina State coastal areas; (C–G) Detail of the different resolutions used in the unstructured numerical mesh. 
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Figure 4. (A–C) Harmonic Constituents Amplitudes for three different stations in the Santa Catarina State coastal areas (locations shown in Figure 1). 
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Figure 5. (A) Long term water surface elevation modeling for station SC2951, between 1-Sep to 31-Dec; (B) Modeled and predicted water surface elevations during a single tidal cycle; (C) linear dispersion between predicted water surface elevations between 1 September to 31 December. 
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Figure 6. (A–C) Atmospheric characteristics of the three selected events during each storm peak. 
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Figure 7. Air pressure at mean sea level time series at three different buoys (A–I). 
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Figure 8. (A–I) Winds at 10 m above the sea surface time series at three different buoys. 
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Figure 9. Scatter plot of maximum TWL. 
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Figure 10. Total water level time series at three different recording stations (A–I). 
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Figure 11. Scatter plot of maximum Hs. 
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Figure 12. (A–L) Wind-generated waves time series at four different buoys. 
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Figure 13. (A–D) Local-scale assessment of models’ maximum outputs during Storm 1 (gray portions represent land). 






Figure 13. (A–D) Local-scale assessment of models’ maximum outputs during Storm 1 (gray portions represent land).



[image: Water 12 03538 g013]







[image: Water 12 03538 g014 550] 





Figure 14. (A) Original TWL and Astronomical tides during Storm 1. (B) Scenario analysis considering the same event under different astronomical tides conditions. 
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Figure 15. (A–D) Sea-level rise scenarios at Ingleses beach, Florianopolis (gray portions represent land). 
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Table 1. Total water level error metrics (RMSE in m).
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Storm

	
Station

	
CFSv2

	
ERA 5

	
GFS






	
Storm 1

	
Balneario Camboriu

	
0.24

	
0.25

	
0.29




	
Florianopolis

	
0.20

	
0.21

	
0.25




	
Imbituba

	
0.19

	
0.21

	
0.25




	
Storm 2

	
Balneario Camboriu

	
0.34

	
0.26

	
0.30




	
Florianopolis

	
0.32

	
0.22

	
0.26




	
Imbituba

	
0.32

	
0.23

	
0.27




	
Storm 3

	
Balneario Camboriu

	
0.32

	
0.32

	
0.36




	
Florianopolis

	
0.31

	
0.32

	
0.35




	
Imbituba

	
0.37

	
0.38

	
0.41
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Table 2. Surge-only error metrics (RMSE in m).
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Storm

	
Station

	
CFSv2

	
ERA 5

	
GFS






	
Storm 1

	
Balneario Camboriu

	
0.17

	
0.18

	
0.22




	
Florianopolis

	
0.18

	
0.20

	
0.23




	
Imbituba

	
0.17

	
0.20

	
0.23




	
Storm 2

	
Balneario Camboriu

	
0.27

	
0.20

	
0.23




	
Florianopolis

	
0.31

	
0.21

	
0.25




	
Imbituba

	
0.32

	
0.22

	
0.26




	
Storm 3

	
Balneario Camboriu

	
0.28

	
0.28

	
0.31




	
Florianopolis

	
0.31

	
0.31

	
0.33




	
Imbituba

	
0.33

	
0.33

	
0.35
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Table 3. Maximum Significant Wave Height and timing (values in m).
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Storm

	
Station

	
CFSv2

	
Delay

	
ERA 5

	
Delay

	
GFS

	
Delay

	
Observed

	
Date Time






	
Storm 1

	
Rio Grande

	
9.07

	
−10 h

	
7.14

	
−7 h

	
10.35

	
+6 h

	
9.29

	
2016-10-28 12:00




	
Santos

	
5.21

	
−2 h

	
4.68

	
0 h

	
5.44

	
+5 h

	
5.81

	
2016-10-29 03:00




	
Storm 2

	
Rio Grande

	
3.75

	
+2 h

	
3.44

	
+1 h

	
3.76

	
+14 h

	
3.99

	
2017-05-14 18:00




	
Itajai

	
4.09

	
+2 h

	
3.81

	
+3 h

	
3.59

	
+15 h

	
5.09

	
2017-05-15 03:00




	
Storm 3

	
RS-4

	
3.69

	
−3 h

	
3.41

	
+3 h

	
2.98

	
−4 h

	
3.15

	
2019-07-05 18:00
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Table 4. Waves error metrics (RMSE in m).
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Storm

	
Station

	
CFSv2

	
ERA 5

	
GFS






	
Storm 1

	
Rio Grande

	
0.71

	
0.732

	
0.951




	
Santos

	
0.562

	
0.617

	
0.636




	
Storm 2

	
Rio Grande

	
0.424

	
0.488

	
0.706




	
Itajai

	
0.38

	
0.53

	
0.7




	
Storm 3

	
RS-4

	
0.766

	
0.433

	
0.615
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