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Abstract

:

Ports constitute a significant influence in the economic activity in coastal areas through operations and infrastructures to facilitate land and maritime transport of cargo. Ports are located in a multi-dimensional environment facing ocean and river hazards. Higher warming scenarios indicate Europe’s ports will be exposed to higher risk due to the increase in extreme sea levels (ESL), a combination of the mean sea level, tide, and storm surge. Located on the west Iberia Peninsula, the Aveiro Port is located in a coastal lagoon exposed to ocean and river flows, contributing to higher flood risk. This study aims to assess the flood extent for Aveiro Port for historical (1979–2005), near future (2026–2045), and far future (2081–2099) periods scenarios considering different return periods (10, 25, and 100-year) for the flood drivers, through numerical simulations of the ESL, wave regime, and riverine flows simultaneously. Spatial maps considering the flood extent and calculated area show that most of the port infrastructures’ resilience to flooding is found under the historical period, with some marginal floods. Under climate change impacts, the port flood extent gradually increases for higher return periods, where most of the terminals are at high risk of being flooded for the far-future period, whose contribution is primarily due to mean sea-level rise and storm surges.
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1. Introduction


Maritime ports are major hubs of economic activity and are usually located in protected areas with access to navigable waterways due to marine transportation’s operational characteristics. Maritime trade has been increasing consistently with an annual average growth of 3.4% and a 4.7% increase in container port traffic [1], and even with the 2020 global pandemics contractions, the growth rate is expected to be recovered in 2021 [2]. Ports’ primary functions are to supply services to freight and ships and cover a wide range of functions that involve port operability. For instance, cargo-oriented infrastructures have been developed and expanded to new inland areas contiguous to the port to facilitate land and maritime transport systems in order to sustain the planned longevity of the infrastructural assets of about 40–50 years [3]. These characteristics turn the ports susceptible to complex dynamics of the multi-dimensional environmental [4,5] on which they are located, from the ocean (sea levels, storm surges, and sea weather) to rivers that can annihilate the ability to maintain the port activities efficiently.



Unprecedented climate change is occurring changing meteocean patterns around the globe [6,7,8,9], and recent studies show no signs of deceleration with sea-level rise exceeding 2 m [10,11] under higher emission scenarios, surpassing the IPCC AR5 [12] projections, with the potential to increase the vulnerability of coastal regions to floods. The Integrated Climate Data Center (ICDC) of the University of Hamburg determined the predicted relative sea level data that support the global estimates of the fifth IPCC report. The relative sea level includes surface mass balance and dynamic ice sheet contributions from Greenland and Antarctica, a glacier contribution, a land water storage contribution, glacial isostatic adjustment (GIA), and the inverse barometer effect (IBE). However, these projections do not consider the vertical land motion, whose long-term influence can be substantial and affect the regional mean sea level changes [13] and show significant variability in temporal and spatial evolution of the predicted mean sea levels [13,14,15].



Wind and wave regimes are expected to be affected [16] by climate change, along with weather events becoming more extreme [17,18]. The global climate models (GCMs) from Phase 5 of the Coupled Model Intercomparison Project (CMIP5) are a reliable source for the future ocean and atmospheric variables [15,19,20]. Drawing on the above, the United Nations (UN), governments, and the scientific community have been leaning forward on reverting the rise of carbon dioxide levels to tackle climate change impacts, which would require achieving net-zero greenhouse gas emission [21]. Such initiatives are of paramount importance to strengthen the global response to deal with climate change impacts. The European Commission supports the UN efforts through relevant legislation and climate strategies seeking to minimize risks to climate (a complete summary can be found in [22]). In addition, the European Union (EU) is highly dependent on port operation, with 75% of goods being imported and exported and 37% within the EU [23].



Given the ports’ location and the role in the globalized trading system, port adaptation and building their resilience to climate change is an urgent problem to be countered. Studies focusing on the European ports [24,25] showed that high warming scenarios (Representative Concentration Pathway—RCP8.5) indicate Europe’s ports will be exposed to higher risk, where most of the ports exposed to extreme sea levels (ESL) higher than 4.5 m in 2100 are located in the Iberian Peninsula (IP) [24]. Direct consequences on the number of trading goods could be affected, with an estimated cargo reduction of 25%. Broader impacts are expected since most IP port operations are performed in low-lying areas contiguous to the ports. Thus, acknowledge the extent of flooding under climate change is critical to enhancing flood resilience once ports are exposed to climate change impacts.



The west IP coast features several ports that provide an important gateway for Europe and Asia for trading and are vital for Portugal and Spain’s national economies [26]. This coast is characterized by highly variable coastal systems (estuaries, Rias, and lagoons), namely the Aveiro Lagoon that shelters the Aveiro Port. Due to its location and characteristics, the infrastructures of this port are prone to floods under the present climate [27,28,29], where a large extension of the surrounding areas of the port is flooded [29] under extreme sea levels. Flood assessment under future climate was addressed for the Aveiro Lagoon [30] but did not focus on the Aveiro Port, where a detailed assessment should be addressed by increasing the reliability and accuracy through modeling considering climate projections, which may be aggravated in the future due to climate change and may threaten the port’s performance. However, climate change impacts have not been assessed for Aveiro Port infrastructures inside its jurisdiction area. Thus, the present paper aims to assess the flooding conditions in Aveiro Port in response to climate change drivers through a detailed modeling study that quantifies the flooded area in a reference scenario that represents the present conditions and in climate change scenarios for the 10-, 25-, and 100-year return period (from now on referred to as Tr10, Tr25, and Tr100, respectively). The flood assessment will be determined by the simulation of the ESL (mean sea level, tide, and storm surge) simultaneously with wave regime as the ocean drivers and the riverine flows.




2. Study Area


2.1. Ria de Aveiro


Ria de Aveiro, an inland lagoon, is located on the IP west coast facing the Atlantic Ocean (40°39′ N, 8°45′ W), in Portugal (Figure 1a). The lagoon is comprised of four main channels (Mira, Ílhavo, Espinheiro, and S. Jacinto) and a single artificial channel connecting the lagoon to the Atlantic Ocean [30]. The elongated lagoon up to 45 km in length lies behind sandy barriers and extends up to 10 km onshore, covers an area of 89.2 km2 at spring tide, which is reduced to 64.9 km2 at neap tide [28]. An average depth of 1 m characterizes the lagoon due to the predominance of small channels, large areas of mudflats and salt marshes, and up to 15 m at the entrance and port area [29]. The region surrounding the lagoon is characterized by a low topography, which increases the potential to be flooded during certain conditions.



The tide is the most important among the lagoon dynamic drivers, characterized by a semidiurnal regime with a small diurnal pattern, reaching average tidal amplitudes of 0.46 m at the neap tide and 3.52 m at spring tide. Several rivers also contribute to local hydrodynamics, with five major sources (Vouga, Antuã, Ribeira dos Moínhos, Cáster, and Boco rivers), where the Vouga river is the main contributor reaching a mean discharge of 80 m3/s [31]. These characteristics turn the lagoon vertically homogeneous, except during high inflows of fresh water in the channel’s upper part, where some vertical stratification is found [32,33].



With a northwest regime, the coastal waves are characterized by a mean significant wave height of 2 m and a mean wave period of 12 s, increasing significantly in winter, reaching 8 m during 5-day storm events [34]. Despite these high wave heights, studies showed that the presence of breakwaters along the lagoon mouth diminishes the influence of the waves at the entrance, slightly affecting the currents and sea level at the port operation areas [35,36]. In addition, storm surges can occur during adverse weather conditions, leading to an over-elevation ranging from 0.3 to 1.1 m [27,30,37].



The changes occurring in meteocean drivers contribute to the increase in the lagoon’s flood risk, which has been assessed for the historical period [27,29,38,39] to understand and predict future developments [28,30,35] of the flooded area and the implications on the surroundings. The Aveiro Lagoon has been historically shaped by human activities, harboring urban structures of small to medium-sized cities and related activities and increasing industrialization prompted by the Aveiro Port [40], which is particularly prone to floods due to the proximity of the lagoon mouth. These regions have been well documented in terms of floods, however, the potential impact of floods in future scenarios of climate change has not yet been assessed in detail for the Aveiro Port area, and particularly regarding the area of jurisdiction and the port infrastructures.




2.2. Aveiro Port


The Aveiro Port’s strategic location (40°39′ N, 8°45′ W) and its favorable maritime and land accessibilities allow this infrastructure to serve a vast economic hinterland in Portugal and central Spain. This port is the most recent national infrastructure, showing a well-ordered and integrated area, benefiting from the natural protection from the coastal hazards bestowed by the sandy barriers. In fact, the port structure lies inside Ria de Aveiro, and the connection between the port and the ocean is carried out by a single navigation channel protected by the construction of two breakwaters. These engineering works extend seaward, both north with an extension of 1200 m and south with 700 m, securing a 500 m wide entrance and narrowing to a 300 m wide channel to the port facilities.



Following [35,36], waves are expected to play a significant role in the lagoon inlet’s sea surface height, affecting currents and mean sea level near the entrance channel. Moreover, the breakwaters’ orientation is the port’s most crucial coastal defense structure, protecting the navigation channel from wave actions even during storms with extreme waves [36]. The inlet features allow achieving the channel’s required depth and stability even during rough winters, being a good shelter during these periods. However, low amplitude waves have been observed visually in the entrance channel between both breakwaters.



Such features attract large ships with a length up to 200 m and an average draft up to 9.75 m through the port entrance, located 2.4 km from the north sector (North Terminal; Container and Roll-on/Roll-off Terminal; Solid Bulk Cargo and Liquid Bulk Cargo Terminal) and 7.2 km from the south sector (South Terminal, High Sea Fishing Port and Specialized Fisheries Terminal) (Figure 1b) (portodeaveiro.pt, accessed on 27 February 2021).





3. Data and Methods


As mean sea-level rise and storms become more intense, the prediction of these drivers becomes essential to address the climate change impacts in Aveiro Port, which is susceptible to be flooded due to its location. The flood hazard is correlated to the intensity and periodicity of the drivers (relative sea level, storm surge, riverine flows, and wave-induced currents), showing higher hazard when the combination of several drivers reach their highest values. However, these assessments are only approachable through numerical models. DELFT3D is a software suite for a multi-disciplinary approach that allows carrying outflow and wave simulations in coastal, river, and estuarine areas. DELFT3D suite comprises several modules, such as the FLOW and WAVE, which simulate the flow and short-wave propagation. A model simulation’s fate is mainly determined by the inputs, reflecting the model’s accuracy to specific physical processes. These processes must be evaluated and determined, focusing on assessing the Aveiro Port’s flood rate, which strongly depends on high sea levels and riverine flows. Hence, each climate period’s return values were calculated by fitting the generalized Pareto distribution (GPD) to identify each driver’s extreme values by assuming stationary signals. These inputs will feed the hydrodynamic model in order to simulate several climate change scenarios under RCP8.5. Despite being described as a low possibility, it is also linked to a high-impact case [10,41] and describes the worst possible flood scenario, including a reference scenario representing the present climate.



3.1. Tide, Storm Surge, and Mean Sea Level


Coastal flooding is linked to storm surge events, generating an abnormal rise of the mean sea level above the predicted astronomical tide. When storm surge and high tides coincide, it can cause extreme flooding in these regions [29,30]. Climate change can worsen these events due to the predicted mean sea-level rise in the upcoming years [6,10,35].



This work uses the ESL determined by Lopes et al. [29] for the Historical period (Table 1) and considers an additional rise in MSL of 0.19 m and 0.68 m for near future and far future, respectively, that were obtained for the RCP8.5 by analyzing sea level variations for the Portuguese Coast for the periods 2026–2045 and 2081–2099. Sea level data correspond to an ensemble mean of 21 CMIP5 AOGCMs (Atmosphere-Ocean General Circulation Models) that support the global estimates of the fifth IPCC report. These data are accessible through the LAS (Live Access Server) interface of the Integrated Climate Data Center (ICDC) of the University of Hamburg (https://icdc.cen.uni-hamburg.de/1/daten/ocean/ar5-slr.html, accessed on 27 February 2021). It is noteworthy that ESL was determined by applying the joint probability approach to water level recorded at the lagoon mouth (Figure 1b) (for a detailed methodology, the reader is referred to [29]). The reference considers a tide reaching the level of mean high water springs (3.3 m) at the present mean sea level (MSL) [29]. The same approach was conducted to determine the ESL for the future periods considering that mean sea-level rise dominates the increase in floods, and storm surge heights and tides are expected to be minimal [42,43,44].



The ESL uncertainty relative to vertical land motion is residual in Aveiro Port location, showing relatively small vertical velocities in the region [13], and therefore, relatively low impacts on ESL for the end of the century, exhibiting ESL values of around 5 m [15], similar to the far future scenarios (Table 1).



Attending this, a similar approach to [30] was conducted to construct a time series to be used at the ocean boundary of the hydrodynamic model, taking into account the sea level evolution and a storm surge event coincident with high tide. For this purpose, the tidal constants of 2019 obtained from the tidal gauge (Figure 1b) located at the lagoon entrance were used to reconstruct the tide signal in order to determine the tidal range and the level of mean high water springs (for a detailed methodology the reader is referred to [29,30]). The same approach was conducted to determine the ESL for the future periods considering that mean sea-level rise dominates the increase in floods, and storm surge heights and tides are expected to be minimal [42,43,44]. The reference considers a tide reaching the level of mean high water springs (3.3 m) at the present mean sea level (MSL) (Table 1). The values for near future and far future horizons consider an MSL rise of 0.19 m and 0.68 m, respectively, that were obtained for the RCP8.5 by analyzing sea level variations for the Portuguese Coast for the periods 2026–2045 and 2081–2099. Sea level data correspond to an ensemble mean of 21 CMIP5 AOGCMs (Atmosphere-Ocean General Circulation Models) that support the global estimates of the fifth IPCC report. These data are accessible through the LAS (Live Access Server) interface of the Integrated Climate Da-ta Center (ICDC) of the University of Hamburg (https://icdc.cen.uni-hamburg.de/1/daten/ocean/ar5-slr.html, accessed on 27 February 2021).




3.2. River Discharge


Concerning the river discharges, the various discharges’ lack of continuous monitoring data led to modeled outputs from the SWAT model [45] at the five discharges. This model was previously calibrated and validated by [46]. The daily values obtained over 1931–2010 were used to determine the maximum annual discharges and fitted to statistical distributions (Generalized Extreme Value (GEV), Gamma, Log-n, Exponential, Gumbel, and Weibull). Then, the best distribution fit was determined by performing a chi-square goodness-of-fit test, Kolmogorov-Smirnov goodness-of-fit hypothesis test, and by computing the deviation between empirical and theoretical distributions. Finally, the best-fit distribution was used to estimate peak discharges for Tr10, Tr25, and Tr100 (Table 2). The reference case considers the mean value, which was determined based on the average discharge of the winter months (December, January, and February) for each tributary, taking into account the E-hype model outputs available online (https://hypeweb.smhi.se/explore-water/historical-data/europe-time-series/, accessed on 27 February 2021).



The river discharge for future climate for the RCP8.5 can be estimated by reducing about 11% and 21% by the mid and end-century (Table 3) in this region, respectively (https://hypeweb.smhi.se/explore-water/climate-impacts/europe-climate-impacts/, accessed on 27 February 2021). Hence, this reduction was considered similar to previous studies [47] for the near and far future periods.




3.3. Waves


3.3.1. Global Wave Database


The historical and future wave conditions were obtained from the Commonwealth Scientific and Industrial Research Organization (CSIRO) online database [48,49]. The database is comprised of a Global Wave Hindcast (1979–2010) simulated by the WAVEWATCH III (WWIII) version 4.08, forced with Climate Forecast System Reanalysis (CFSR) hourly winds and daily sea-ice concentration, with gridded outputs on a global 0.4° grid [48]. Global wind-wave climate projections can also be found, with simulation results using WWIII version 3.14, forced with 3-hourly surface winds and linearly interpolated monthly sea-ice concentration fields obtained from 8 different CMIP5 GCMs (Table 4), and gridded outputs on a global 1° grid [49]. This collection is divided into three time-span projections: a historical (1979–2005), which contains a control hindcast simulation with CFSR winds, and the CMIP5 models under the Representative Concentration Pathway (RCP8.5); a mid-century (2026–2045), and end-century (2081–2099) projections with the CMIP5 models under the RCP8.5.




3.3.2. Wave Statistical Analysis


The skill of these CMIP5 GCMs was evaluated in previous studies [50,51] for the Northwest IP coast. This performance metric of GCMs has been applied [52,53,54,55,56,57] to explore the frequency and severity of climate extremes and has been useful to evaluate the climate models. Other indicators, such as Root Mean Square Error (RMSE) and bias, were also used to assess the performance of various climate parameters [58,59,60,61,62,63]. These studies suggested that the model’s performance was region and season-specific and some climate models perform better for some variables than others. The RMSE and bias (Equations (1) and (2)) were determined to the 8 GCMS (Table 1), taking into account the extreme wave climate (maximum Hs), wherein this region is observed during the winter months (December, January, and February) [64] for the Tr10, Tr25, and Tr100 (Table 5).


   RMSE =   (     1 N    ∑   i = 1  N     (   M i  −  O i   )   2     )   



(1)






   Bias =   (   1 N    ∑   i = 1  N   (   M i  −  O i   )   )   



(2)




where    M i    and    O i    are the GCMs simulations with historical climate and the reanalysis, respectively, and N the number of observation pairs. The high resemblance between the wave reanalysis and historical wave climate is represented by an RMSE around 0, and bias with positive (negative) values indicate that the historical climate shows lower (higher) values than the reanalysis.



The RMSE and Bias indicators show that the BCC-CSM1.1 GCM represents the best climate model to reproduce the IP west coast’s extreme wave climate. These results show that model performance can be seasonal specific as [50,51] found that MIROC5 GCM was the best model to reproduce the area’s annual mean wave conditions.




3.3.3. Downscaling Approach


The coarse resolution of the BCC-CSM1.1 GCM is not suitable to be used at a regional scale, which makes necessary a dynamical downscaling to propagate the wave to a more satisfactory resolution at the port entrance. The third-generation spectral wave model SWAN [65] (an acronym for Simulating Waves Nearshore) was used through the Delft3D-WAVE module in an implementation similar to [50,51], following the recommendations of the International Electrotechnical Commission (IEC) for a stage 1 (reconnaissance) model [66]. The downscaling was accomplished by making a two-step approach, the first step is to downscale the selected GCM, and the latter is to simulate the scenarios by coupling WAVE with FLOW modules.



The downscaling was conducted by implementing the model in a nested approach, comprising 3 domains (Figure 2a). The larger domain (D1) extends from 34.54° N and 14.54° W to 45.54° N and 5.54° W, followed by the second domain (D2) from 37.54° N and 12.54° W to 44.54° N and 6.88° W, and the third domain (D3) from 40.21° N and 9.21° W to 41.21° N and 8.54° W. The resolution applied to each domain was the ratio of 1/3 from the previous domain, creating a resolution of 1/3°, 1/9°, and 1/27° for D1, D2, and D3, respectively. The numerical bathymetry was built based on the General Bathymetric Chart of the Oceans (GEBCO).



Similar to [50,51], the BCC-CSM1.1 GCM wave field was imposed as a time and space varying boundary, with a temporal resolution of 6 h. A wave spectrum of 25 frequencies (0.0418–1 Hz) and 36 directional bands was applied. The model was also forced with 3-hourly winds from the BCC-CSM1.1 GCM r1i1p1 (rip refers to realization, initialization method, and physics version used). The use of a GCM instead of a Regional Climate Model (RCM) is explained by the lack of an RCM using this GCM for this particular region. This GCM is characterized by a horizontal resolution of 1.125° × 1.125° with a 3-hourly temporal resolution. The physical parameters included a stage 1 IEC model and triads, bottom friction, depth-induced breaking, and quadruplets [50,51,66]. The simulations were run for the climate periods between 1979–2005, 2026–2045, and 2081–2099, being the historical, near future, and far future periods. The model validation under wave force was done in previous studies [50,51] for the coastal region (for detailed description, the reader is referred to [50,51]).



The second step was used to simulate the scenarios under different climate periods and return periods. This local model was developed using a nested approach with 2 domains, one covering the coastal region close to the port entrance (D4—Figure 2b) extended from 40.3° N to 41° N and a fringe of 30 km distance to coast, and a horizontal resolution of 1 km. The second domain (D5—Figure 2b) used the same numerical grid and bathymetry used in the FLOW module. SWAN can perform computations on a curvilinear grid, allowing the same grid for FLOW and SWAN, which permits the perfect coupling between the modules.



The model physics was similar to those used for the GCM downscaling purpose, including triads, bottom friction, depth-induced breaking, and whitecapping computed with Komen exponential term [67]. The diffraction and reflections are also available. The wave spectrum was discretized to 25 frequencies (0.0418–1 Hz) and 36 directional bands.




3.3.4. Characterization of Hs, Tp, and Dm


Studying extreme waves on a coastal location was based on analyzing the wave parameters Hs, Tp, and Dm (mean wave direction). These parameters are often used to study the extreme waves, including runup, erosion, and wave-driven longshore transport, which can change the coastal processes during these events [61,68]. Additionally, coastal flooding highly depends on Hs and Tp combined with high tides and storm surges (see Section 2.1) [69].



For this purpose, starting from the downscaled results of the BCC-CSM1.1 GCM, three grid nodes located in front of the port entrance and parallel to the shore were selected as control points (Figure 2b) to calculate the return periods for the wave parameters. The hourly values obtained over 1979–2005 were used to determine the maximum Hs and Tp and fitted to statistical distributions, similar to the approach described in 3.2 for the river discharge and was used to estimate Hs and Tp for Tr10, Tr25, and Tr100.



The Dm is depicted in Figure 3, showing wave arrival predominant from northwest and north-northwest direction for the historical climate during winter, in agreement with previous studies [70,71] for the historic period. Following these results and taking into account [72], the mean wave direction will be the mean of the predominant wave directions. The wave parameters can be seen in Table 6.





3.4. Hydrodynamic Model


Delft3D suite was used to simulate the study area’s hydrodynamic due to the available features that comprise tide and wind-driven flows, river flow, and wave-driven currents. The hydrodynamic conditions are modeled in the Delft3D-FLOW module [73] and are used in the WAVE module [74], which are executed in a combination between the modules allowing a two-way wave-current interaction.



The Delft3D-FLOW module was used to simulate the flood extent in Aveiro Port. Flow module simulates the two-dimensional (2D) unsteady flow resulting from oceanic, fluvial, and atmospheric drivers. An overview of the model physics can be found in [73]. A 2D model was set up with 577 × 421 cells curvilinear irregular grid with space varying resolution (D5—Figure 2b), where a higher resolution is found in the port jurisdiction area (25 m) (Figure 1b). The bathymetry was constructed based on several sources. In the coastal region, the General Bathymetric Chart of the Oceans (GEBCO)was used, and for the port’s region, multibeam bathymetry data collected in March of 2020 was used [75]. Detailed topographic data was obtained from the Aveiro Port Administration for the marginal areas under the port jurisdiction. Concerning the lagoon channels, bathymetry data from surveys performed between 1987 and 2012 [29] were used, while the topography for the lagoon was obtained from LIDAR topographic data in 2011, provided by the Portuguese General Direction of the Territory. The modeling time step was 60 s, and the bottom roughness was estimated with a standard coefficient of friction [76]. Background horizontal viscosity and diffusivity were set to 10 m2s−1. The model provided outputs with a temporal resolution of 5 min.



The model calibration and validation using the model setup described above was determined for two distinct periods and different open boundaries, aiming at different purposes: the tide propagation (i) and the storm surge (ii).



The model was calibrated and validated for tidal propagation (i) considering the surveys conducted in July of 2019 and between 2002 and 2003 for the stations shown in Figure 1a. To fulfill this task, the model calibration setup was forced at the open boundaries with the astronomic constituents obtained from Oregon State University (OSU) TOPEX/Poseidon Global Inverse Solution 8.0. The calibration simulation was modeled for July of 2019, with one month as spin-up. The calibration process was performed by determining the RMSE and Skill [38] between measured and simulated time series of the sea surface elevation at the stations (Table 7). An RMSE close to zero and a Skill higher than 0.95 represent an excellent agreement between the measured and simulated sea surface elevation [38].



Overall, the model’s ability to predict the spring-neap cycle in the port region (stations BA, SJ, CI, P2) is excellent. The highest disagreements were found in the inner stations showing higher RMSE and lower Skill. These results are in agreement with previous studies [28,38,77], where the best results were found near the lagoon mouth, in the port jurisdiction surroundings, showing RMSEs ranging from 0.06 to 0.08 m in BA, 0.06 to 0.11 m in JS, 0.13 to 0.15 m in CI, and around 0.08 for P2.



The model validation for storm surge forcing (ii) was done for an event identified by [38] that occurred between 19th and 20th January 2013, which was monitored in seven stations located inside the lagoon.



The model setup was forced at the open boundaries using the same approach followed in [38], by prescribing a sea level at the open ocean boundary retrieved from the NEMO-v3.6 model, which comprises a spatial resolution of 0.028° and hourly outputs and is forced by the atmospheric pressure component (http://marine.copernicus.eu, accessed on 27 February 2021). The use of this database relies on the numerical domain limitation in space, as for a good discretization of the surge propagation, a large domain is required. In addition, the model setup was forced with mean sea level pressure and wind components at 10 m retrieved from Meteogalicia (http://mandeo.meteogalicia.es, accessed on 27 February 2021), with a spatial resolution of 12 km and hourly outputs. A spin-up of one month was used similarly to the calibration procedure described in (i).



The validation process was performed comparing the peak values for model results and observations residual levels (Figure 4) and determining the RMSE between these time series (Table 8). The model underestimates the observed surge peak, and the RMSE increases towards the inner lagoon stations, namely for the RN station, where an RMSE of 0.27 m is observed due to the proximity of the largest river discharging in the lagoon and the observed riverine data shortage. The remaining stations show an RMSE under 0.12 m, similar to those found in [38], and therefore the model is considered validated.




3.5. Scenarios Design


The scenarios were modeled using the coupling between WAVE and FLOW modules. The hydrodynamic model was run using the ESL, taking into account the relative sea level, storm surge and tide (Section 3.1), the riverine discharges (Section 3.2), and the wave parameters (Section 3.3.3) depicted in Table 6. The hydrodynamic implementation was used to simulate the historical, near, and far future periods for the Tr10, Tr25, and Tr100. A reference scenario representing the present climate extreme level was also determined, taking into account the inputs in Table 1 and Table 2. Table 9 shows an overview of the scenarios determined to assess the flood at Aveiro Port.



For each scenario, time series of sea levels and river discharges were constructed to impose at the oceanic and land boundaries, respectively. Figure 5 shows these time series for the historical period under the Tr100 as an example, highlighting the moment when the peak of the ESL was obtained. Regarding the oceanic boundary, a similar approach to [25] was conducted, taking into account the sea level evolution and a storm surge event coincident with high tide. For this purpose, the tidal constants of 2019 obtained from the tidal gauge located at the lagoon entrance (Figure 1b) were used to reconstruct the tidal signal in order to determine the tidal range and the level of mean high water springs (for a detailed methodology the reader is referred to [29,30]). The storm surge height was generated synthetically using a sine function and assuming that the storm surge persists for 3 days. The tidal and storm signals were then added, matching the storm surge to the level of mean high water springs (see the orange dashed line in Figure 5). Regarding river discharges, a constant value (annual average) was used in the first 9 days of simulation, rising to the peak value in the last 2 days (see the blue dashed line in Figure 5).



Each scenario was run for Tr10: the initial 8 days were used as a spin-up with a tide and discharge considering the reference values. In the following 2 days, an increase of the discharge was imposed, reaching its peak simultaneously with the tide representing the ESL for each climate period and return period. Figure 5 shows the simulation setup for the historical period under the Tr100, highlighting when the peak of the ESL was obtained.



Identifying the driver that contributes most to the Aveiro Port’s inundation was also assessed by a set of simulations considering the far future scenario and Tr100 of ESL, storm surges, waves, and riverine discharges. To fulfill this task, each simulation considered only a single driver independently (e.g., MSLR, without other oceanic drivers during the simulation) and was subsequently compared to the Reference scenario.





4. Results and Discussion


The flood assessment of Aveiro Port was carried out for the historical, near and far future periods, considering the flood drivers for Tr10, Tr25, and Tr100. Flood extent maps and flooded areas of the Aveiro Port’s terminals and zones under its jurisdiction for the historical, near, and far future scenarios and for each return period were determined. The flood assessment is conducted considering the reference level as a starting point, where no flood is present for the entire port jurisdiction area. This scenario considers the tide with the historical MSL and average riverine discharges. A comparison between the reference and the Tr10, Tr25, and Tr100 of ESL, storm surges, waves, and riverine discharge scenarios is conducted, indicating the port terminals susceptible to floods and the corresponding flooded area (Table 10).



Concerning the historical period (1979–2005) (Figure 6a), the flooded areas are located primarily on the central lagoon region for a Tr10 and increase with the return period. Although this region is in the port’s jurisdiction, it is not relevant since it is not used for port activities. However, some floods can occur in the Shipping Repair/Construction Zone (7), Services, Logistics Zone (8) (Figure 6b), and in the Small Harbor (12), showing around 68.1, 49.3, and 61.8% for Tr10, respectively, and leading partially to complete inundation under the Tr100 (76.5, 77.1 and 98.3%, respectively). Also, even with a Tr10, some marginal areas are inundated for most of the terminals, which are slightly expanded under higher return periods, including most of the terminals and zones covered by the port’s jurisdiction, namely the Liquid Bulk terminal (5), High Sea Fishing (9) and the Offshore Fishing (11) ports, with over 30% of the areas flooded. However, the Multipurpose South Terminal (6) shows a complete inundation under all climate scenarios for the Tr10, Tr25, and Tr100. The flood extent shown under the historical period shows that Aveiro Port’s resilience to floods is high under Tr10 and Tr25, showing some vulnerable areas under the Tr100 scenario.



In contrast to the historical period, the upcoming climate represented by the near-future period (2026–2045) (Figure 7a) shows a significant flood extent. The port’s terminal area affected by flood increased under Tr10, being more prominent in the Offshore Fishing (11) and Small Harbor (12) (a rise of 7 and 24.6% from the historical period, respectively). The Small Harbor (12) is almost totally flooded under the depicted scenarios and will keep this trend for the far future period scenarios. The flood rate is more evident under Tr25 and Tr100, where most of the zones 5, 9, and 12 are near to completely flooded in contrast with the previous climate scenario. Most of the terminals and zones show marginal flood, where the Port Logistic Platform (3) shows a sizeable marginal flood under Tr100. The most vulnerable port areas under the historical period (Figure 7b) worsened under this climate scenario, where over three-quarters of these terminals are flooded.



Previous works demonstrated that climate change is expected to increase Ria de Aveiro’s flood hazard [30] due to increased oceanic and fluvial drivers, posing higher impacts at the end of the century [24]. In this context, and analyzing the flood extent maps under far future climate drivers (Figure 8a), the marginal areas of most significant risk for Tr10 are all terminals and zones under Aveiro Port’s jurisdiction as well as the Services and Logistics Zone (8), where the highest flood area increase was observed (12.3%) from the previous climate scenario. For the Tr25 the inundation extent increases, and Shipping Repair/Construction (7) and Services and Logistics (8) Zones are at risk of being completely flooded. The Containers/Ro-Ro Terminal (2) and Port Logistic Platform (3) will be subject to significant inundation, being both considerably affected by the far future meteocean drivers.



Regarding the Tr100, the flood extent increases significantly at most terminals, covering higher areas than for the Tr25. The Services and Logistics Zone (8) is almost completely flooded, similarly to the High Sea Fishing Port (9) and Liquid Bulk Terminal (5), where most of the areas will be inundated. With the mean sea-level rise under this scenario, the flooded area now comprises a large section of the Port Logistic Platform (3) and the Offshore Fishing Port (11), and marginal flooding of the Solid Bulk Terminal (4). Analyzing the entire port jurisdiction area, only the Multipurpose North Terminal (1) and the Contentainers/Ro-Ro Terminal (2) suffer a small marginal inundation, indicating a low risk of flooding.



Evaluating the overall evolution of the flood extent during the different climatic scenarios studied, the severity of the flood extent is noticeable over the port’s jurisdiction area, although some areas are more vulnerable to climate change than others. These areas could be impacted differently compared to the climate change drivers taken into consideration for this study. Therefore, the contribution that these make to flood extent in Aveiro Port requires further investigation. Thus, a set of simulations were run considering the far future scenario and Tr100 of ESL, storm surges, waves, and riverine discharges in order to identify the driver that contributes most to the Aveiro Port’s inundation (Figure 9).



The MSLR is an important driver primarily due to the contribution to the total water level and can worsen when other oceanic drivers occur. In a scenario where the MSLR is the only driver, the Aveiro Port’s area affected by the flood comprises its jurisdiction area’s central region, mainly affecting the marginal region of all the terminals and zones. An exception is observed at the Services and Logistics Zone (8), where the inundation occurs in most areas (Figure 9b). This inundation area increases when high riverine discharges occur, mainly in the Services and Logistics Zone (8) due to its proximity to the Vouga river, the most important contributor in terms of flow to the lagoon. On the other hand, the waves driver is residual, which is expected to lagoon geometry and natural protection from the sea waves. The most prevalent oceanic driver is the storm surge, whose flood area comprises most of the total inundation of most terminals, and the flood extent is highly correlated to the same extent shown in Figure 8.



The definition of adaptation or mitigation countermeasures against flooding is not straightforward due to the high uncertainty of projections related to climate change’s multiple spatial and time scales. Climate projections rely on probabilities of occurring specific processes, and ports tend to focus on general conditions that they observed and act accordingly by adapting or building new structures to reduce the impacts. The port’s planning horizons are also around 5 to 10 years [78] and are subject to the volatility of the changing business circumstances. These time scales are much shorter than existing infrastructures and typical climate change time scales, which are on the scale of 30 to hundreds of years, making it challenging to implement efficient long-term measures.



Moreover, there is a geographic scale mismatch between the Aveiro Lagoon and the Aveiro Port jurisdiction. While Aveiro Port can act on its jurisdiction area, some planning could occur outside of this area, involving third-party private or business stakeholders.



Drawing on the above, planning responses could be acted on the resilience of the infrastructures and operational measures, like relocating the terminals and zones according to the commercial and value of the goods.




5. Conclusions


The present study assesses the flooding extension on Aveiro Port in a climate change context under the RCP8.5 scenario, providing an overview of the key areas impacted by the floods in Aveiro Port. Towards this objective, spatial flood extent maps were generated for the Aveiro Port jurisdiction area to assess and quantify the impact of climate change drivers for 10-, 25-, and 100-year return period scenarios, identifying the port terminals susceptible to flood under each scenario. The climate drivers were also assessed to identify the most prevailing driver to the inundation of the Aveiro Port.



Aveiro Port, the most recent port in Portugal, is located in a low-lying lagoon, and the planned longevity of the infrastructure assets and port is inherently exposed to climate change drivers, such as rising MSL and ESL and riverine floods. As a result of these risks, Aveiro Port faces floods in the current climate, which can worsen drastically at the end of the century, if climate change drivers continue to accelerate as predicted, leading to large floods.



The results of this study also highlighted the flood extension impact of the drivers under climate change scenarios, which is quite pronounced for all the return period scenarios at the end of the century on most of the terminals and zones. Some of the port areas will be profoundly affected, namely within the innermost jurisdiction area where the riverine discharges and storm surges, along with MLSR, contribute the most to the inundation pattern, which may lead to possible disruptions in operations and damages on property, resulting in serious economic repercussions due to Aveiro Port value to the region. Similar impacts of extensive floods due to the worsening of the climate drivers are expected in most of the ports located on the Atlantic coast of Europe [24,25].



Aveiro Port’s vulnerability to rising sea levels will require planning adaptation measures to increase the port’s resilience to climate change. Such measures to deal with long-term prospects of high flood extents must be assessed by forecasting the flood areas and identifying vulnerable locations since most of the infrastructures lie in seas areas threatened by the relative sea-level rise.



In summary, this study provides a valuable methodology to analyze the projected flooding extent on Aveiro Port under extreme climate change scenarios and, therefore, can be replicated and applied to other ports at risk due to climate change. Therefore, the flood assessment must be considered a support toolkit to identify the port’s weakness to assist in the definition of adaptation, management, and resilience measures for future challenges.
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Figure 1. Study area with the in situ stations (a) used to validate the hydrodynamic model. Location of the Aveiro Port and the business areas in the port administration jurisdiction (b). 
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Figure 2. Study area with the extents of the numerical domains and bathymetry used for SWAN implementations, the downscale of the BCC-CSM1.1 GCM (a) using a nested approach (D1, D2, and D3), and the wave propagation in the hydrodynamic model (b) in the study area (D4 and D5). The red dots indicate the grid nodes assessed in terms of wave parameters to determine the return periods. 
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Figure 3. Mean wave direction for the control points (Figure 2b) for (a) the historical (1979–2005), (b) near future (2026–2045), and (c) far future (2081–2099) periods. 
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Figure 4. Residuals for observations (blue line) and model results (black line) under the storm surge event in January 2013. 
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Figure 5. The historical period under the 100-year return period scenario setup. Continuous lines represent the reference conditions, while the dashed line considers the 100-year return period conditions for riverine discharge and extreme sea level. 
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Figure 6. Flood extent mapping of the Aveiro Port’s terminals and zones (numbers 1–12) under its jurisdiction (a) (black line) and zoom of the most flooded area (b) (red line). Reference scenario under present climate and 10-, 25-, and 100-year return period are determined for the historical (1979–2005) climate period. 
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[image: Jmse 09 00595 g006]







[image: Jmse 09 00595 g007 550] 





Figure 7. Flood extent mapping of the Aveiro Port’s terminals and zones (numbers 1–12) under its jurisdiction (a) (black line) and zoom of the most flooded area (b) (red line). Reference scenario under present climate and 10-, 25-, and 100-year return period are determined for the near future (2026–2045) climate period. 
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Figure 8. Flood extent mapping of the Aveiro Port’s terminals and zones (numbers 1–12) under its jurisdiction (a) (black line) and zoom of the most flooded area (b) (red line). Reference scenario under present climate and 10-, 25-, and 100-year return period are determined for the far future (2081–2099) climate period. 
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Figure 9. Flood extent mapping of the Aveiro Port’s terminals and zones (numbers 1–12) under its jurisdiction (a) (black line) and zoom of the most flooded area (b) (red line). Reference scenario and 100-year return period drivers for the far future (2081–2099) climate period, considering the climate drivers individually. 
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Table 1. The return period of 10- (Tr10), 25- (Tr25), and 100- year (Tr100), and reference for extreme sea levels (meters) with the predicted sea-level rise and considering a simultaneously high tide and storm surge.
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	Tr10
	Tr25
	Tr100
	Reference





	Historical
	4.23
	4.37
	4.56
	3.30



	Near Future
	4.42
	4.56
	4.75
	



	Far Future
	4.91
	5.05
	5.24
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Table 2. River discharges (m3/s) for reference, and 10-, 25-, and 100-years return periods.
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	Tributaries
	Tr10
	Tr25
	Tr100
	Reference





	Vouga
	1302
	1559
	1943
	136



	Antuã
	173
	203
	245
	11



	Cáster
	78
	94
	118
	12



	Boco
	63
	81
	108
	4



	Ribeira dos Moínhos
	221
	283
	381
	13
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Table 3. River discharge prediction (%) in the study region for the mid and end-century.
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	Climate Periods
	December
	January
	February
	Mean





	2050s
	−20%
	2%
	2%
	−11%



	2080s
	−26%
	−2%
	−7%
	−21%
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Table 4. Global Climate Models (GCMs) used to simulate the global wind-wave models available on CSIRO online database.
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	GCMs
	Research Center





	ACCESS1.0
	Australian Community Climate and Earth System Simulator, Australia



	BCC-CSM1.1
	Beijing Climate Center, China Meteorological Administration, China



	CNRM-CM3
	National Center of Meteorological Research, France



	GFDL-CM3
	NOAA Geophysical Fluid Dynamics Laboratory, USA



	HadGEM2-ES
	Met Office Hadley Center, UK



	INMCM4
	Institute for Numerical Mathematics, Russia



	MIROC5
	Atmosphere and Ocean Research Institute (The University of Tokyo), National Institute for Environmental Studies, and Japan Agency for Marine-Earth Science and Technology, Japan



	MRI-CGCM3
	Meteorological Research Institute, Japan










[image: Table] 





Table 5. Wave height (Hs), RMSE (meters), and bias for the winter months considering the 10-, 25-, and 100-years return periods.
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GCM

	
Tr10

	
Tr25

	
Tr100




	
RMSE

	
Bias

	
RMSE

	
Bias

	
RMSE

	
Bias






	
ACESS1.0

	
1.4

	
1.2

	
1.5

	
1.3

	
1.7

	
1.4




	
BCC-CSM1.1

	
0.7

	
0.1

	
0.8

	
0.1

	
1

	
0




	
CNRM-CM5

	
3.7

	
3.7

	
4.3

	
4.2

	
5.1

	
4.9




	
GFDL-CM3

	
1.5

	
1.2

	
1.6

	
1.2

	
1.8

	
1.2




	
HadGEM2-ES

	
1.1

	
0.7

	
1.3

	
0.7

	
1.7

	
0.7




	
INMCM4

	
1.2

	
0.7

	
1.3

	
0.7

	
1.6

	
0.5




	
MIROC5

	
1

	
0

	
1.4

	
−0.1

	
1.9

	
−0.2




	
MRI-CGCM3

	
2.5

	
−1.9

	
2.9

	
−2.2

	
3.5

	
−2.6
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Table 6. Wave height (Hs), peak period (Tp), and mean wave direction (Dm) for each climate period and return period.
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Hs (m)

	
Tp (s)

	
Dm (°)




	
Tr10

	
Tr25

	
Tr100

	
Tr10

	
Tr25

	
Tr100

	
-






	
Historical

	
9.4

	
10.5

	
12.1

	
20.3

	
21.3

	
22.7

	
355




	
Near Future

	
8.6

	
9.5

	
10.6

	
20.7

	
21.9

	
23.6

	
345




	
Far Future

	
9.4

	
10.3

	
11.6

	
20.7

	
21.8

	
23.3

	
345
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Table 7. Model performance under tidal propagation resulting from the calibration procedure.
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	Tidal Station
	RMSE (m)
	Skill
	Validation Period





	BA
	0.09
	0.99
	2019



	C
	0.37
	0.84
	2002–2003



	CA
	0.17
	0.98
	2002–2003



	CB
	0.12
	0.99
	2002–2003



	CI
	0.14
	0.99
	2002–2003



	CN
	0.09
	0.99
	2002–2003



	CP
	0.21
	0.96
	2019



	L
	0.10
	0.99
	2002–2003



	P2
	0.08
	0.99
	2002–2003



	PU
	0.29
	0.91
	2019



	RN
	0.12
	0.99
	2002–2003



	SJ
	0.11
	0.99
	2002–2003



	T
	0.09
	0.99
	2002–2003



	VA
	0.19
	0.97
	2019



	VG
	0.14
	0.99
	2019
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Table 8. Model performance under storm surge propagation resulting from the validation procedure.
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Tidal Station

	
RMSE (m)

	
Peak




	
Observed

	
Modeled






	
BA

	
0.07

	
0.36

	
0.31




	
CB

	
0.12

	
0.44

	
0.41




	
CN

	
0.08

	
0.36

	
0.25




	
RN

	
0.27

	
0.59

	
0.38




	
T

	
0.11

	
0.39

	
0.36




	
VA

	
0.09

	
0.54

	
0.43




	
VG

	
0.10

	
0.55

	
0.50
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Table 9. Scenario definition. Extreme sea levels (ESL, m) and riverine discharge for Vouga (rd, m3/s) for the 10-, 25-, and 100-year return periods for the reference scenario (referred to present climate), and the historical (1979–2005), near (2026–2045) and far future (2081–2099) periods.
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Tr10

	
Tr25

	
Tr100

	
Reference




	
ESL

	
rd

	
ESL

	
rd

	
ESL

	
rd

	
ESL

	
rd






	
Historical

	
4.23

	
1302

	
4.37

	
1559

	
4.56

	
1943

	
3

	
136.16




	
Near Future

	
4.42

	
1159

	
4.56

	
1388

	
4.75

	
1756




	
Far Future

	
4.91

	
1029

	
5.05

	
1232

	
5.24

	
1535
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Table 10. Flooded areas of the terminals (Figure 1) at the Aveiro Port shown in percentage (%) relative to the total area of each terminal for the historical (H), near (NF), and far future (FF) periods and for the 10-, 25-, and 100-year return periods. Terminal 10 is not shown due to being designed as a single berthing dock.
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Tr10

	
Tr25

	
Tr100




	
Total (m2)

	
H

	
NF

	
FF

	
H

	
NF

	
FF

	
H

	
NF

	
FF






	
1

	
350,334.1

	
26.1

	
26.1

	
26.1

	
26.1

	
26.1

	
26.8

	
27

	
29.1

	
33.1




	
2

	
158,764.4

	
13.6

	
13.6

	
13.6

	
13.6

	
13.6

	
14.5

	
15.4

	
17.2

	
22.8




	
3

	
1,570,748.7

	
3.2

	
3.3

	
3.7

	
3.3

	
3.7

	
5.6

	
6.2

	
28.1

	
45.3




	
4

	
335,462.1

	
5.6

	
5.6

	
5.8

	
5.6

	
5.6

	
6

	
6

	
19

	
38.4




	
5

	
654,002

	
29

	
29.7

	
30.5

	
29.9

	
30.3

	
31.4

	
31.4

	
76.6

	
86.4




	
6

	
63,166.5

	
100

	
100

	
100

	
100

	
100

	
100

	
100

	
100

	
100




	
7

	
120,637.1

	
68.1

	
69.4

	
70.8

	
69.4

	
70.8

	
72.2

	
72.2

	
76.5

	
83.6




	
8

	
562,141.5

	
49.3

	
51.2

	
63.5

	
52

	
60.4

	
71.2

	
71.2

	
77.1

	
84.6




	
9

	
483,702.1

	
28.4

	
29.4

	
29.4

	
29.4

	
29.4

	
30.3

	
30.3

	
98.1

	
99.2




	
11

	
255,672.6

	
38.1

	
45.1

	
45.1

	
45.1

	
45.1

	
45.2

	
45.2

	
45.4

	
46.8




	
12

	
37,822.7

	
61.8

	
86.4

	
95.9

	
86.4

	
95.9

	
98.3

	
98.3

	
98.3

	
100
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