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Abstract

:

Storm surge is the most serious marine disaster in China, and the inundation characteristics of storm surge are the key indicators of disaster severity. Especially in the context of relative sea level rise (RSLR), it is very important to rapidly and accurately estimate the inundation characteristics of storm surge for the risk assessment and emergency management of storm surge disasters. Taking Taizhou city, Zhejiang Province, as the study area, this paper constructed an RSLR scenario library considering absolute sea level rise, land subsidence and storm surge water increase. The scenario library includes 72 scenarios, consisting of a combination of four absolute sea level rise scenarios, three land subsidence scenarios, three timescales (2030, 2050 and 2100) and two storm surge water increase scenarios. Then, an improved passive inundation method was used to predict and analyze the inundation characteristics of storm surge under each scenario. This improved method combines the advantages of the accurate active inundation method and the rapid passive inundation method, and is suitable for rapid and accurate estimation of the storm surge inundation characteristics, which can meet the needs of a storm surge disaster risk assessment and emergency response. The prediction and analysis results show that a minor RSLR can also cause a large-scale inundation in coastal areas of Taizhou. When the value of RSLR exceeds the critical value (0.6 m), it may significantly increase the expansion of the inundation area of storm surge. At a relative sea level rise of 1.57 m (extreme scenario in 2100), the inland storm surge inundation of low-risk areas may become high-risk areas. Finally, the quantitative measures for preventing storm surge disasters were put forward according to the current situation of the coast in Taizhou. Without considering storm surge and superimposed general surge, the existing 20-year return period standard seawall can effectively protect against storm surge under various scenarios. In the case of maximum water increase, it is expected that effective protection will remain until 2030, but the standard of the seawall defense will need to be improved in 2050 and 2100.
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1. Introduction


Relative sea level rise (RSLR) is the result of the combined effect of absolute sea level rise, land subsidence and tectonic crustal moving [1], which make RSLR irreversible. On the one hand, due to the inherent hysteresis of the climate system, absolute sea level rise caused by global climate change will continue for a long time after greenhouse gas concentrations stabilize, which is inevitable [2]. On the other hand, due to tectonic crustal movement and the loss of underground solids or fluids in the settlement area, it is difficult to restore them by artificial supplementation. Therefore, using technological means to perceive future relative sea level changes and taking effective adaptive measures in real time is one of the urgent responses that humans need to make in the face of RSLR.



The overall speed of absolute sea level rise and land subsidence is slow and requires long-term accumulation, so scholars often conduct research simulations on scenarios over the next few decades or hundreds of years to analyze future risks. Due to the differences between different regions, absolute sea level rise and land subsidence may not simultaneously affect areas with frequent storm surges, so some scholars carried out a study on the impact of single-factor scenarios on storm surges in specific regions [3]. The research results show that the rise in absolute sea level will cause more people, roads and buildings to suffer disasters [4], and land subsidence will affect the judgment of storm surge tide levels and lead to the decline in dike top heights, weakening moisture resistance [5]. In recent years, more and more scholars have devoted themselves to research on the impact of composite scenarios on storm surge inundation [6,7,8], including various superimposed scenarios such as sea level rise, land subsidence and storm surge. However, the research on the construction of existing scenarios is more inclined to the construction of future high-probability scenarios. There is no doubt about the practical significance of such research, which can bring the research process closer to future scenarios and ensure the high reliability of research results. However, these studies generally tend to neglect the construction of a comprehensive regional scenario library of RSLR. For future scenarios, regardless of their probability of occurrence, they are theoretically possible. Therefore, it is necessary to consider the comprehensiveness of scenario construction and fully study various scenarios that may occur in the future.



In the context of global warming, coastal areas will not only bear the risk of RSLR but also bear the expansion effect of storm surge disasters superimposed on the scenario of RSLR. The RSLR and storm surge have their respective disaster-causing capabilities that cannot be underestimated. If they are combined, they will form stronger storm surge disasters [9]. In addition, the current economy is increasingly concentrated along the coast, and the vulnerability to storm surges in coastal areas continues to increase. If an extreme storm surge disaster occurs, it will bring a devastating blow to the coastal economy and pose a huge threat to the life safety of coastal residents. Some studies predict that by the end of the 21st century, the economic losses caused by RSLR will reach 10% of the total global GDP [10].



With the increasing population density in coastal areas and megacities prone to floods, the rise in sea level may further increase the frequency and severity of large-scale floods [11]. Scholars at home and abroad have carried out relevant studies on the impact of RSLR on storm surges, including extreme sea level changes [12], changes in the return period of water increase [13] and changes in the time of water increase [14]. Although storm surge is an important indicator to measure the strength of a storm surge, storm surge inundation is a more critical and direct factor to quantify storm surge disasters. Therefore, it is necessary to estimate the inundation characteristics of storm surge in coastal areas, generate an intuitive inundation risk map and provide a reference for the possible impact of storm surge inundation in the future.



At present, there are two models used to accurately predict the inundation characteristics of storm surges. One is a numerical model, and the other is a Geographic Information System (GIS) model. Various numerical models have been widely used, such as the Sea, Lake and Overland Surveys from Hurricanes (SLOSH) model in the United States [15], the Finite Volume Coastal Ocean Model (FVCOM) [16,17], the Advanced Circulation Model (ADCIRC) [18], the DELFT3D model in the Netherlands [19], and the MIKE21 model in Denmark [20]. The advantage of these models is that they can accurately reproduce the tide level and storm surge during the occurrence of historical storm surges. However, their operating conditions are severe, and their operating speed is slow, so it is difficult to ensure real-time performance. GIS, as a functional system integration tool, can provide powerful and comprehensive data processing and analysis methods, reflect various spatial information of regional conditions and reveal regional structural characteristics and development laws. Especially for the impact of multiple scenarios in the future [21], it can accurately and quickly realize the estimation and analysis of storm surge inundation characteristics [22,23]. Although the recurrence accuracy of the GIS model for a single storm surge is not as good as that of the numerical simulation method, it can also meet the needs of disaster emergency response.



GIS-based storm surge inundation estimation models can be divided into two types: one is the fixed depth model, and the other is the fixed water volume model [24]. Because the water volume of storm surge disasters is difficult to measure, the fixed depth model is usually used in the study of storm surge inundation characteristics. The fixed water depth model is divided into the active inundation method and the passive inundation method [25]. The active inundation method has high accuracy and is suitable for the estimation of inundation characteristics of inland floods and storm surges [26,27,28], but it is slow in operation and is not suitable for the estimation of inundation characteristics of large storm surges. The passive inundation method is fast in operation and can realize rapid estimation of large area inundation events, but it is currently mostly used for the estimation of inundation characteristics of rainstorms and plain floods [29]. Therefore, a fast and accurate estimation method of storm surge inundation characteristics will provide an important means of disaster avoidance for storm surge disaster emergency management.



In this paper, the RSLR superimposed storm surge water increase scenario library in 2030, 2050 and 2100 is constructed based on the prediction of absolute sea level rise and land subsidence as well as the general and maximum storm surge water increase scenarios. Then, an improved passive inundation method, which can meet the needs of storm surge disaster risk assessment and emergency response, is used to predict the future inundation characteristics of storm surges in Taizhou under the scenario of RSLR. Finally, the quantitative coastal engineering protection countermeasures for storm surges are proposed based on the current coastal type of Taizhou and the inundation characteristics of storm surges in future scenarios.




2. Materials and Methods


2.1. Study Area


This paper considers Taizhou city, Zhejiang Province, as the study area.



Zhejiang Province is one of the most famous coastal storm surge disaster areas in China, and is located on the southeast coast of China and the south wing of the Yangtze Delta, with a coastline of 6486.24 km, accounting for 20.3% of the total length of China’s coastline, ranking first in the country [30]. With the rapid development of the coastal economy and the continuous concentration of the population in coastal areas, vulnerability to storm surge in Zhejiang Province is increasing, making it one of the most vulnerable areas to coastal disasters in China [31]. In the context of global warming, a typhoon storm surge in Zhejiang Province has a greater frequency, intensity and scope of impact [32]. According to statistics from 2011 to 2021, there were 85 typhoons that landed in China, 26 of which caused disasters in Zhejiang Province, with a cumulative direct economic loss of CNY 19.746 billion. Zhejiang Province will be hit with a catastrophic storm surge every 3 to 5 years [33], and a single event can cause huge economic losses, even casualties.



Taizhou (28°01′ N~29°20′ N, 120°17′ E~121°56′ E) is located in the central coastal area of Zhejiang Province (Figure 1a, the contour line of the coastal area is shown in Figure 1b), with a total land area of 10,050.43 km2 and a territorial sea and internal water area of approximately 6910 km2. The mainland coastline is about 726 km long, with 921 islands [34], and the natural coastline retention rate is about 40% [35]. The terrain is high in the west and low in the east, with the plain accounting for 22.4%, and the elevation in the coastal area is generally low, with a minimum value of −40.43 m [34]. The characteristics of a long coastline and low coastal terrain make Taizhou one of the regions with the highest frequency of storm surges and the most serious disasters in Zhejiang Province. It is recorded that many strong typhoons have landed in Taizhou throughout its history and caused major storm surge disasters, even leading to casualties. Among them, the “9711” typhoon storm surge caused the biggest economic loss of a storm surge disaster between 1949 and 1997. The NO. 1909 “Lekima” typhoon storm surge caused the most serious storm surge disaster in Zhejiang Province from 2000 to 2019. The direct economic losses of Zhejiang Province totaled CNY 7.622 billion, of which Taizhou lost CNY 4.597 billion, accounting for 52.68% of the total [36]. In addition, the coastal areas of Taizhou are affected by sea level rise and land subsidence, and the threat of storm surge disasters is becoming increasingly serious. Therefore, it is urgent to study its countermeasures for disaster prevention and mitigation.




2.2. Data


This paper collected and organized information on 26 typhoon events that affected Zhejiang Province from 2011 to 2021, including typhoon names, numbers, landing intensities and landing wind levels [37]. The water level increases data for storm surge tide stations caused by typhoon events are from the Marine Disaster Bulletin of Zhejiang Province [36]. The Digital Elevation Model (DEM) data of Zhejiang Province were downloaded from the Rivermap software [38], with a resolution of 30 m × 30 m, and were used to estimate the inundation characteristics of storm surges. To reduce and eliminate errors in DEM data, and ensure the authenticity and accuracy of the data, it was necessary to preprocess the DEM through ArcGIS software, including cropping, filling in depressions, converting to integers and constructing grid attribute tables. A Sentinel-1B image of Taizhou city, Zhejiang Province, which was imaged on 10 August 2019, was downloaded from the EARTHDATA website [39] and used to extract information about the storm surge inundated area of Typhoon “Lekima”, so as to verify the improved method proposed in this paper. The predicted values of sea level rise are from the Intergovernmental Panel on Climate Change (IPCC) report [40] and the State Oceanic Administration (SOA) bulletin [41], and the predicted values of land subsidence are from the China Geological Survey, and these were used to construct the library of RSLR scenarios. The sources of the data used above are shown in Table 1.




2.3. Methods


2.3.1. An Improved Passive Inundation Method Suitable for Rapid and Accurate Estimation of Inundation Characteristics of Storm Surge


	(1)

	
Introduction of method







This paper uses an improved passive inundation method to predict and analyze the inundation characteristics of storm surge under each scenario. The improved method combines the advantages of the accurate active inundation method and the rapid passive inundation method, and is suitable for rapid and accurate estimation of the storm surge inundation characteristics, which can meet the needs of storm surge disaster risk assessment and emergency response. The rationale of the passive inundation method is to set an inundation water level and traverse the elevation grid of the entire area, with each grid corresponding to a determined elevation value. The possibility and depth of the inundation of each grid mainly depend on its elevation. Any point with an elevation value lower than the given water level is considered an inundation area. The rationale of the active inundation method is that when a water level is given, the flood starts from a flooding origin (such as a breakwater) and flows towards adjacent points in all directions. If the elevation of the adjacent points is lower than the flooding water level, it is submerged; otherwise, it is a dry point. Then, the flooded point is used as the new flooding origin, and the surrounding area is searched for points below the flooding water level until all dry point elevations adjacent to the flooding point are greater than the given water level, because floods can only inundate the areas they can reach; the collection of all inundation points at this time is the inundation area.



The improvement idea of the passive inundation method is as follows: First, determine the impact area of a single storm surge event and the storm surge increase value. Then, based on the idea of passive flooding, that is, according to the storm surge increase value, traverse all points in the entire impact area whose elevations are lower than this value, and extract all qualified points to form the initial flooded area. At this point, the passive inundation methods may be overestimated due to the misjudgment of inundation areas, which may occur in inland valleys or coastal areas. Therefore, the following two issues need to be addressed: the first is to remove the misjudgment of inundation in inland areas, and the second is to remove inundation outliers in coastal areas to ensure water flow connectivity. This paper adopts the idea of active inundation and makes the following modifications to the initial inundation area. Storm surge originates from the sea, and the inundation of land needs to break through coastal protection facilities such as dikes; the coast is the beginning of its inundation. Therefore, select the initial submerged areas that are connected or intersected with the coast while retaining the submerged areas that are connected to these submerged areas but not directly connected to the coast to reflect connectivity. Finally, these eligible inundation areas are taken as the estimation results of the storm surge inundation range.



The implementation process of the improved passive inundation method is shown in Figure 2.



The input of the method includes storm surge water increase information and the DEM. The DEM is subject to relevant preprocessing, including filling in depressions, converting to integers and building grid attribute tables, and then the DEM elevation attribute is read. Based on the storm surge water increase data and DEM elevation data, the first conditional sentence (whether the pixel elevation ≤ the water increase value) is interpreted for all pixel points in the whole study area. When the elevation value is lower than the storm surge water increase value, these pixels are stored in flooded areas; otherwise, they are in non-flooded dry areas and removed. All stored pixels form the initial flooded area, and then the second conditional statement (whether connected) is performed to determine the connected area. If a flooded area is not directly or indirectly connected to the coast, that is, the area may be an inland valley or other terrain, which belongs to the flooded misjudgment area, remove it; otherwise, retain it. Finally, all the inundation areas that meet the conditions are extracted, including the storm surge inundation areas estimated by the method. Adding the area attribute and the water depth attribute can further calculate the area of the whole submerged area and the submerged depth of each pixel point, and output the submerged range and depth map of the storm surge. This method can be implemented through the ArcGIS model builder or ArcPy program.



	(2)

	
Verification







The typhoon 1909 storm surge “Lekima” caused the largest inundated area and the largest direct economic loss among the 26 storm surge events from 2011 to 2021. Therefore, this paper considers “Lekima” as an example to verify the method. The most severely affected by the storm surge was Taizhou city in Zhejiang Province, so Taizhou city is selected as the verification area in this paper. The validation value is the inundation range estimated based on the improved passive inundation method, while the control standard value is the inundation range extracted based on SAR images. The Sentinel-1B SAR image used in this paper is an IW mode VV polarized image (spatial resolution 2.7 × 22 m~3.5 × 22 m) taken on 10 August 2019 in Taizhou, Zhejiang Province. Since a water body has a small backscattering coefficient in SAR images, and there is a large scattering difference between a water body and a non-water body, the threshold segmentation method is used to perform density segmentation on the preprocessed images. An appropriate segmentation threshold was obtained by visual comparison [42]. In this paper, the segmentation threshold is set as −15; that is, the part less than or equal to the threshold (−15) is considered to be a water body. After postprocessing, the extracted results had mistakes removed as well as the inland rivers and lakes, and then the inundation range caused by the storm surge of Typhoon “Lekima” was obtained.



In this paper, Mean Absolute Percentage Error (MAPE) is selected as the index of accuracy evaluation, and the calculation method is shown in Formula (1).


  M A P E =     y i  ^  − y i   y i   × 100 %  



(1)




where   y i   is the control standard value,   y i   ≠ 0, and     y i  ^    is the verification value. The smaller the MAPE value is, the closer the validation value estimated by the improved passive inundation method is to the control standard value; that is, the higher the accuracy of the method.



Figure 3a is the storm surge inundation range extracted based on the Sentinel-1B image, Figure 3b is the storm surge inundation range estimated based on the improved passive inundation method and the red line in the figure is the boundary line of the range. In terms of spatial distribution, the extracted inundation range and the estimated inundation range of mainland Taizhou are consistent. In the extracted inundation map, the water body is dense and scattered, while in the estimated inundation map, the water body is continuous and planar. The reason is that the surface is simplified in the estimation process, which mainly considers terrain and elevation, and does not consider the influence of the underlying surface (such as surface buildings and vegetation). However, in the island region, there is a big difference between the extraction of the inundation range and the estimation of the inundation range. In the estimate of inundation range map, most of the inundation area of the island has not been estimated. The reason is that the island area of Taizhou is mostly less than 1000 m2, and the spatial resolution of the DEM data used in this paper for the estimation of inundation range is 30 m. Some islands appear as only one pixel in the estimation process. At the same time, because the landform of the island region is mountainous and hilly, the pixel elevation value is also large, and it is easy to be judged as a non-inundated area, resulting in a deviation in the inundation estimation. After calculation, the extracted inundation area is 399.91 km2, the estimated inundation area is 318.68 km2 and the MAPE is 20%, indicating that the estimated inundation range is in good agreement with the extracted inundation range. Therefore, the improved passive inundation method in this paper is more reliable in the estimation of storm surge inundation characteristics.




2.3.2. Construction of a Scenario Library for RSLR


To conduct a comprehensive study on the RSLR scenarios in Taizhou, this paper combines 4 absolute sea level rises and 3 predicted land subsidence values to obtain 12 RSLR scenarios. Next, 36 future scenarios of RSLR in Taizhou are obtained considering three timescales (2030, 2050, 2100). Finally, a scenario library containing 72 scenarios is constructed comprehensively and systematically by superimposing two scenarios of storm surge general and maximum water increase.



	(1)

	
Construction of sea level rise scenarios.







According to the prediction values of future sea level rise in the IPCC Report and the China Sea Level Bulletin issued by SOA, this paper reasonably designed various scenarios of future sea level rise, and built a sea level rise scenario library based on the corresponding prediction values of different future sea level rise scenarios.



	
Sea level rise prediction based on IPCC Report.






The IPCC is an international institution that evaluates science related to climate change, aiming to provide decision makers with a regular scientific foundation on climate change, assessments of its impacts and future risks, as well as options for adaptation and mitigation. In the climate model of CMIP6 (Coupled Model Intercomparison Project 6), the RCP (Representative Concentration Path) and SSP (Shared Socioeconomic Path) are used to comprehensively depict the impact of human activities in future scenarios, such as SSP1-2.6 (low emissions), SSP2-4.5 (medium emissions) and SSP5-8.5 (high emissions).



Under the SSP1-2.6 and SSP5-8.5 scenarios, the Global Mean Sea Level (GMSL) in 2050 will increase by 0.19 m and 0.23 m, respectively. By 2150, under the SSP1-2.6 scenario, the GMSL will increase by 0.5 m to 1 m, while under the SSP5-8.5 scenario, the GMSL will increase by 1 m to 1.9 m (medium confidence). If the extreme changes in the polar ice cap power system are considered, the GMSL increase will be higher [36].



Based on the prediction values of the IPCC, using 2020 as the reference year, the following design scenarios are obtained (the predicted ranges are in the parentheses, and the best-predicted values are outside the parentheses): In 2030, the predicted sea level rise values corresponding to the low-, medium- and high-emission scenarios SSP1-2.6, SSP2-4.5 and SSP5-8.5 are, respectively, 0.09 m (0.08~0.12 m), 0.09 m (0.08~0.12 m) and 0.10 m (0.09~0.12 m). In 2050 and 2100, the corresponding predicted values are 0.19 m (0.16~0.25 m), 0.21 m (0.18~0.26 m) and 0.23 m (0.20~0.30 m), as well as 0.44 m (0.33~0.61 m), 0.56 m (0.44~0.76 m) and 0.77 m (0.63~1.02 m), respectively.



	
Sea level rise prediction based on the China Sea Level Bulletin.






The China Sea Level Bulletin is an authoritative bulletin released by SOA on sea level changes along China’s coastal areas, mainly presenting monitoring, analysis and prediction of sea level changes, impact investigation and evaluation. Since 2000, the bulletins issued every year have analyzed the sea level changes in China’s coastal areas from both macro and specific perspectives, focused on the new impacts of climate change on sea levels, and finally, predicted the possible impacts of sea level changes (storm surge, seawater intrusion, etc.) and proposed corresponding countermeasures. This bulletin can attract the attention of people’s governments and relevant departments at all levels along the coast, as well as the attention of the public, to take effective measures to ensure the safety of life and property of people in coastal areas and the sustainable development of the social economy.



The coastline of China is long, and the GMSL has had a great impact on China’s coastal areas. From 2007 to 2020, the sea level of all coastal provinces in China showed an upward trend, with an increased rate from 2.5 mm/a to 3.4 mm/a, which is higher than the global average during the same period. The annual changes in sea level in Zhejiang Province from 2007 to 2020 are shown in Figure 4. The sea levels in 2007 and 2020 were 69 mm and 134 mm, respectively, and increased by 65 mm over 14 years. It is expected that in the next 30 years, China’s sea level will rise by 55~170 mm compared to 2020, and by the end of this century, it will rise by 0.6~1.1 m [32].



Based on the prediction values of SOA, using 2020 as the reference year, the following design scenarios are obtained: the prediction sea level rise values are 0.063 m (0.044~0.08 m), 0.1 m (0.055~0.17 m) and 0.8 m (0.6~1.1 m) in 2030, 2050 and 2100 respectively.



	
Construction of a scenario library for sea level rise prediction.






Based on the prediction values of the IPCC report and the China Sea Level Bulletin, four different types of absolute sea level rise predictions for Taizhou in 2030, 2050 and 2100 are obtained. Among them, three types of predictions are based on the IPCC, including SSP1-2.6, SSP2-4.5 and SSP5-8.5, and one type is based on the China Sea Level Bulletin (Table 2). The range in parentheses represents the possible rise, while the best-predicted values outside parentheses comprehensively reflect the absolute sea level rise in Taizhou in the future.



	(2)

	
Construction of land subsidence scenarios.







Taizhou is a medium land subsidence area, for which the maximum cumulative subsidence is 800 mm, and the subsidence rate is 0~10 mm/a [43]. This paper takes the 5th, 50th and 95th percentile (low, medium and high) subsidence rates to build the land subsidence scenarios of Taizhou in 2030, 2050 and 2100 (Table 3).



	(3)

	
Construction of RSLR scenarios.







This paper combines four absolute sea level rise predictions and three land subsidence predictions at three timescales (2030, 2050 and 2100), resulting in a total of 36 prediction scenarios (Table 4).



There are 12 prediction scenarios for each of the three timescales, under the absolute sea level rise prediction of SSP low, medium and high emissions, and SOA low-, medium- and high-speed land subsidence predictions are considered separately. This approach is based on the fact that various scenarios may occur within the credible prediction range, but they may not occur at all. In other words, low-reliability scenarios may occur as extreme events and high-reliability scenarios may not occur at all. Therefore, it is necessary to comprehensively consider the high, medium, and low scenarios. On the other hand, absolute sea level rise and land subsidence are independent of each other, meaning that low scenario sea level rise may overlap with high scenario land subsidence. Therefore, it is necessary to combine them to ensure the rationality of predicting scenario construction.



	(4)

	
Construction of storm surge scenarios.







Taking the historical typhoon storm surge in Zhejiang Province from 2011 to 2021 as an example, two scenarios of water increase for a storm surge in Taizhou are constructed. One is the general water increase scenario of a storm surge, reflecting the average intensity of a storm surge that may occur every year in Taizhou; the other is the maximum water increase scenario of a storm surge, which reflects the extreme situation of storm surge intensity in Taizhou.



	
General water increase scenario of storm surge.






To analyze the mean level of storm surge disasters in Taizhou from 2011 to 2021, this paper collates the water increase data of 26 storm surges that affected Zhejiang Province in the Marine Disaster Bulletin of Zhejiang Province, including 15 storm surges in Taizhou. As shown in Figure 5a, the data are relatively centralized as a whole, but there are maximum and minimum water increase values. In order to obtain the reasonable mean value of storm surge water increase in the past 11 years, the impact of extreme storm surges is eliminated, and the mean value of the remaining data is calculated. As shown in Figure 5b, after removing the extreme values, the data are more evenly distributed on both sides of the mean value. After calculation, the mean value of the storm surge water increase data in Zhejiang Province is 1.2 m, so 1.2 m is set as the general water increase scenario of storm surge.



	
Maximum water increase scenario of storm surge.






The No. 1909 “Lekima” super typhoon storm surge on August 10, 2019 is the most representative extreme storm surge disaster in Zhejiang Province in recent years, and is also the third strongest among the typhoons landing in Zhejiang since 1949 (only after the typhoons Sangmei and No. 5612 in 2006) and the fifth strongest among the typhoons landing in China since 1949 [44]. Accordingly, this storm surge caused huge losses to coastal provinces and cities in China, especially in Taizhou. Although the return period of extreme typhoon storm surge events is high, it is likely to happen every year, and once it happens, it will cause significant losses. Thus, it is necessary to study the extreme scenarios of storm surge. In this paper, the water increase value (3.12 m) of the “Lekima” super typhoon storm surge is selected as the maximum water increase scenario of storm surge.



By superimposing 36 RSLR scenarios and 2 storm surge water increase scenarios at three timescales (2030, 2050, 2100) in Taizhou, a comprehensive scenario library containing 72 scenarios is obtained (Table 5, Table 6 and Table 7), which can more comprehensively reflect the expected water increase values of storm surge under various future RSLR scenarios in Taizhou, and further systematically study the impacts of RSLR on storm surges.






3. Results and Discussion


3.1. Prediction and Analysis of Inundation Characteristics of Storm Surge under Different Scenarios of RSLR


To analyze the impact of RSLR on the inundation characteristics of storm surge, the improved passive inundation method proposed in this paper is used to estimate the inundation characteristics of future storm surges, so as to analyze the changes in the inundation characteristics of storm surge with different water increases under different scenarios of RSLR in 2030, 2050 and 2100, and to estimate the inundation risk of future storm surges. The estimated inundation area of storm surge under each scenario is shown in Table 8 and Figure 6.



3.1.1. Prediction and Analysis of Inundation Characteristics Considering Only RSLR


According to the scenario library of RSLR in Taizhou, the maximum possible RSLRs in 2030, 2050 and 2100 are 0.2 m, 0.52 m and 1.57 m, respectively. It can be seen that the RSLR in the short term is relatively small, and it will rise by more than 0.5 m by the middle of this century. From 2050 to the end of the century, the RSLR will exceed 1 m, indicating a rapid increase in the rate of RSLR in the long term. The impacts of extreme RSLR on the coastal areas of Taizhou in 2030, 2050 and 2100 are shown in Figure 7.



The three colors represent three different scenarios of RSLR at different times, from light to deep, namely the 2030 SSP5-8.5-High, 2050 SSP5-8.5-High and 2100 SOA-High scenarios. In terms of inundation area, it is 111.67 km2 under the RSLR 0.2 m scenario, 158.32 km2 under the RSLR 0.52 m scenario and 277.80 km2 under the RSLR 1.57 m scenario.



In the medium to low scenario, the contribution of absolute sea level rise to RSLR in Taizhou is slightly greater than that of land subsidence. In the high scenario, the proportion of land subsidence has already exceeded that of absolute sea level rise. Therefore, the relevant departments in Taizhou need to enhance their awareness of land subsidence control when dealing with sea level rise.



The potential threat of RSLR on Taizhou is enormous. The coastal fishing grounds in Taizhou will suffer huge losses. In addition, after inundation caused by RSLR, it will not subside for a long time. When seawater enters and causes large-scale flooding, the coastline also recedes, causing residents to lose the protection of the coastline and causing long-term and irreversible damage to the land.




3.1.2. Prediction and Analysis of Inundation Characteristics under the Scenario of RSLR Superimposed with the General Water Increase of Storm Surge


It can be seen from Figure 8 that the obvious inundation areas of storm surge are Jiaojiang District, the eastern coast of Luqiao District and Yuhuan. The inundation range is large, and the inundation depth also reaches 4~5 m due to the existence of low-lying terrain. The coastal areas of Linhai City and Wenling also have obvious inundation areas, but the inundation depth is relatively small.



In the 12 RSLR scenarios in 2030, there is no obvious difference in the expansion effect of different RSLRs on the inundation range of the historical general storm surge. On the one hand, the RSLR value in 2030 is relatively small, and on the other hand, the basic water increase value of the historical general storm surge is low, so the expansion effect caused by the superposition of the two is limited. From the calculated inundation area, compared with the inundation area caused by general storm surge in history, except that the RSLR of the 2030 SOA-Low scenario only increased the inundation area by 1 km2 after superposing the storm surge, the other RSLR scenarios increased the inundation area by about 10 km2. From the result, the estimated inundation area of the storm surge under the 12 scenarios is relatively concentrated. According to the probability of the event, when the historical general storm surge occurs in 2030, the inundation area caused by it will increase by about 10 km2 compared with the current scenario. In a word, although the growth value of RSLR to 2030 is limited, and the expansion effect on the submerged area of storm surge is also limited, it still has a certain degree of impact.



It can be seen from Figure 9 that under the 12 scenarios in 2050, the inundation range of the historical general storm surge does not change significantly compared with 2030, which is specifically shown in the southeast of Luqiao District. With the rise in relative sea level, seawater will further invade the inland areas with lower terrain based on the original inundation of the storm surge, and the new inundation area will have a relatively small inundation depth.



From the calculated inundation area, under the 12 scenarios in 2050, the inundation area of storm surge generally increased by more than 10 km2 compared with the current scenario, the largest increase was 14.19 km2 under the SSP5-8.5-High scenario and the lowest was still the SOA-Low scenario, with an increase of 9.49 km2. Compared with 2030, the RSLR value in 2050 has increased, and accordingly, the inundation range of storm surge has also been expanded to a certain extent. However, from the numerical point of view, the expanded inundation range is very small, which shows that the RSLR in 2050 has a limited capacity to expand the inundation range of the historical general storm surge. On the other hand, it also indicates that the elevation values of the non-flooded coastal areas in Taizhou are relatively high under various scenarios in 2030. In the scenario of a small increase in relative sea level, the threat of flooding is relatively small. However, the danger for low-lying coastal areas cannot be ignored, as compared to the current scenario, although the inundation range in this area has not changed much, the inundation depth may have increased by more than 0.5 m, with a total inundation depth of more than 5 m, reaching a level I hazard level, posing a high risk of casualties.



It can be observed that in the comprehensive scenario of RSLR in 2050, the contribution of land subsidence is greater than in 2030. The absolute sea level appreciation predicted by the three IPCC emission scenarios is not much different based on the division of the high, medium and low scenarios of land subsidence, while the SOA prediction value is only half of the IPCC prediction value. Comparing the submergence range of the four scenarios, it can be seen that the incremental difference between the three IPCC emission scenarios and the storm surge submergence range of SOA is not big, about 1~2 km2; that is, if land subsidence is not considered, the sea level rise predicted by SOA in 2050 will not have a significant impact on storm surge inundation. Due to the superposition of land subsidence and the scenario of the lowest and highest absolute sea level appreciation, the final inundation result is very close. Therefore, in 2050, land subsidence will make a greater contribution to the RSLR, and the expansion effect of storm surge inundation is also obvious.



Compared with 2030 and 2050, the RSLR in 2100 is very serious. Even the minimum estimated value approaches the maximum estimated value in 2050, while the maximum estimated value exceeds the historical general storm surge; that is, when only considering the threat of surge height, the threat of RSLR exceeds the historical general storm surge. In addition, unlike the RSLR scenarios in 2030 and 2050, the maximum RSLR scenario in 2100 is no longer the IPCC SSP5-8.5-High scenario but the SOA-High scenario, indicating that the speed of sea level rise in China’s waters is constantly increasing.



It can be seen from Figure 10 that the inundation range under the scenario of RSLR superimposed with the general storm surge in 2100 has been significantly expanded. For example, in the southeast coastal area of Luqiao District, the inundation range of storm surge is larger, and the inundation depth has also increased. Another example is near the estuary of Sanmen County: although there is no large-scale inundation, a large number of small-scale inundation areas have been created.



In the 12 scenarios in 2100, except for the SSP1-2.6-Low and SSP2-4.5-Low scenarios, the inundation range increased by storm surge is small, and the inundation range is increased by more than 70 km2 in all other scenarios, with the maximum total inundation range reaching 340 km2, which is enough to cause major disasters. In a word, by 2100, the RSLR will itself cause disasters. If a storm surge occurs, it will raise the basic water level of the storm surge, and then superimpose storm surge to cause greater disasters.




3.1.3. Prediction and Analysis of Inundation Characteristics under the Scenario of RSLR Superimposed with Maximum Water Increase of Storm Surge


It is estimated that the minimum value of RSLR in 2030 is 0.07 m (SOA-Low scenario), which is the most optimistic prediction result but still slightly expands the area submerged by storm surge. The maximum RSLR is 0.2 m (SSP5-8.5-High), which is the worst-case scenario. Although the inundation area has only increased by about 1 km2 compared to no RSLR, once seawater invades land, the first victims are crops. Even if the crops on the plain are not completely submerged, they will be reduced to some extent. In addition, the soil affected by seawater intrusion will experience salinization. This damage will be long term and difficult to reverse. Residential land and vehicles parked in underground garages also exhibit high vulnerability to seawater intrusion. Once immersed in seawater, their structures and contents can cause significant losses.



From the perspective of IPCC Class I low-emission scenarios, the three RSLR values are 0.1 m, 0.15 m and 0.19 m, respectively. The difference between high and low scenarios is nearly 0.1 m, and the difference in inundation area is nearly 0.1 km2. In Figure 11, there is no obvious difference in inundation areas, but the increase in inundation depth is also worth paying attention to. The prediction values for the IPCC Class II medium-emission scenarios and the low-emission scenarios are the same, indicating that under the low- and medium-emission scenarios, this group of RSLR prediction results has high reliability. Therefore, the prediction values are relatively stable and can be used as a valuable reference for 2030 prediction results.



From the perspective of IPCC Class III high-emission scenarios, the RSLR values of the three scenarios are 0.11 m, 0.16 m and 0.2 m, respectively, which are slightly higher than the first two scenarios. The difference between the high and low scenarios is 0.9 m, and the difference between the submerged area and that of the first two scenarios is 0.25 km2. Although the RSLR values of the third scenario are only 0.01 m higher than the first two scenarios on the whole, the maximum storm surge submerged area that may increase is more than twice that of the first two scenarios. The prediction results under such high-emission scenarios can be used as a reference for the possible maximum submergence of storm surge.



Overall, the minimum prediction value of RSLR in 2030 is given by SOA, and the maximum prediction value is given by the high-emission scenario of IPCC. However, the prediction values of the two are relatively small due to the small period and the less significant comparison effect with the current scenario. However, it should be noted that the speed of RSLR itself is not slow, and due to the barrier effect of terrain elevation, the RSLR may significantly increase the expansion of the storm surge inundation area in the region after exceeding a critical elevation point. In addition, the increase in the inundation depth of storm surge caused by RSLR will continue, so the losses caused by inundation will also continue to increase.



By 2050, the minimum RSLR is expected to be 0.12 m (SOA-Low), the inundation area of storm surge is 532.78 km2, the maximum RSLR is expected to be 0.52 m (SSP5-8.5-High) and the inundation area of storm surge is 555.28 km2. From the perspective of RSLR, the maximum value is 0.4 m higher than the minimum value, and the inundation area of storm surge is increased by 2.5 km2. As shown in Figure 12, when the RSLR is high enough, the raised storm surge will go deep into the interior of the land along the inland river and submerge the land along the river, resulting in the invasion of inland freshwater by seawater and a poor living environment for residents on both sides of the river, and the impact of storm surge will further expand inland.



From the IPCC Class I low-emission scenarios, the three RSLR values are 0.21 m, 0.35 m and 0.48 m, respectively, with a difference of 0.27 m between the high and low scenarios and a difference of nearly 22 km2 between inundation areas. It can be seen that a difference in RSLR of only 0.27 m can lead to a significant increase in the inundation area of storm surges. Compared with 2030, when the possible maximum scenario of RSLR is 0.2 m, storm surge will only expand the inundation area by less than 2 km2, so it can be concluded that when the RSLR is about 0.5 m, its effect on the expansion of the inundation area of storm surge is very obvious.



From the IPCC Class II medium-emission scenarios, the three RSLR values are 0.23 m, 0.37 m and 0.5 m, respectively, with a difference of 0.27 m between the high and low scenarios and a difference of 22.12 km2 in inundation areas. This scenario is 0.02 m higher than the first low-emission scenario as a whole and 0.02 m lower than the third high-emission scenario. Under the corresponding scenarios of high, medium and low sedimentation in the three scenarios, the minimum inundation area difference is 0 (SSP1-2.6-Low and SSP2-4.5-Low scenarios), the maximum inundation area differs by 21.8 km2 (SSP2-4.5-Medium and SSP5-8.5-Medium scenarios), of which the RSLR prediction value in the SSP2-4.5-Medium scenario is 0.37 m, and the RSLR prediction value in the SSP5-8.5-Medium scenario is 0.39 m. Obviously, there is a terrain-critical point elevation between the two RSLR values. When the critical value is exceeded, storm surge can break through this barrier and quickly spread to produce a wider inundation range.



From the perspective of SOA scenarios, the three RSLR values are 0.12 m, 0.26 m and 0.39 m, respectively. The prediction values of this group are all smaller than the three scenarios of IPCC, and the maximum values are close to the medium-speed subsidence scenarios of the other three prediction scenarios. This may be because the rate of sea level rise in China is lower than the rate of Eustatic sea level rise in the short term, while the rate of subsidence in China is higher than the world average rate.



In general, the impact of RSLR on the inundation area of storm surge will become more and more obvious by 2050. If encountering special regions, the relative sea level may rise only 0.02 m, which will lead to the flood inundation of a 20 km2 scale storm surge. Therefore, it is self-evident that it is of great significance to control sea level rise and mitigate land subsidence. In consideration of the worst case, by 2050, the maximum RSLR will have exceeded 0.5 m, which will significantly increase the basic water level of storm surges. If the height of the protective seawalls is not increased, storm surge may easily cross the seawalls, causing impact disasters and deep inundation in coastal areas.



Overall, it can be seen that there is a significant difference in the inundation area among the three scenarios, as the magnitude of the inundation area is positively correlated with the magnitude of the water increase value. From the changing trend of inundation areas, it can be seen that the changing trend of inundation areas in the three scenarios is relatively gentle before 2050, while it is relatively large in 2100. This is because the RSLR is relatively small before 2050, and the superposition effect on storm surge is also relatively limited. By 2100, the RSLR is large, which can significantly increase the strength of storm surges, thus greatly increasing the inundation area.



From the observation and analysis of the inundation area under the RLSR scenario and the scenario of RLSR superimposed with the general water increase of storm surge, it can be seen that with the rise in relative sea level, the inundation area under the RLSR scenario increases, and is close to that under the scenario of RLSR superimposed with the general water increase of storm surge. There may be two reasons: Firstly, the general water increase value of storm surge is low, and the expansion effect of RSLR is not obvious. Secondly, due to the influence of terrain blocking, the inundation area will not increase significantly until the water increase value reaches a certain height. This can be seen from the inundation area under the scenario of RLSR superimposed with the maximum water increase of storm surge. Compared with the scenario in SSP1-2.6-Medium, the RSLR value is 0.36 m under the SSP1-2.6-High scenario, while the inundation area of the storm surge increases rapidly, increasing by 306.49 km2.



It is estimated that by 2100, the minimum value of RSLR will be 0.48 m (SSP1-2.6-Low), which is close to the extreme scenario of 2050; that is, if no precautions are taken, the extreme storm surge event under the 2050 scenario will occur by 2100, which is only the most ideal and conservative estimation result at the end of this century. The maximum value of RSLR is 1.57 m (SOA–high), which is 1.09 m higher than the conservative prediction value. In this scenario, even if there is no storm surge, the seawater will submerge part of the coastal lowlands. When a storm surge similar to the NO. 1909 “Lekima” intensity occurs, the inundation area will reach 866.19 km2, which is 311.18 km2 larger than the RSLR 0.48 m scenario, and 1.63 times the inundation area generated by the current storm surge. Please refer to Figure 13 for details.



From the IPCC Class I low-emission scenario, the three RSLR values are 0.48 m, 0.85 m and 1.21 m, respectively. The difference between the high and low scenarios is 0.73 m, and the difference between inundation areas is 307.34 km2. From the inundation map, it can be seen that the expansion of the inundation areas is obvious. In addition to Wenling City, the inundation area of Luqiao District is also rapidly expanding, which has the largest and most direct impact on these two coastal cities.



From the IPCC Class II medium emission scenario, the three RSLR values are 0.6 m, 0.97 m and 1.33 m, respectively, with a difference of 0.73 m between the high and low scenarios and a difference of 307.04 km2 in inundation area. This scenario is similar to the IPCC high-emission scenario, where the inundation area caused by the medium- to high-speed sedimentation scenario is much larger than that caused by the low-speed sedimentation scenario.



From the perspective of SOA scenarios, the three RSLR values are 0.84 m, 1.21 m and 1.57 m, respectively. Contrary to 2030 and 2050, the SOA prediction value in 2100 is higher than the three types of predictions of IPCC, and even higher than the high-emission scenarios of IPCC. This may be due to the fact that the rate of regional sea level rise in China is lower than the global sea level rise rate in the short term, but the sustained rise in sea level in China’s waters over the long term leads to a sea level rise higher than the global average by the end of this century. At the same time, China’s land subsidence problem has attracted worldwide attention, with the amount and rate of subsidence ranking among the top values in the world. As a result, China’s RSLR situation is not optimistic.



In general, by 2100, the relative sea level has risen to a very threatening height. On the one hand, it will cause near-shore inundation. On the other hand, it can greatly increase the basic water level of storm surge, so that storm surge can easily cross the embankment facilities and have more destructive power. Not only coastal residents will be affected, but also inland and offshore residents will be at risk of being submerged by storm surge. In extreme cases, when the RSLR increases by 1.57 m, the inundation area of storm surge will expand by more than 300 km2, and the total inundation area is 1.62 times of the current scenario. From the perspective of inundation areas alone, this result is very serious. When the RSLR is 1.57 m, the inundation depth of storm surge increases to 1.5 times the original, which will not only greatly strengthen the losses caused by storm surge but also pose an unprecedented survival threat to coastal residents. Inland areas that have not been or are rarely affected by storm surge may also become severely affected areas at that time.





3.2. Prevention Countermeasures for Storm Surge Disasters in Taizhou Based on Coast Conditions and Future Inundation Characteristics


Under the scenario of RSLR, as the economy and population of Taizhou continue to gather in the coastal areas, the vulnerability to storm surge along the coast of Taizhou increases. At the same time, the landing frequency and intensity of typhoons continue to increase and the risk of storm surge also increases. Therefore, the development of appropriate and effective storm surge prevention measures is an important guarantee for the future economic development and urban safety of Taizhou. In order to deal with the storm surge disasters in the future in Taizhou, this paper proposes storm surge disaster prevention countermeasures based on the current situation of the coast of Taizhou and the inundation characteristics of storm surge under different scenarios in the future. The prevention measures for storm surge disasters are usually divided into engineering measures and non-engineering measures. Among them, engineering measures are the most direct and effective measures for storm surge prevention. Therefore, this paper mainly puts forward quantitative engineering measures and suggestions to provide a scientific basis for storm surge disaster response strategies and planning in Taizhou.



3.2.1. Analysis of Coast Conditions and Protection Capability in Taizhou


The types of coasts in Taizhou include artificial coasts and natural coasts, with artificial coasts mainly consisting of protected seawalls in aquaculture areas, with a total length of 312.19 km. They are mainly distributed in the mainland areas of Taizhou, such as Jiantiao Port, Puba Port, Jiaojiang, Xuanmen Bay, Ainan Bay and Yueqing Bay, while the rest are distributed on islands near the mainland. The natural coasts are dominated by bedrock coasts, with a total length of 415.08 km. They are distributed in both the mainland and island areas. Almost all the islands are bedrock coasts except Maodang Island, Maotan Island and Dahengchuang Island. Only a few bay top areas are sandy coasts, distributed in Baiguo Mountain Island and Xiaxiaoyu Island, with a total length of 0.73 km. The specific coast types and spatial distribution are shown in Figure 14.



The artificial coasts of Taizhou are dominated by the aquaculture protective seawalls, which are an important engineering measure for the sea reclamation project. As a wave protection structure, they cannot only withstand the wave action but also resist storm surge, playing an extremely important role in disaster prevention and mitigation projects in coastal areas. In terms of resisting storm surge disasters, the seawalls generally do not allow overtopping. Otherwise, it may be accompanied by overtopping, resulting in major flooding disasters. Therefore, the height design of the seawall’s top usually requires adding a safety value above the storm surge water increase value under a certain return period. The foundation of the seawalls is mostly soft mud or silty sand. After being affected by land subsidence, the top of the seawalls will sink, which is lower than the return period water increase value under the original design, weakening its defense capability. Other types of artificial coasts (such as ports and wharves) are closer to risk sources such as waves and storm surges, and the lack of gentle coastal buffers, so they are generally subject to more serious erosion.



The natural coasts of Taizhou include bedrock coasts and sandy coasts. The bedrock coasts are composed of rocks, characterized by a winding and steep coastline. Because the bedrock coasts generally have a large elevation and strong stability, they have a certain defensive capacity against storm surges. In addition, the areas near bedrock coasts are usually uninhabited and have no important facilities, so even if they are submerged by storm surge, they will not cause disaster losses.



The formation of sandy coasts is caused by the weathering of land rocks or the accumulation of sand gravel input from rivers at the seaside. Although the sandy coasts cannot effectively resist storm surge when it occurs, the flat and wide sandy coast can buffer the impact of storm surge, thus reducing or even eliminating the impact of storm surge.



With the rise in relative sea level, storm surge disasters will continue to intensify. On the one hand, the rise in sea level raises the basic water level of storm surge, thus enhancing the disaster-causing ability of storm surge. On the other hand, the land subsidence effect in the coastal area will reduce the height of the seawalls and weaken their disaster defense capability, thus increasing the disaster risk in the coastal area. In the late 1990s, Zhejiang launched the “thousand kilometers seawall” project. The Zhejiang provincial government invested nearly 5 billion yuan to build and reinforce more than 1000 km of “coastal standard seawalls” by the end of 2000, increasing the resilience of the seawalls from 10~20 years of periodic floods to 50~100 years of periodic floods, and the ratio of seawalls to coastlines exceeded 80% [45].



At present, it has been more than 20 years since the “thousand kilometers seawall” project, and the original design moisture proof standard of the current seawalls and sluices in Taizhou was once in 50 years. However, in recent years, the seawalls and sluices along the seawalls (except Bayu sluices and Zhongjiao sluices) have settled to varying degrees, and the settlement of the seawalls and sluices along the Shiitang and SanshanBeitou routes is particularly serious as the top elevation of the sluices is lower than the original design elevation. Some seawalls and sluices have not reached the once-in-20-years standard [46], so it is necessary to conceive and design the next step of seawall construction in advance. Therefore, it is an important foundation for the future seawall construction in Zhejiang Province to carry out the research on the protection countermeasures for storm surge disasters under the future RSLR scenario. This paper takes Taizhou as an example study area, combines the current distribution status of the artificial coasts and natural coasts in Taizhou and studies the height countermeasures of the seawall in Taizhou according to the predicted storm surge inundation characteristics under different RSLR scenarios to maximize the defense against storm surge inundation, taking optimal selection as the principle. The height standards of seawalls for preventing storm surge in different return periods in Taizhou are shown in Table 9.




3.2.2. Prevention Measures Considering Only the Scenario of Sea Level Rise


According to the predictions, even in the absence of storm surge disasters, RSLR will cause coastal flooding. Even if not combined with storm surge disasters, RSLR can cause flooding along the coast. In future scenarios, the threat of extreme RSLR causing flooding disasters is greater than that of storm surge disasters in historical flood scenarios. Therefore, it is necessary to design flood protection engineering to address the issue of RSLR.



Due to the global nature of RSLR, areas without storm surge disasters also need coastal protection projects to address the threat of inundation caused by RSLR. This paper took the scenarios of the maximum RSLRs in 2030, 2050 and 2100 as examples, and designed the heights of the seawall based on the current seawall situation in Taizhou (Figure 15).



According to the calculation results of the return period of water increase, the three RSLR scenarios are equivalent to the return period of water increase of storm surge less than 10 years, while the current standard of Taizhou seawalls is about a 20-year return period, so the existing seawalls can better resist the RSLR. From the perspective of inundation area, in the absence of seawalls, under these three scenarios, seawater will inundate coastal low-lying areas of 100~300 km2. Considering the seawalls with a 20-year return period, the seawater inundation area is greatly reduced to 10~20 km2. Except for the natural coast sections where no coastal project is currently constructed, other coastal areas are basically in a dry state, almost unaffected by future RSLR.



It is worth noting that although the current seawall standards can prevent future RSLR, on the one hand, under the continuous influence of land subsidence, the height of the seawalls’ top is decreasing and the defense ability is constantly weakening. On the other hand, storm surge disasters occur frequently in Taizhou, and the RSLR provides a higher basic water level for storm surge, thus enhancing the disaster-causing capacity of storm surge. Therefore, it is necessary to further consider the impact of future storm surges, and propose future countermeasures for preventing storm surges in Taizhou based on comprehensive defense capability and coast construction.




3.2.3. Prevention Countermeasures in Comprehensive Consideration of Maximum Storm Surge Superimposed by RSLR


According to the constructed relative sea level rise scenario database, during 2030~2100, the relative sea level rise range is 0.07~1.57m, the storm surge value that may be caused by superposing the storm surge of the historical general water increase scenario is 1.27~2.77m and the storm surge recurrence period of these 36 scenarios is less than once in 10 years. Therefore, the current 20-year return period of the sea wall is enough to withstand storm surges. Compared with the situation without a seawall defense, the reduction rate of a seawall on a storm surge inundated area is more than 95%, and the defense effect is remarkable. For details, see Figure S3a–c in the Supplementary Materials.



After superposing the maximum storm surge in history, it is estimated that the storm surge will be 3.19~4.69 m. According to the calculated return period of storm surges in Taizhou, the return period of the surge in this range is 20~100 years. The specific countermeasures for the storm surge seawall height under the scenarios of RSLR are as follows.



	
The seawall design in 2030.






From the return period of storm surges, the storm surge in 2030 under the scenario of RSLR has a 20~50 year return period. Theoretically, the seawall with a return period of 50 years should be designed to effectively defend this. However, according to the seawall design standards, the safe superelevation of the seawall with a return period of 20 years that does not allow overtopping is 0.6 m, so the seawall with a return period of 20 years after the safe superelevation is added can fully defend against storm surge inundation under the 12 RSLR scenarios in 2030.



As shown in Figure 16, compared with the 36 scenarios of the RSLR superimposed with the historical general storm surge, the estuary area of Sanmen County and the northeast area of Yuhuan have obvious inundation areas. The reason is that these areas are currently dominated by natural coasts. Without seawall defense, when the storm surge reaches a certain height, inundation will occur. If the storm surge continues to rise, the inundation range will continue to expand, and even spread to the coastal section with seawall protection, especially the northeast coast of Yuhuan City. In addition, the historical maximum storm surge itself has a large increase in water, and a small rise in relative sea level may also significantly increase the inundation area of storm surge. For example, under the scenarios of SSP1-2.6-Low and SSP1-2.6-Medium, the RSLR values of the two are only 0.05 m different, while the inundation area of storm surge is 6.5 km2 different. On the whole, after considering the current 20–year return period seawall, although there is still obvious storm surge inundation in some areas, compared with the situation without a seawall, the inundation area has decreased by more than 93%. It can be seen that the protection effect of the current return period seawall is good.



	
The seawall design in 2050.






As shown in Figure 17, from the return period of storm surges, the storm surge in 2050 under the scenario of RSLR will be a 20~50 year return period and a 50~100 year return period. According to the design standard of seawalls, the standard of safe superelevation for seawalls with a 20-year return period not allowing overtopping is 0.6 m, and the standard of safe superelevation for seawalls with a 30-year return period not allowing overtopping is 0.7 m. Therefore, seawalls with a 20-year return period and 30-year return period are used, respectively, to prevent storm surge with a 20~50 year return period and a 50~100 year return period in 2050. The scenarios using the 20–year return period seawall are SSP1-2.6-Low, SSP1-2.6-Medium, SSP2-4.5-Low, SSP5-8.5-Low, SOA-Low and SOA-Medium, and the other scenarios use the 30-year return period seawall. It can be seen that the land subsidence under the four scenarios of high sea level rise in 2050 will shorten the return period of the future storm surge water increase from the 30~50 year return period to the 20~30 year return period. Compared with 2030, after the relative sea level continues to rise, the storm surge inundation near the Jiaojiang River estuary will become more and more obvious in 2050. This is because after the seawater invades the inland river, the water surface will continue to rise and overflow to the coast. On the whole, the seawalls with a 20-year return period and 30-year return period have minimized the inundation threat of storm surge with a 20~50 year return period and a 50~100 year return period, and the reduction rate of the inundation area is about 93%.



From the perspective of the return period of storm surges, the storm surge in 2100 under the scenario of RSLR is a 50~100 year return period and 100~200 year return period. According to the design standards of seawalls, the safety superelevation of the 30-year return period seawalls that do not allow overtopping is 0.7 m, the safety superelevation of the 50-year return period seawalls that do not allow overtopping is 0.8 m and the safety superelevation of the 100-year return period seawalls that do not allow overtopping is 1 m. After the safety heightening, the defense capability of the seawalls is enhanced. The height of the top of the seawall is higher than the height of water increase. Considering the defense effect and economic cost, the seawall with a return period of 30, 50 and 100 years can be used, respectively, to deal with the storm surge with a return period of 50~100 years and a return period of 100~200 years.



	
The seawall design in 2100.






It can be seen from Figure 18 that the scenarios of 30–year return period seawalls are SSP1-2.6-Low and SSP2-4.5-Low, the scenarios of 50–year return period seawalls are SSP1-2.6-Medium, SSP2-4.5-Medium, SSP5-8.5-Low and SOA-Low, and the other scenarios use 100–year return period seawalls. Compared to 2050, the continuous increase in water in the Jiaojiang River has led to more severe flooding towards the coast, which will have a huge impact on coastal residents and farmland. In addition, there are many estuaries in Sanmen County, and many coast sections also have obvious inundation areas. Because the terrain of this area is relatively high and there is no low-lying area, there is no large submerged deep water area. The largest submerged area and submerged deep water area both appear on the northeast coast of Yuhuan, with the maximum inundation depth exceeding 5 m, and the risk level reaching Level I, which requires great attention. On the whole, the earned run average of the seawall to storm surge inundation is between 82% and 93%. Compared with 2030 and 2050, under the existing seawall condition, the ability to only increase the height of the seawall in 2100 to defend against storm surge is relatively limited. It is considered to add seawall coverage, and carry out reasonable planning and design of the natural coast to minimize the impact of storm surges on Taizhou.



For the storm surge in the historical maximum water increase scenario with a large water increase, even with the superimposed weak RSLR, the original storm surge inundation range may be significantly expanded. Comparing the inundation range of storm surge in the two scenarios after the construction of the seawall, it is found that there is almost no storm surge inundation in the seawall sections, while in the section without the seawall, the inundation range of storm surge expands with the increase in the return period of the water increase. The reason is that the current coastal type of Taizhou has a long natural coast in addition to the man-made coast. Therefore, this paper only designed the height of the seawall in combination with the current distribution of the seawall. Although the coast section without seawall protection is dominated by bedrock coast, and the vulnerability to storm surge is low, there is still a certain risk of storm surge inundation. Especially in the scenario of RSLR, storm surge water increases greatly. After the inundation of the bedrock coast, with the continuous increase in onshore inundation depth, it may even affect the nearby coast with seawalls, causing storm surge inundation past the seawalls.






4. Conclusions


By combining four absolute sea level rise scenarios and three land subsidence scenarios under three timescales (2030, 2050, 2100), this paper obtained 36 RSLR scenarios in Taizhou. Superposing the RSLR scenarios with two scenarios for water increase of storm surge, a comprehensive scenario library was constructed containing 72 scenarios. The improved passive inundation method was used to predict and analyze the inundation characteristics of storm surge under 72 scenarios. The conclusions are as follows:



Considering only the scenario of RSLR, the maximum possible RSLRs of 0.2 m, 0.52 m and 1.57 m in 2030, 2050 and 2100 in Taizhou are expected to result in the inundation areas of 111.67 km2, 158.32 km2 and 277.80 km2, respectively. In this regard, the existing 20-year return period of the sea wall can be resistant to RSLR.



Under the scenario of RSLR superposing with the general water increase of storm surge, the effect of different RSLRs on the expansion of the inundation area of the general storm surge will become more and more obvious over time. By 2100, the threat posed by RSLR will exceed the general water increase of storm surge, and the total inundation area will reach a maximum of 340 km2. The maximum inundation depth is more than 5 m, reaching a high risk level; under the defense of the existing 20-year recurrence period of the seawall, the inundation range can be reduced by about 92–95%, and the maximum inundation depth can be reduced by 2 m, so it can be effectively defended.



Under the scenario of RSLR superposing with the maximum water increase of storm surge, the RSLR has a significant effect on the increase in the basic water level of high water surge and the expansion of the inundation area. By 2100, when the RSLR increases by 1.57 m, the inundation area under the maximum water increase scenario will reach 866.19 km2, an increase of 63%, and the inundation depth will increase by 50%.



Inland areas that have never been inundated by storm surges may also be hardest hit. The existing 20-year return period seawall is expected to remain effective until 2030, but the standard of seawall defense will need to be improved in 2050 and 2100, and the maximum 100-year return period seawall protection will be required.



The RSLR scenario library constructed in this paper can reflect the RSLR situation of Taizhou in the future, and can be used as a reference scenario for the relevant research of RSLR in Taizhou. According to the inundation characteristics of storm surge predicted in the future and the seawall protection countermeasures proposed based on the inundation characteristics, it can provide countermeasures and suggestions for the coastal residents in Taizhou to improve their protection awareness, and for the decision makers to carry out coastal planning and coastal protection measures. The research results of this paper can provide a typical case for future storm surge prediction and protection research in coastal China.
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Figure 1. Study area. (a) Location and topography of Taizhou, (b) contour near inundation areas. 
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Figure 2. The implementation flow of the improved passive inundation method. 
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Figure 3. The inundation range extracted from Sentinel-1B images (a) and the inundation range estimated by the proposed method (b). 
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Figure 4. Sea level change in Zhejiang Province from 2007 to 2020. 
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Figure 5. Water increase of storm surge in Taizhou from 2011 to 2021 (unit: m): (a) raw data, (b) extreme values removed. 
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Figure 6. The estimated inundation area of storm surge under each scenario in Taizhou (SSE: relative sea level rise superimposed general water increase of storm surge; SSM: relative sea level rise superimposed maximum water increase of storm surge). 
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Figure 7. Impacts of extreme RSLR on coastal areas of Taizhou in 2030, 2050 and 2100. 
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Figure 8. Inundation area under RSLR superimposed with the general storm surge in 2030 (there are 12 scenarios in total, SSP1-2.6-Low and SSP5-8.5-High are selected here, and the other scenarios are shown in the Supplementary Materials). 
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Figure 9. Inundation area under RSLR superimposed with the general storm surge in 2050 (there are 12 scenarios in total, SSP1-2.6-Low and SSP5-8.5-High are selected here, and the other scenarios are shown in the Supplementary Materials). 
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Figure 10. Inundation area under RSLR superimposed with the general storm surge in 2100 (there are 12 scenarios in total, SSP1-2.6-Low and SSP5-8.5-High are selected here, and the other scenarios are shown in the Supplementary Materials). 
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Figure 11. Inundation area under RSLR superimposed with the maximum storm surge in 2030 (there are 12 scenarios in total, SSP1-2.6-Low and SSP5-8.5-High are selected here, and the other scenarios are shown in the Supplementary Materials). 
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Figure 12. Inundation area under RSLR superimposed with the maximum storm surge in 2050 (there are 12 scenarios in total, SSP1-2.6-Low and SSP5-8.5-High are selected here, and the other scenarios are shown in the Supplementary Materials). 
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Figure 13. Inundation area under RSLR superimposed with the maximum storm surge in 2100 (there are 12 scenarios in total, SSP1-2.6-Low and SSP5-8.5-High are selected here, and the other scenarios are shown in the Supplementary Materials). 
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Figure 14. Coast type distribution map of Taizhou. 
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Figure 15. The designed seawalls under extreme RSLR scenarios in 2030, 2050 and 2100. 
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Figure 16. Seawalls in 2030 (there are 12 scenarios in total, SSP1-2.6-Low and SSP5-8.5-High are selected here, and the other scenarios are shown in the Supplementary Materials). 
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Figure 17. Seawalls in 2050 (there are 12 scenarios in total, SSP1-2.6-Low and SSP5-8.5-High are selected here, and the other scenarios are shown in the Supplementary Materials). 
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Figure 18. Seawalls in 2100 (there are 12 scenarios in total, SSP1-2.6-Low and SSP5-8.5-High are selected here, and the other scenarios are shown in the Supplementary Materials). 
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Table 1. Data and sources.
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	Data
	Source
	Access Date





	Historical typhoon information in Zhejiang Province
	Tropical Cyclone Data Center (https://typhoon.org.cn)
	18 May 2022



	Storm surge value in Zhejiang Province from 2011 to 2021
	Bulletin of China Marine Disaster (http://www.nmdis.org.cn/)

Bulletin of Zhejiang Marine Disaster (http://zrzyt.zj.gov.cn)
	18 May 2022



	DEM of Taizhou city, Zhejiang Province
	Rivermap (http://www.rivermap.cn/)
	10 October 2022



	Sentinel-1B image of Taizhou city
	EARTHDATA (https://search.asf.alaska.edu/#/)
	15 October 2022



	Predictive value of sea level rise
	IPCC (https://www.ipcc.ch/)

SOA (https://www.nmdis.org.cn/)
	20 January 2023



	Predictive value of land subsidence
	China Geological Survey (https://www.cgs.gov.cn)
	20 January 2023










 





Table 2. Scenario library of sea level rise prediction in Taizhou (unit: m).
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	Year
	IPCC (SSP1-2.6)
	IPCC (SSP2-4.5)
	IPCC (SSP5-8.5)
	SOA





	2030
	0.09 (0.08~0.12)
	0.09 (0.08~0.12)
	0.10 (0.09~0.12)
	0.063 (0.044~0.08)



	2050
	0.19 (0.16~0.25)
	0.21 (0.18~0.26)
	0.23 (0.20~0.30)
	0.1 (0.055~0.17)



	2100
	0.44 (0.33~0.61)
	0.56 (0.44~0.76)
	0.77 (0.63~1.02)
	0.8 (0.6~1.1)










 





Table 3. Scenario library of land subsidence prediction in Taizhou (unit: m).
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	Year
	Low (0.5 mm/Year)
	Medium (5 mm/Year)
	High (9.5 mm/Year)





	2030
	0.006
	0.055
	0.105



	2050
	0.016
	0.155
	0.295



	2100
	0.041
	0.405
	0.770










 





Table 4. Scenario library of RSLR in 2030, 2050 and 2100 in Taizhou (unit: m).
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	Year
	2030
	2050
	2100





	SSP1-2.6-Low
	0.10
	0.21
	0.48



	SSP1-2.6-Medium
	0.15
	0.35
	0.85



	SSP1-2.6-High
	0.19
	0.48
	1.21



	SSP2-4.5-Low
	0.10
	0.23
	0.60



	SSP2-4.5-Medium
	0.15
	0.37
	0.97



	SSP2-4.5-High
	0.19
	0.50
	1.33



	SSP5-8.5-Low
	0.11
	0.25
	0.81



	SSP5-8.5-Medium
	0.16
	0.39
	1.18



	SSP5-8.5-High
	0.20
	0.52
	1.54



	SOA-Low
	0.07
	0.12
	0.84



	SOA-Medium
	0.12
	0.26
	1.21



	SOA-High
	0.17
	0.39
	1.57







Note: The sea level rise scenarios are “SSP1-2.6, SSP2-4.5, SSP5-8.5, SOA”, and the land subsidence scenarios are “Low, Medium, and High”.













 





Table 5. A comprehensive scenario library containing 24 scenarios in Taizhou in 2030 (unit: m).
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	SLR
	LS
	RSLR
	SSE
	SSM





	SSP1-2.6-Low
	0.09
	0.01
	0.10
	1.30
	3.22



	SSP1-2.6-Medium
	0.09
	0.06
	0.15
	1.35
	3.27



	SSP1-2.6-High
	0.09
	0.10
	0.19
	1.39
	3.31



	SSP2-4.5-Low
	0.09
	0.01
	0.10
	1.30
	3.22



	SSP2-4.5-Medium
	0.09
	0.06
	0.15
	1.35
	3.27



	SSP2-4.5-High
	0.09
	0.10
	0.19
	1.39
	3.31



	SSP5-8.5-Low
	0.10
	0.01
	0.11
	1.31
	3.23



	SSP5-8.5-Medium
	0.10
	0.06
	0.16
	1.36
	3.28



	SSP5-8.5-High
	0.10
	0.10
	0.20
	1.40
	3.32



	SOA-Low
	0.06
	0.01
	0.07
	1.27
	3.19



	SOA-Medium
	0.06
	0.06
	0.12
	1.32
	3.24



	SOA-High
	0.06
	0.10
	0.16
	1.36
	3.28







Note: SLR: sea level rise, LS: land subsidence, RSLR: relative sea level rise, SSE: relative sea level rise superimposed general water increase of storm surge, and SSM: relative sea level rise superimposed maximum water increase of storm surge.













 





Table 6. A comprehensive scenario library containing 24 scenarios in Taizhou in 2050 (unit: m).
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	SLR
	LS
	RSLR
	SSE
	SSM





	SSP1-2.6-Low
	0.19
	0.02
	0.21
	1.41
	3.33



	SSP1-2.6-Medium
	0.19
	0.16
	0.35
	1.55
	3.47



	SSP1-2.6-High
	0.19
	0.29
	0.48
	1.68
	3.60



	SSP2-4.5-Low
	0.21
	0.02
	0.23
	1.43
	3.35



	SSP2-4.5-Medium
	0.21
	0.16
	0.37
	1.57
	3.49



	SSP2-4.5-High
	0.21
	0.29
	0.50
	1.70
	3.62



	SSP5-8.5-Low
	0.23
	0.02
	0.25
	1.45
	3.37



	SSP5-8.5-Medium
	0.23
	0.16
	0.39
	1.59
	3.51



	SSP5-8.5-High
	0.23
	0.29
	0.52
	1.72
	3.64



	SOA-Low
	0.10
	0.02
	0.12
	1.32
	3.24



	SOA-Medium
	0.10
	0.16
	0.26
	1.46
	3.38



	SOA-High
	0.10
	0.29
	0.39
	1.59
	3.51







Note: SLR: sea level rise, LS: land subsidence, RSLR: relative sea level rise, SSE: relative sea level rise superimposed general water increase of storm surge, and SSM: relative sea level rise superimposed maximum water increase of storm surge.













 





Table 7. A comprehensive scenario library containing 24 scenarios in Taizhou in 2100 (unit: m).
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	SLR
	LS
	RSLR
	SSE
	SSM





	SSP1-2.6-Low
	0.44
	0.04
	0.48
	1.68
	3.60



	SSP1-2.6-Medium
	0.44
	0.41
	0.85
	2.05
	3.97



	SSP1-2.6-High
	0.44
	0.77
	1.21
	2.41
	4.33



	SSP2-4.5-Low
	0.56
	0.04
	0.60
	1.80
	3.72



	SSP2-4.5-Medium
	0.56
	0.41
	0.97
	2.17
	4.09



	SSP2-4.5-High
	0.56
	0.77
	1.33
	2.53
	4.45



	SSP5-8.5-Low
	0.77
	0.04
	0.81
	2.01
	3.93



	SSP5-8.5-Medium
	0.77
	0.41
	1.18
	2.38
	4.30



	SSP5-8.5-High
	0.77
	0.77
	1.54
	2.74
	4.66



	SOA-Low
	0.80
	0.04
	0.84
	2.04
	3.96



	SOA-Medium
	0.80
	0.41
	1.21
	2.41
	4.33



	SOA-High
	0.80
	0.77
	1.57
	2.77
	4.69







Note: SLR: sea level rise, LS: land subsidence, RSLR: relative sea level rise, SSE: relative sea level rise superimposed general water increase of storm surge, and SSM: relative sea level rise superimposed maximum water increase of storm surge.













 





Table 8. The estimated inundation area of storm surge under each scenario in Taizhou (unit: km2).






Table 8. The estimated inundation area of storm surge under each scenario in Taizhou (unit: km2).





	

	
2030

	
2050

	
2100




	

	
RSLR

	
SSE

	
SSM

	
RSLR

	
SSE

	
SSM

	
RSLR

	
SSE

	
SSM






	
SSP1-2.6-Low

	
64.26

	
274.69

	
532.78

	
113.21

	
276.10

	
533.03

	
137.08

	
278.55

	
555.01




	
SSP1-2.6-Medium

	
66.50

	
275.59

	
532.81

	
131.39

	
277.75

	
533.10

	
166.65

	
339.34

	
555.86




	
SSP1-2.6-High

	
88.69

	
275.76

	
532.86

	
137.08

	
278.55

	
555.01

	
253.20

	
339.62

	
862.35




	
SSP2-4.5-Low

	
64.26

	
274.69

	
532.78

	
115.70

	
276.11

	
533.03

	
158.32

	
289.07

	
555.59




	
SSP2-4.5-Medium

	
66.50

	
275.59

	
532.81

	
135.97

	
277.80

	
533.10

	
184.81

	
339.47

	
860.41




	
SSP2-4.5-High

	
88.69

	
275.76

	
532.86

	
141.92

	
278.99

	
555.15

	
254.77

	
339.70

	
862.63




	
SSP5-8.5-Low

	
64.26

	
274.78

	
532.78

	
120.24

	
276.18

	
533.06

	
166.65

	
337.11

	
555.84




	
SSP5-8.5-Medium

	
72.66

	
275.74

	
532.85

	
137.08

	
277.80

	
554.90

	
241.02

	
339.59

	
861.27




	
SSP5-8.5-High

	
111.67

	
276.07

	
533.03

	
158.32

	
279.65

	
555.28

	
273.23

	
339.84

	
865.58




	
SOA-Low

	
64.26

	
266.73

	
532.78

	
66.50

	
274.95

	
532.78

	
166.65

	
337.82

	
555.86




	
SOA-Medium

	
66.50

	
274.95

	
532.78

	
124.55

	
276.18

	
533.10

	
253.20

	
339.62

	
862.35




	
SOA-High

	
88.69

	
275.75

	
532.86

	
137.08

	
277.80

	
554.90

	
277.80

	
340.00

	
866.19











 





Table 9. Height standards of seawalls for preventing storm surge in different return periods in Taizhou (unit: m).






Table 9. Height standards of seawalls for preventing storm surge in different return periods in Taizhou (unit: m).





	Return period
	20-year
	30-year
	50-year
	100-year



	Height of seawall
	3.48
	3.85
	4.29
	4.96
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