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Abstract

:

Due to climate change, extreme floods are projected to increase in the 21st century in Europe. As a result, flood risk and flood-related losses might increase. It is therefore essential to simulate potential floods not only relying on historical but also future projecting data. Such simulations can provide necessary information for the development of flood protection measures and spatial planning. This paper analyzes the risk of compound flooding in the Danė River under different river discharge and Klaipėda Strait water level probabilities. Additionally, we examine how a water level rise of 1 m in the Klaipėda Strait could impact Danė River floods in Klaipėda city. Flood extent was estimated with the Hydrologic Engineering Center’s River Analysis System (HEC-RAS) and visualized with ArcGIS Pro. Research results show that a rise in the water level in the Klaipėda Strait has a greater impact on the central part of Klaipėda city, while that of the maximum discharge rates of the river affected the northern upstream part of the analyzed river section. A sea level rise of 1 m could lead to an increase in areas affected by Danė floods by up to three times. Floods can cause significant damage to the infrastructure of Klaipėda port city, urbanized territories in the city center, and residential areas in the northern part of the city. Our results confirm that, in the long run, sea level rise will significantly impact the urban areas of the Klaipėda city situated near the Baltic Sea coast.
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1. Introduction


Flood hazards and accurate economic risk assessments for the 21st century should not be limited to past floods or monitoring. To develop an accurate future flood risk assessment, it is necessary to assess all factors related to flood hazards in the context of climate change. The vulnerability of coastal river reaches is growing due to the increasing number of extreme hydrometeorological events caused by climate change [1,2,3,4,5]. Thus, the assessment of compound flooding with respect to climate change scenarios in coastal river reaches has become more relevant.



Scientists are increasing their focus on different types of floods and their causes in specific areas. The collision of physical oceanographic, hydrological, and meteorological factors can cause compound floods [5]. Compound floods are one example of a combination of compound weather and climate events caused by many climatic factors or hazards [6]. It is important to determine the influence of different components on the hydrometeorological event. Lack of consideration for all factors that can contribute to the occurrence of compound flooding may result in hazards being underestimated [7]. A compound flood can occur when two hydrometeorological events take place at the same time or with offset times but maintaining joint probability. In coastal river reaches, compound flooding occurs when high river discharge coincides with the sea level of a storm surge. During this combination, either the river flow becomes blocked or a back wave is formed; in both cases, in the lower reaches, water level rises and increases the risk of a flood [3,4]. Individual components can be non-extreme, but their general interdependency can cause extreme situations [8]. In order to determine the anthropogenic effects on different characteristics on compound floods, these flood types require a systematic approach [6,9]. Compound floods are common in coastal areas, but it is difficult to analyze them on a large scale; therefore, it is recommended to analyze such type of floods on a local scale [10], because topography elements and flood protection factors must be included in the analysis [11]. At the regional scale, smaller rivers are insignificant, but such rivers can cause a considerable risk at the local scale. All studies at the regional European scale cover data only from major river stations and are included in a database [12] that contains data on historical floods in Europe since 1870. Akmena–Danė River floods are significant for Klaipėda city and local people, and they are expected to increase both in size and frequency by the end of the 21st century.



Due to rising mean temperature in winter and decreasing snow cover in the major river basins of the Baltic countries, the flow is predicted to decline [13,14]. However, smaller local rivers are usually affected by a large amount of precipitation. Therefore, such results of studies show the necessity of research on smaller local rivers. The probability of compound flooding from precipitation and storm surges in the Baltic Sea is projected to increase [11]. Increases in flood events in Baltic countries was also confirmed by flood change analyses at the regional European scale based on global warming scenarios if global temperature rise by 1.5, 2, and 3 °C [15]. It was concluded that hydrological changes are affected by the level of warming, but that there are still uncertainties about the magnitude and location of the changes [16]. These uncertainties lead to inconsistencies in flood risk forecasts; therefore, in order to reduce flood risk, it is recommended to focus on mapping current and future risks and vulnerable hotspots and to improve them [17].



The hydrological regime of Lithuanian rivers is mainly changed by winters that are becoming warmer, shorter, and less snowy; thus, winter flow increases, while in spring, summer, and autumn, flow trends in rivers have been declining significantly over the past 50 years [18]. The hydrological regime is also affected by heavy rainfall (more than 30 mm per day), and in western Lithuania, the main source of river water is precipitation [19]. The number of heavy rainfalls, with more than 20 and 30 mm of rain per day, is projected to increase in the 21st century according the CCLM (COSMO—climate limited-area model) [20]. Flash floods of small Lithuanian rivers are affected by extreme meteorological phenomena such as dangerous heavy rain falls (rainfall 50–80 mm in 12 h or less) or catastrophic rainfall (more than 80 mm in 12 h or less) [21]. They are most common in Lithuania due to the sliding and undulating cold fronts or strong convection inside the air mass [22]. The average precipitation until 2035 may increase by 1.6–4.0% annually, while the highest amounts are predicted in western Lithuania [23]. The main changes in annual precipitation and evaporation will occur in the following period, with an increase in evaporation of 41.1% and an increase in precipitation of 15.1% [24]. Spring floods are expected to decrease in the future, but rain-induced floods will be more frequent [25]. Extremely heavy rains were the cause of devastating floods in the summer of 2010 in Central and Eastern Europe [26] and in Western Europe in the summer of 2021 [27].



In cities that are vulnerable to sea level rise, the flood hazard assessment should not consist of a single river or sea flood hazard assessment but should include both [28]. Long-term changes in sea level are caused by climate change, changes in water temperature, melting of glaciers, tectonic movements of the Earth, changes in ocean circulation, accumulation of sediments, and other factors [29,30,31]. Due to the rising air and water temperatures, the number of days with ice cover on the Baltic Sea coast decreases, which means that with different synoptic barrier structures and stronger winds, water can rise freely on the seacoast. Perennial changes in wind direction affect the fluctuations in the Baltic Sea water level [32]. Increased perennial southwesterly winds and stronger westerly winds lead to higher water levels on the southeast coast of the Baltic Sea [25,33,34]. Short-term sudden rises in water level in the Klaipėda Strait is typical during the cold season due to the long-term prevailing solid westerly winds (more than 17 m·s−1) or raging hurricane winds (more than 32.7 m·s−1). Such winds are characteristic of emerging cyclones between southern Scandinavia and northwestern Russia where the study territory was located.



Changes in the water level in the Baltic Sea are affected by several composite factors: atmospheric dynamics, rising global eustatic water level (thermal expansion), inflows waters from rivers and the North Sea, and glacial isostatic uplift of the Scandinavian continent and the slow sinking of the old European continental plate. In contrast to tide-dominated basins, extreme sea levels in the Baltic Sea are mainly due to wind [35]. While long-term sea level changes are caused by glacial isostatic adjustment of tectonic movements [36,37]. Historical glacial isostatic adjustment at Scandinavian land uplift was perceived at the coast as a drop-in raise sea level. Sea level change was one of the main criteria that help indicate land crust movement. Land uplift is stronger in the northern Baltic Sea, attaining rates close to 10 mm year−1, whereas in southern Baltic Sea it is close to equilibrium with some areas sinking by about 1 mm year−1 [35]. The same resource states that analysis of tide gauge measurements corrected the vertical land movements and indicate that Baltic Sea level may have risen during the 21st century at rates of around 1.5 mm year−1, which are close to the rate of global sea level rise. Still, the water level is not evenly distributed throughout the sea, and sea level does not rise in a globally uniform manner. The Baltic Sea is a sufficiently closed continental sea that is highly dependent on the inflow of river waters and atmospheric circulation.



The rise in water levels in the Klaipėda Strait, which connects the Baltic Sea and the Curonian Lagoon, is a direct cause of changes in the water level of the Danė River. The Danė River valley is one of the priority flood risk areas. The following conclusions are presented [34,38] from the available data based on past floods. The Akmena–Danė River, which flows into the Curonian Lagoon, is the closest to the Baltic Sea coast, and its mouth is located in the old town of Klaipėda city. Due to the seaport, infrastructure is located along the coast of the Curonian Lagoon, and the Danė River divides the city into its northern and southern parts. There are terrain depressions in the urban area that can be easily flooded when sea levels rise. The shore areas of the Danė and Smeltė rivers are distinguished as the most sensitive to floods in Klaipėda [39]. The risk of floods is higher in the western part of Lithuania due to the threat posed by the Baltic Sea. Floods in estuaries lead to extremely high water levels, which pose a greater threat to urbanized areas situated close to shores [40]. A flash flood regime characterizes western Lithuania’s rivers and significantly impacts the fluctuations in water levels in the Curonian Lagoon [41]. Fluctuations in the water level of rivers flowing into the Curonian Lagoon are also determined by changes in the water level of the Baltic Sea and the Curonian Lagoon. With prevailing cyclonic circulation and a west wind direction [42], wave floods often also form from the side of the Baltic Sea and Curonian Lagoon. Due to the rising seawater level and lower river flow, according to 21st century climate change scenario (RCP8.5 scenario), it is likely that the inflow of Baltic Sea water through the Klaipėda Strait into the Curonian Lagoon will increase from 8.0 to 11.0 km3 in the near future [24].



According to the long-term water level data of Klaipėda Strait (1898–2002), the water level on the Lithuanian coast has risen by approximately 14 cm in the meantime [43]. From 1961 to 2008, the water level in the Curonian Lagoon rose by 18 cm [44]. The sudden jump in the rise was evident in the 1980s and 1990s. Since 1960, the average water level has been rising at a rate of approximately 3.0 mm year−1 [42]. Since 1898, the water level in the Klaipėda Strait has risen by approximately 14.7 cm; in the Curonian Lagoon, the average water level is likely to rise by 27–63 cm [42]. The increased sea level variation of the southeast Baltic Sea can be explained partly by global sea level rise but also by changes in atmospheric circulation [42].



It is predicted that in the 21st century, the average water level in the eastern part of the Baltic Sea (including the Lithuanian coast) coast during winter may increase from 40 to 100 cm [45]. The projected winter mean sea level changes for 2071 to 2100 are generally larger than the biases of the control simulations [45], and a projected sea level rise for 2090–2099 relative to 1990–1999 could reach from 50 to 100 cm [35]. Due to the change in climate, in the cold period of the year, the transport of western air masses prevails more often, the duration of storms and stronger winds increases [46], a result of which is that the water level in the Curonian Lagoon has been rising by 3 mm year−1 since the 1960s [44]. More frequent and more intense hydrometeorological extreme events are also predicted. The floods of the Nemunas River are also significant for this area—as a result, the flood level can rise to 217 cm [47]. Therefore, this study aimed to assess the impact of sea level rise on the risk of compound floods of the Danė River in the territory of Klaipėda city. For assessment, we used the probabilities of the water level of the Klaipėda Strait and the discharge of the Danė River, where the Baltic Sea level rose by 1 m due to climate change. The assessment of the sea level rise impact on the future compound flood risk of the Danė River is helpful for flood risk mitigation in Klaipėda city, the adoption and application of infrastructure solutions, and the identification of the necessary flood protection measures.




2. Materials and Methods


2.1. Study Area Description


A flood risk assessment of the Danė River is relevant, as the river flows through the city of Klaipėda, where the Lithuanian seaport, production, and farm infrastructure, and residential areas are located. Extreme situations during storms form when the Danė River discharge increases due to heavy rainfall, and the water levels in the Baltic Sea and the Curonian Lagoon rise due to the presence of wind floods—water rushes along the riverbanks that flood the city’s streets. Flood risk maps help to assess the extent of inundated areas and the social or economic damage that may be caused to the city of Klaipėda and its surroundings.



The Akmena–Danė River flows into the Klaipėda Strait, which connects the Curonian Lagoon with the Baltic Sea (Figure 1). From the source to Klaipėda city, the river is called Akmena, further to the Curonian Lagoon–Danė (formerly named Dangė, and renamed only in the 1970s). The human economic activities affected by the lower reaches of the Danė River are significant due to the long-running intensive shipping, navigation, dredging, and berth reinforcement. The basin of the Akmena–Danė River covers 580.2 km2 [48] and is between the rivers Sventoji and Minija. The length of the river is 64 km [49], and it is one of the longest rivers belonging to the Lithuanian marine coastal river basin. In the lower reaches, the Danė River spreads up to 40–50 m, the depth is approximately 1–3 m, and in the mouth, it is up to 7 m deep. In the mouth of the Akmena–Danė River, the average annual discharge is approximately 7.6 m3/s, the annual runoff is 0.24 km3, and approximately 700–800 mm of precipitation falls into the basin [48]. The Akmena–Danė River water regime and extreme floods are affected by human activities and climate change.



In the upper and middle reaches, the river flows in an erosive valley rich in boulders. This is why it is called Akmena (in Lithuanian—a stone). The average slope of the river is 0.88‰ (cm km−1), and downstream (20 km from the mouth) it decreases to 0.08‰. Therefore, flooding of the Curonian Lagoon is often observed in Klaipėda. The width of the river in the studied territory of Klaipėda is 50–70 m. The valley is filled with fine sand (Figure 2), and the width is approximately 600 m (ranging from 340 to 1640 m). The river flows within the landscape formed during the Baltic Stage of the Last Glacial. The glacial loam (till), fine sand, and various clayey sand are common for surficial deposits in the coastal lowland [49]. The Akmena–Danė River in the territory of Klaipėda, before flowing into the Curonian Lagoon, cuts glacial sediments of the Last Glacial, glaciolacustrine sediments of the Baltic Ice Lake, and marine sediments of the Littorina Sea (Figure 2). The Akmena–Danė rivers were formed during the deglaciation phase of the Late Glacial and the beginning of the Holocene. Groundwater is at a depth of 1–3 m below the surface in the river valley and at a depth of 3–5 m in the surrounding areas [49].



When assessing the risk of compound floods for the city of Klaipėda, the riverbanks located in the city by the river are considered (Figure 3). When constructing or reconstructing river embankments, it is important to take into account their height and to assess the possible maximum level of flooding. The artificial embankment reduces the risk of flooding to the city, and the collapsing shores increases them. The Danė River flood impact on Klaipėda was analyzed, taking into account two different territories: the central and northern parts of Klaipėda city. In the central part of the city is located the Old Town district, the area near the Old Town and the Industrial Quarter. In the northern part of the city, along the river, there are quarters of private residential houses. Most of the residential houses and infrastructure in these areas are located in the lower terraces of the Danė River near the floodplain. In the northern part of the Klaipėda city, the bank of the river is natural; therefore, they do not have protective shoreline fortifications that protect them from higher flooding of the river. The Industrial Quarter is also situated where embankments are natural. Therefore, these territories are sensitive to river floods during spring, when there is the highest probability for compound flooding and flood risk situations. In the central part of Klaipėda city, most of the riverbanks are artificial, but the compound flood probability is higher.



The risk of flooding in the city also depends on the depth of the river and the speed of the water flow. In the central part of Klaipėda city, the riverbed was artificially straightened and deepened allowing navigation and recreation; therefore, higher water flow velocities are formed here. The riverbed in the northern part is shallower than in the city center. The northern part of the city is more sensitive to increasing Danė River discharge, which results in floods in the Danė valley. The water would spill the most here, because the river meanders in this place the most and, here, the river speeds are low—up to 0.5 m·s−1. Therefore, heavy rains could lead to a faster rise in the water level of the Danė River. The terrain has a significant impact on the spread of flood water. In the northern part of the city, there is a sudden rise in the terrain behind the Danė valley and, therefore, only the valley is flooded. The height of the terrain at the mouth of the river is low. There is an increasing risk of tidal waves in the city center as the water rises and the height of the artificial riverbank is exceeded.




2.2. Sea Level Rise at the Klaipėda Strait


The long-term effects of sea level change due to ongoing climate change are being felt on the southeast coast of the Baltic Sea and in the Curonian Lagoon. Water level data from the Klaipėda Strait Hydrographic Station in 1902–2018 were used to determine long-term changes in water level. Regression coefficients for mean and maximum water levels were calculated using linear trends. The rise in water level over the same period of 30 years was compared. The rising trends of the water level helped to confirm the predictions [35,50] that the water level in the Klaipėda Strait may rise by approximately 1 m by the end of the 21st century. Water level data were obtained from the Environmental Protection Department of the Ministry of Environment of the Republic of Lithuania, which carries out state monitoring of surface waters.




2.3. Development of Flood Scenarios


We created eighteen compound flood scenarios (Figure 4) in the study area combining Danė River discharge with the water level in the Klaipėda Strait and climate change effect on Baltic Sea water level rise: nine scenarios with historical water levels in the Klaipėda Strait and nine scenarios if the water level rose 1 m due to climate change.



For the scenarios, we used hazard data calculated during the EU Floods Directive’s implementation [34,47]. The mean historical water level in the Klaipėda Strait is 0 m in the Baltic Sea height system (BS), the 10% probability (10-year water level) water level was 1.4 m (above BS); the 1% probability (100-year water level) water level was 2 m (above BS) [47]. A 10% water level probability in Curonian Lagoon is caused by severe storms in the Baltic Sea and the inflow of seawater into the lagoon, and this is the high probability that water levels can occur, on average, 1 time in 10 years. A 1% water level in the Curonian Lagoon probability is equal to 2 m according to the Baltic Sea level elevation system, which occurs in extreme situations when a strong storm forms in the Baltic Sea, westerly winds prevail at the mouth of the Danė River, and heavy rainfall fall occurs. Then, the water of the Danė River cannot flow into the lagoon and can rise even higher. This is a low probability water level that can occur, on average, 1 time in 100 years.



We made the hypothesis that due to climate change, the mean sea water level in this southeastern part of the Baltic Sea, including in Curonian Lagoon, would rise by 1 m (Figure 2). After the addition of 1 m, the mean, 10%, and 1% probability water levels were, respectively, 1.0, 2.4, and 3.0 m.



A Klaipėda Strait water level rise of 1 m is likely only from a long-term perspective of the 21st century. Based on climate change scenarios, approximately a 1 m higher mean sea level is close to the high-end scenario simulation results at the end of the 21st century [51,52]. Global climate models project that the rise in GMSL during the 21st century (i.e., in 2100 relative to the period 1995–2014) will likely (66% confidence) be in the range of 0.28–0.55 m for a very low emissions scenario (SSP1–1.9), 0.44–0.76 m for an intermediate emissions scenario (SSP2–4.5), and 0.63–1.02 m for a very high emissions scenario (SSP5–8.5) [52]. Estimates for global mean sea level rise in the 21st century are 61–110 cm according to a very high emissions scenario (RCP8.5) [53,54].



The mean annual maximum discharge of the Danė River is 59 m3/s, a 10% probability (10-year flood) flood peak discharge of is 110 m3/s, and a 1% probability (100-year flood) flood peak discharge of is 156 m3/s [34]. We made an assumption that river discharge in the future will remain the same as in the past. This assumption might not reflect the baseline real hazard changes, but we used it to highlight the effect of sea level rise on compound flood risk.




2.4. Model Approach


We employed the well-known and widely used HEC-RAS 5.0.4 (Hydrological Centers River Analysis System) hydraulic model to create compound flood maps for each scenario. For each scenario, the combination of Danė River discharge and water level in the Klaipėda Strait was used as the upper and downstream boundary conditions in the model. We used the 2D version of HEC-RAS to more accurately estimate inundated areas in the wide valley of the Danė River’s lower reaches.



The HEC-RAS 2D is an unsteady model; thus, we continuously increased river discharge in the upper cross-section of the model over a period of 14 days from 10 m·s−1 to the particular scenario discharge and kept it constant at this value until the flooded area reached its maximum extent. The model was created using a Danė River valley digital terrain model, which was created using Lidar technology for implementation of the EU Floods Directive and provided by the Lithuanian Environmental Protection Agency [55]. The grid size of the digital surface model of the river valley was 1 × 1 m, the root mean square error of the vertical position was not more than 0.15 m, and the point density was approximately 6–7 per 1 m2.



Flood risk maps of the inundated areas of the Danė River were prepared using spatial analysis methods and ArcGIS Pro 2.9.0. software to assess the possible negative impacts related to floods on the city of Klaipėda, its environment, residential areas, and buildings. Risk maps of short-term fluctuations in the water level of the Danė River (with and without the impacts of climate change) and the georeferenced base cadastral spatial data set were used for flood risk assessment. Cadastre data and information are collected and stored by the state using the Lithuanian coordinate system, LKS-94, and in the Lithuanian state altitude system, LAS07. According to the attribute information of this cadastre and the descriptions of the values of the attribute fields, the layers of areas, streets, and buildings were selected using the Select Features tool, and they were processed, separated, or combined to obtain new layers for flood risk analysis in Klaipėda.





3. Results


The Baltic Sea level is connected with the continuous effect of external and internal forces related to wind stress, atmospheric pressure, and water density changes or water balance constituents. When the perturbing forces stop, the masses of water return to equilibrium [56,57]; however, climate change affects the conditions of stability. For a long time, climate change has had a significant impact on water level changes on the southeast coast of the Baltic Sea and sea–lagoon water transitions zone conditions. Recently, the component of water balance, which consists of the inflow of seawater into the Curonian Lagoon, has been increasing [24,58]. The Baltic Sea’s average and extreme sea level rise could create conditions for seawater inflow into the lagoon more frequently.



The impact of the Klaipėda Strait’s (Figure 1) short-term sea level changes on the water level variation of the Danė River is particularly significant, as the inflow from the strait affects the river estuary and the lower reaches. According to existing water level data on the Klaipėda Strait (1902–2018), three extreme water level and one catastrophic water level events in the Klaipėda State seaport water area were identified. All cases were related to mighty storms in the Baltic Sea that lasted for approximately 1–3 days. The highest water level rise was recorded on 17 November 1967 and 4 December 1999, when accordingly, storm and wind surges exceeded catastrophic water levels (reaching 186 and 165 cm above sea level in the Baltic altitude system). Empirical calculations showed that in the Klaipėda Strait, the rise of the water level above 110 cm is expected 2.16 times in 10 years, and a rise of 140 cm is expected 0.52 times in 10 years. Moreover, a rise above 160 cm is likely 0.21 times in 10 years (approximately once in 50 years) [32]. Due to the rains that started in September 2017, the Akmena–Danė River valley was flooded, and the elevated water level lasted for 127 days [25]. At the end of the century, daily rainfall is projected to increase the most for the seaside and Žemaičių Highlands [20,39,59]; therefore, such floods are likely to increase in the future.



The water level in Klaipėda Strait has changed and increased during the whole (1902–2018) observation period, increasing by 21 cm (Figure 5). Comparing the regression coefficients of the linear trends of the water level change, we see that the rate of change in the water level intensifies: (a) 1902–2018: 0.18 mm year−1, R2 = 0.44; (b) 1902–2000: 0.17 mm year−1, R2 = 0.31; and (c) 1961–2000: 0.40 mm year−1, R2 = 0.32. In the period from 1961 to 2000, the water level rose by approximately 16 cm. From 1902 to 2018, higher than normal water levels prevailed in the Klaipėda Strait. The increase in mean sea level contributed to a fraction of the total loss due to marine-induced hazards in the river’s mouth, reaching extreme meteorological and hydrological conditions.



With the mean water level of the Curonian Lagoon and rising spring floods or flash floods, the water in Klaipėda will spill only in the area where there is no artificial riverbank, at the turn of the riverbed to the north (Figure 6). Higher floods in the Danė valley would occur at a mean water level in the Klaipėda Strait and with the intensification of the Danė River discharge (10-year flood). There would be more areas inundated during the 10-year or 100-year water level with mean annual maximum discharge. The city center is more vulnerable during events when there is a 100-year water level. Flood risk in the central part of Klaipėda city increases with the rising water level of the Curonian Lagoon and in Klaipėda Old Town and the Industrial Quarter when the water level rises during stronger storms (with a 10-year flood). River flow speeds of up to 3 m·s−1 are formed, as the riverbed in the central part of Klaipėda is equipped with an artificial embankment, straightened, and deepened for navigation. Wind-driven floods often form at the mouth of the Danė, especially during storms with western and southwestern winds prevailing when water from the Baltic Sea is pushed through the Klaipėda Strait into the Curonian Lagoon. Due to the westerly winds on the southeast coast of the sea, a wind-driven flood is also formed, so the water of the strait floods the mouth of the Danė and forms an affluent into the river. Water cannot flow freely and floods Klaipėda Old Town.



The research shows that the central part of Klaipėda city is especially sensitive to changes in water levels of the Curonian Lagoon, and the northern part is sensitive to the Danė River’s discharge rates. In Klaipėda city, the greatest hazard of compound floods would occur if the water level increased by 1 m due to the climate change impact. The maps (Figure 7) represent three river discharge probabilities (the same as in Figure 6) at each water level of the Klaipėda Strait affected by climate change, where the mean water level is 1 m, 10-year water level is 2.4, and 100-year water level is 3 m. If the water of Klaipėda Strait were to rise by 1 m due to the effect of climate, a large part of the Old Town, the Port Quay, and industrial areas would be flooded in the central part of the city. The rising water level of the Klaipėda Strait during storms due to the wind and more rainfall would raise the water level of the Danė River faster; then, large areas of the city with all the infrastructure would be inundated. According to the analyzed scenarios, it can be seen (Figure 7) that if the water level in the Klaipėda Strait rises more than 2 m (10-year water level), water would flow into the river valley. If the water level in the Klaipėda Strait rises 1 m, the likelihood of an extreme situation (corresponding to a 100-year water level) due to wind gusts into the Danė River, wind-driven floods of stronger storms, or hurricanes may increase.



At the mean annual maximum Danė River discharge, the floods of the Danė River without climate change impact are dangerous to residential quarters in the northern part of the city (Figure 8). Klaipėda Strait water level rise increases the risk to southern parts of the city. Modeled scenarios with mean annual maximum Danė River discharge and climate change impact showed flood risk increment to southern part, especially when windstorm sea surge dominates (10-year or 100-year water level). Floods would be dangerous to the center of Klaipėda city if the water level of the Klaipėda Strait rises. If the water level at Klaipėda Strait reaches a 10-year and 100-year water level, the city center would be at high risk of flooding. The most affected areas of the town would be the Old Town, the northern Cape, the cruise ship terminal, Danė Square, and the Industrial Quarter and the factories therein. The rise in flood surges would also cause damage to a couple of residential quarters in the northern part of Klaipėda city.



In order to assess the risk of floods in the city of Klaipėda, it is important to identify inundated different types of areas by storm surges. Therefore, in the analysis of flood risk in the city, two groups of territories were analyzed: built-up areas and undeveloped areas. The group of built-up areas also includes industrial areas, stadiums, and power substations exposed to flood risk areas. Non-built-up areas include meadows and pastures, ponds, swamps, forests, trees, arable land, and unused land.



Table 1 shows the affected area by the different compound flood scenarios. Under the current conditions, a recurring water level in the strait every 10 years when the Danė River discharge is at the mean annual maximum would affect 1,403,513 m2 (more than 150,000 m2 of built-up area), which is almost 1.5% of the city’s area. Due to climate change, if the water level rises by 1 m, the recurring water level every 10 years when the Danė River discharge is at the mean annual maximum would affect areas of 2,412,144 m2 (more than 710,000 m2 of built-up area), almost 2.5% of the city area (Table 2). If the Danė River’s 10-year discharge occurs at the same time as the 10-year Klaipėda Strait water level, almost be 2% of the city would be flood affected. During the same situation with the climate change effect, flood-affected areas would increase by 0.7%. During the 100-year Danė River discharge and 10-year Klaipėda Strait water level, 2.3% of the city area would be affected without the climate change effect, and with the climate change effect, 2.7%. During this compound flood scenario, flood-affected built-up areas would increase from 0.5% to 0.8%. The situation could become more dangerous if the water level in the Klaipėda Strait reached the 100-year level. In this water level scenario, flood-affected areas of the city would increase from 2% during the mean annual maximum Danė River discharge to almost 3% during a 100-year flood discharge without the climate change effect. During the 100-year Klaipėda Strait water level and with the three Danė River discharge combined effect scenarios, 3.1%, 3.2%, and 3.5% of the city area would be affected by compound floods with climate change impact.



Observations of the Klaipėda Strait water level confirmed that the long-term southeast Baltic Sea level is rising due to climate change. However, the short-term rise in the water level in the Klaipėda Strait is also affected by the extreme prevailing wind, which causes sea storm surges. In this case, we can see that during extreme storms and climate change, the river water could flood the city territory up to three times more than during extreme situations without climate change. Areas affected by floods among the same scenarios without and with climate change showed how areas were vulnerable to climate change. With climate change impact, inundated areas increase more when the 10-year water level occurs at the same time as the mean annual maximum Danė River discharge (Table 3). Fewer differences among inundated areas prevail during the mean Klaipėda Strait water level at all discharges, while inundated built-up areas increase when the Klaipėda Strait water level increases. In such cases, we can see that built-up areas are more vulnerable during extreme hydrometeorological situations. Built-up areas require important attention and mitigation actions because inundation of these areas can cause major economic losses.



The growing area of floods poses an increasing threat to the property of the population. Table 4 shows the number of flooded buildings according to different compound flood scenarios. Without the impact of climate change, from 60 to almost 700 buildings could be inundated according to different compound flood scenarios. From 84 to 940 buildings could be affected by compound floods according to different scenarios with climate change impact. This means that with the trend of rising water levels in the Klaipėda Strait, appropriate measures must already be taken to adapt to possible floods and reduce potential damage.



The Danė River flows through the city center of Klaipėda and is crossed by several significant streets and bridges, which allows for transport and residents to go to the northern or southern parts of the city. During floods, the streets of the lower area can be affected by flood and disrupt traffic. The highest risk of flooding is for trails in the recreational area of the Danė River and roads in residential areas. However, the greatest hazard arises when the main roads connecting individual parts of the city are affected by floods. The whole town is at risk of traffic disruption in the event of flooding of important streets with connections to bridges.



Under different compound flood scenarios, in addition to the effects of climate change, between 8 and almost 32 km of roads in all categories could be flooded (Table 5). During compound floods with climate change impact, between almost 9 and 43 km of roads would be flooded.




4. Discussion


This research confirmed that extreme hydrometeorological conditions may lead to larger floods in coastal river reaches in the 21st century. They lead to compound floods caused not only by higher rainfall, increased river run-off, and the strong wind causing coast sea flooding, but also by rising global water levels affected by climate change.



The research obtained in this work confirms previous research by European and Baltic scientists that devastating coastal flooding and associated phenomena are economically extremely damaging, and they have a distinctive regional or local character [60,61]. River deltas, beaches, estuaries, and lagoons are considered particularly vulnerable to the adverse effects of climate change, which should be studied at the regional/local scale [62].



These results have implications for local planners, because urban development and seaport reconstructions in the Klaipėda city seaport are now taking place in many coastal areas susceptible to flooding. Coastal flooding is a severe problem for low-lying urban areas near the Danė River mouth. An increase in mean sea level contributes as a component of the high extreme water level and, at the same time, forms part of a fraction of the total loss due to marine-induced hazards in the mouth of the river’s reaches during extreme meteorological and hydrological conditions.



The formation of floods in the lower reaches of the Danė River is determined by the rising water level of the Baltic Sea in the Klaipėda Strait due to climate change, stronger west winds forming the seawater affluent, and the discharge intensity of the Danė River. In the lower reaches of the Danė River, the flood risk assessment is relevant because the Danė River flows through the third-largest city in Lithuania, where the seaport is located. The Port of Klaipėda is an important economic center and is connected to the Baltic Sea by the water area adapted for technological navigation, the Klaipėda Strait, where intensive water exchange of the Curonian Lagoon with the Baltic Sea takes place. To ensure optimal seaport exploitation, a plausible assessment of port operations in light of the effects of climate change is necessary, because port disruptions have a significant impact on the local, regional, and global economy due to the strategic role of ports in the supply chain [63].



It is necessary to consider climate change and the probable higher maximum floods of the Danė River when planning the development and protection of Klaipėda city infrastructure. There are residential areas in the northern part of Klaipėda along the Danė River, the Old Town is in the city center, while production and industrial areas are in the city center. During storms, when heavy rainfall falls, and the water level in the Baltic Sea and the Curonian Lagoon rises due to wind floods, extreme situations form: water runs over the riverbanks and floods the city streets. Flood risk maps allow for the identification of flood-sensitive areas, assessment of potential economic and social damage during floods, and management of the situation in these areas by selecting appropriate protection measures. However, flood risk maps are based on past floods, and the climate change factor is ignored. Long-term measures can be taken to mitigate and adapt to climate change, avoiding greater economic and social losses in the future by combining the potential consequences of climate change with probable flood risk data. According to the RCP4.5 scenario, if the average level of the Baltic Sea rises by 34–37 cm, Lithuania would suffer a loss of EUR 0.2 billion and 42,000 thousand inhabitants would be affected, or according to the RCP8.5 scenario, Lithuania would suffer EUR 0.4 billion and 63,000 thousand people would be affected if the average level rises from 58 to 172 cm [64].



According to scenarios for future global climate change [25,45,61,65], the related risks may be radically amplified in the 21st century. Coastal flooding is an example of marine-induced hazards for near-coast communities [60]. A challenge of the EU’s Marine Strategy Framework Directive [66] is to ensure comparable status assessments for good environmental status in the European seas. It is recommended that these effects be better understood, researched, and managed in all regional seas and especially in urban coastal areas where most of the human population lives.



The importance of climate change adaptation is accepted worldwide, highlighting the lack of preparedness for managing today’s emergencies. Areas that are already affected by climate change must be redeveloped in order to reduce economic and social vulnerability. The new EU Strategy for Adaptation to Climate Change [67] emphasizes the need to consider climate change considerations and the perspective of future risks when planning urban spatial development. In view of this, the construction of buildings near water bodies should be suspended. However, in the general plan of Klaipėda city municipality [68] until 2030, to reduce the migration of the city population to suburban areas, part of the planned new residential construction development territories falls into potentially sensitive flood areas. Even without the impact of climate change, these territories fall in areas that can be flooded. There will be an inevitable increase in economic losses in the future if these general plan solutions are implemented. Currently, built-up territories need to be redeveloped to mitigate their vulnerability. However, if these places are to be developed as residential areas, in the future their redevelopment will become more complex.



Due to climate change, the 10% probability of a rise in the water level of the Curonian Lagoon would be similar to the potential damage to the city caused by an extreme (1% probability) increase in the water level these days. Flood risk due to sea level rise will cause significant economic damage to these areas. Adapting to climate change is a long process that requires complex actions and measures. It is necessary to have a long-lasting strategy to avoid economic losses and social impact. The actions planned by the municipality to stop population migration to the suburbs conflict with measures to adapt to climate change. Without respect to climate change forecasts, economic losses will increase in the future and it will be more difficult to develop flood risk areas urgently.




5. Conclusions


River modeling is a suitable tool for assessing flood risk, monitoring variability, and predicting future factors using different scenarios. The scenarios developed with the HEC-RAS model illustrated the water levels of the Akmena–Danė River with different probabilities. In addition, climate change scenarios were developed showing how a 1 m rise in the water level in the Curonian Lagoon would affect the floods of the Danė River in Klaipėda.



The floods of the Akmena–Danė River flowing in the center of Klaipėda can be dangerous to the city due to the changing climate and increasing sea floodplain. Scenarios of the Klaipėda Strait water level and the discharge of the largest spring floods with the help of various hydrodynamic models help to create cartographic maps and assess the maximum flood risk for the city of Klaipėda and its inhabitants. The results of this work, assessing short-term scenarios for water levels and long-term impacts of climate change on the Danė River, could be used to make a variety of urban infrastructure decisions, assess flood damage, and provide flood defenses.



Flood risk nowadays can occur when Danė River discharge reaches a 10-year or 100-year flood. Flood risk increases during compound events when the water level in the Klaipėda Strait reaches 10-year and 100-year levels at the same time as increased Danė River discharges, even when the discharge is the mean annual maximum.



Due to climate change, 10-year flood damage would be similar to the damage of current 100-year floods. The rising long-term water level in the Klaipėda Strait increases the possibility of a rise in the maximum water level to 3 m. Such an increase corresponds to a 100-year flood and can occur more often.



The storm surge of the Baltic Sea and the rise of the water level in the Klaipėda Strait have a greater impact on the central part of Klaipėda city, and the maximum discharge rates of the river on the northern part. If the water level increases as predicted by the end of century, there would be more inundated areas. In the city center, the Old Town, the northern Cape, the cruise ship terminal, Danė Square as well as the Industrial Quarter and factories therein would be in danger. In the northern part of the city, the rise in flood waves would cause problems for residential districts.



Long-term climate change scenarios need to be considered to reduce the impact of climate change and adapt to ongoing processes. Taking flood risk due to climate change into account in the development of urban infrastructure and the reorganization of areas that are in a potential extreme flood area would help to avoid future economic and social losses.



The main theses of this study:




	
Compound floods risks and hazards in coastal Klaipėda city are influenced by external Danė River floods, wind-caused sea storm surge, and are due to the climate change effect on the sea level rise in the SE part of the Baltic Sea;



	
An integrated approach is needed to assess flood risks and hazards for the evaluation of compound flooding, as when considering together the average rise of the SE Baltic Sea and Curonian Lagoon caused by climate change, its maximum forecast is possible according to the climate change process as well as the extreme Akmena–Danė River floods in the mouth of the river, located in the city of Klaipėda;



	
The rising long-term water level in the Klaipėda Strait increases the possibility of a rise in the maximum water level to 3 m. Such an increase corresponds to a 100-year flood and could become more frequent;



	
The construction of residential houses in the inundated areas near the Danė River should be suspended in Klaipėda (according to 10-year and 100-year probabilities).
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Figure 1. The study area: southeastern part (SE) of the Baltic Sea (a); the Klaipėda Strait, which connects the Curonian Lagoon with the SE Baltic Sea and the Akmena–Danė River (b); Klaipėda city (c). 
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Figure 2. Boundary of the Last Glacial (a); Quaternary-type sediment of the Danė River shore area (b) [49]. 
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Figure 3. Danė River riverbank types in the central and northern parts of Klaipėda city. 
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Figure 4. Components of the compound Akmena–Danė River flood scenarios in Klaipėda city. 
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Figure 5. Mean and maximal sea level change (cm, in the BS—Baltic Sea height altitude system) in the Klaipėda Strait, 1902–2018 (maximum water level rise trend, R2 = 0.13). 
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Figure 6. Inundated areas according to three river discharge probabilities (i.e., mean annual maximum, 10-year flood, and 100-year flood) at each water level of the Klaipėda Strait, where the mean water level is 0 m, the 10-year water level is 1.4 m, and the 100-year water level is 2 m. 
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Figure 7. Inundated areas with climate change impact according to three river discharge probabilities (i.e., mean annual maximum, 10-year flood, and 100-year flood) at each water level of the Klaipėda Strait, where the mean water level is 1 m, 10-year water level is 2.4 m, and the 100-year water level is 3 m. 
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Figure 8. Inundated areas with and without climate change impact according to Klaipėda Strait water level scenarios when the Danė River discharge is at the mean annual maximum (59 m3/s). 
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Table 1. Inundated built-up and non-built-up areas (m2) and their share (%) of the total Klaipėda city area according to different compound flood scenarios without climate change impact.
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Danė River Discharge Probabilities

	
Mean Water Level (0 m)

	
10-Year Water Level (1.4 m)

	
100-Year Water Level (2 m)




	
Built-Up Areas (m2) and Their Share of the City (%)

	
Non-Built-Up Areas (m2) and Their Share of the City (%)

	
Built-Up Areas (m2) and Their Share of the City (%)

	
Non-Built-Up Areas (m2) and Their Share of the City (%)

	
Built-Up Areas (m2) and Their Share of the City (%)

	
Non-Built-Up Areas (m2) and Their Share of the City (%)






	
Mean annual maximum (59 m3/s)

	
59,050 m2

0.06%

	
778,876 m2

0.79%

	
150,266 m2

0.15%

	
1,253,247 m2

1.28%

	
460,798 m2

0.47%

	
1,545,648 m2

1.58%




	
10-year flood (110 m3/s)

	
120,542 m2

0.12%

	
1,177,366 m2

1.20%

	
270,219 m2

0.28%

	
1,554,002 m2

1.59%

	
564,255 m2

0.57%

	
1,728,977 m2

1.76%




	
100-year flood (156 m3/s)

	
172,234 m2

0.18%

	
1,348,307 m2

1.38%

	
457,800 m2

0.48%

	
1,771,515 m2

1.81%

	
746,531 m2

0.76%

	
1,920,754 m2

1.96%
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Table 2. Inundated built-up and non-built-up areas (m2) and their share (%) of the total Klaipėda city area according to different compound flood scenarios with climate change impact.
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Danė River Discharge Probabilities

	
Mean Water Level (1 m)

	
10-Year Water Level (2.4 m)

	
100-Year Water Level (3 m)




	
Built-Up Areas (m2) and Their Share of the City (%)

	
Non-Built-Up Areas (m2) and Their Share of the City (%)

	
Built-Up Areas (m2) and Their Share of the City (%)

	
Non-Built-Up Areas (m2) and Their Share of the City (%)

	
Built-Up Areas (m2) and Their Share of the City (%)

	
Non-Built-Up Areas (m2) and Their Share of the City (%)






	
Mean annual maximum (59 m3/s)

	
72,144 m2

0.07%

	
859,115 m2

0.88%

	
713,795 m2

0.72%

	
1,698,349 m2

1.73%

	
1,155,293 m2

1.18%

	
1,890,011 m2

1.93%




	
10-year flood (110 m3/s)

	
185,284 m2

0.19%

	
1,351,505 m2

1.38%

	
754,491 m2

0.77%

	
1,742,911 m2

1.78%

	
1,207,262 m2

1.23%

	
1,950,005 m2

1.99%




	
100-year flood (156 m3/s)

	
277,191 m2

0.28%

	
1,599,240 m2

1.63%

	
798,927 m2

0.82%

	
1,794,667 m2

1.84%

	
1,369,597 m2

1.40%

	
2,080,402 m2

2.12%
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Table 3. Difference between inundated built-up and non-built-up areas (m2) and their share of the city (%) scenarios without and with climate change.
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Danė River Discharge Probabilities

	
Mean Water Level

	
10-Year Water Level

	
100-Year Water Level




	
Built-Up Areas (m2) and Their Share of the City (%)

	
Non-Built-Up Areas (m2) and Their Share of the City (%)

	
Built-Up Areas (m2) and Their Share of the City (%)

	
Non-Built-Up Areas (m2) and Their Share of the City (%)

	
Built-Up Areas (m2) and Their Share of the City (%)

	
Non-Built-Up Areas (m2) and Their Share of the City (%)






	
Mean annual maximum (59 m3/s)

	
1309 m2

0.01%

	
80,239 m2

0.08%

	
563,529 m2

0.58%

	
445,102 m2

1.45%

	
694,495 m2

0.71%

	
344,363 m2

0.35%




	
10-year flood (110 m3/s)

	
64,742 m2

0.07%

	
174,139 m2

0.18%

	
484,272 m2

0.49%

	
188,909 m2

0.19%

	
643,007 m2

0.66%

	
221,028 m2

0.23%




	
100-year flood (156 m3/s)

	
104,957 m2

0.11%

	
250,933 m2

0.25%

	
341,127 m2

0.35%

	
23,152 m2

0.02%

	
623,066 m2

0.64%

	
159,648 m2

0.16%
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Table 4. The number of buildings in the area lower than the flood water level according to different compound flood scenarios.
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Without Climate Change Impact

	
With Climate Change Impact




	
Mean Water Level (0)

	
10-Year Water Level (1.4 m)

	
100-Year Water Level (2 m)

	
Mean Water Level (1 m)

	
10-Year Water Level (2.4 m)

	
100-Year Water Level (3 m)






	
Mean annual maximum river discharge (59 m3/s)

	
60

	
178

	
359

	
85

	
549

	
767




	
10-year flood river discharge (10 m3/s)

	
144

	
327

	
491

	
244

	
573

	
858




	
100-year flood river discharge (156 m3/s)

	
209

	
533

	
668

	
400

	
616

	
940
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Table 5. Length of potentially affected roads according to different compound flood scenarios.
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Without Climate Change Impact

	
With Climate Change Impact




	
Mean Water Level (0)

	
10-Year Water Level (1.4 m)

	
100-Year Water Level (2 m)

	
Mean Water Level (1 m)

	
10-Year Water Level (2.4 m)

	
100-Year Water Level (3 m)






	
Mean annual maximum river discharge (59 m3/s)

	
8008

	
13,880

	
25,576

	
8989

	
31,262

	
37,225




	
10-year flood river discharge (10 m3/s)

	
10,052

	
16,429

	
27,515

	
11,308

	
31,772

	
39,789




	
100-year flood river discharge (156 m3/s)

	
10,621

	
24,530

	
31,968

	
15,811

	
32,146

	
42,753
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