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Abstract

:

Coastal floods have become a serious problem on a global scale, increasing in frequency or magnitude due to natural conditions, and exacerbated by socioeconomic factors. This investigation analyzes the role of tides and average sea levels on the development and intensity of flooding in the lower section of the Andalién River, located toward the southern extreme of the coast of central Chile and northeast of Concepción, the country’s second most populous city. Numerical simulation (1D) was used in five modeled scenarios to determine potential flooding areas, demonstrating the influence of tides in flooding processes as far away as 7.3 km from the river mouth, which is reinforced by the fact that 57% of flooding events occur during syzygies. Further, a climate change-induced sea level rise of 60 cm from current levels by the end of the 21st century would produce a 4% increase in flood-prone areas, with 17% of flooding affecting the current built-up area and 83% of floodplains and salt marshes. Efforts must be made to protect or conserve these latter areas in order to increase natural resilience, given the high costs of implementing structural measures to protect future residential areas.
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1. Introduction


Currently, the need for society to adapt in the face of natural hazard scenarios heightened by natural and socioeconomic factors is emphasized [1]. In this regard, coastal floods have become a serious problem on a global scale [2,3]. Close to 50% of the global population is concentrated in coastal areas, which are densely populated and economically attractive [4,5,6]. In the 20th century, the frequency of floods and the magnitude of damages increased [7], and a significant further increase in flooding risk is expected in the 21st century, according to models of average sea level rise (ASLR) due to global climate change (GCC), land-use changes driven by global socioeconomic growth [4,8,9,10,11], and population growth [12].



Floods in Mediterranean coastal basins are generally caused by intense precipitation [13,14]. When rivers form mixed estuaries in plains with low channel slopes, tides can become a key factor for flood generation [5,6,15]. The tide forms a boundary condition downstream in the estuary, which, synchronized with high discharges resulting from high amounts of precipitation, impedes the discharge of water, increasing the risk of flooding [4,16,17]. Extremely high tides are caused when astronomical, meteorological, and climatic factors coincide [11,18,19]. Phenomena related to astronomical factors are quadrature and syzygies tides, the latter of which have the highest tide levels. Rojas and Mardones [20] established an 80% correlation between floods and syzygy tides in the Valdivia River estuary (39° S, Chile). In addition, high winds and low atmospheric pressure due to storms can produce large swells, known as meteorological tides [15], which, when combined with climatic conditions like the El Niño–Southern Oscillation, are capable of increasing the average sea level by 0.1–0.3 m [11].



Tide levels and storm surges will be affected by GCC [21]. Global climate models predict a sea level rise of between 0.26–0.85 m, with a high level of regional variability [4,19,22,23]. Historically, sea levels have fluctuated in Chile, with rates of increase of up to 0.32 cm/year and rates of decrease of −0.14 cm/year [24]. Concepción Bay (36° S) underwent a sea level rise of 88 mm over 59 years (1949–2008), expressed as an annual increase of 1.5 mm/year [24]. A previous study of the same bay established an average sea level of 1.10 m between 1949–1994, with a progressive increase starting in 1974 [25]. The IPCC [23] estimates that by the year 2100, Chile will have experienced a SLR of between 0.3 in the best-case scenario (model RCP 2.6) and 0.6 m in the worst-case scenario (model RCP 8.5).



Chile has been identified as a country at risk of an increase in storms and floods [13,26], owing to its geographical characteristics, the variety of climatic zones, mountainous terrain, environmental changes, and populated river plains [13,14,27]. During the period of 1900–2012, 57 flooding events were recorded in the Mediterranean zone of Chile, where 73% of the national population is located [28]. The population is concentrated in the metropolitan area of Santiago, and in the coastal cities of Valparaiso and Concepción (AMC in Spanish).



The Andalién River (36° S), the lower section of which discharges into Concepción Bay, is located in the AMC. This region experienced a 700% increase in urbanized area between 1955–2007 [29]. There were 21 flooding events between 1960–2010, and five of the high magnitudes between 2000–2010 [14]. According to the Regional Emergency Office (OREMI), the 2005 disaster caused upwards of US$6.5 million in damages [30]. Although flooding in the area has been studied [14,30,31,32,33,34,35,36], there is a lack of knowledge surrounding the role of tides and potential SLR. Understanding these factors is a priority in land-use planning associated with adapting to GCC [37,38,39].



The Andalién River forms a mixed estuary. Therefore, it has been proposed that historic flooding events with important environmental effects are significantly correlated with syzygies and potential SLR attributed to GCC. This study examines the effects of historical tide levels and potential SLR due to GCC in Concepción Bay on river floods in the lower section of the basin. To this end, we completed (1) a physical characterization of the lower section of the basin, in order to categorize its environments as lower, middle and upper zones and (2) a numerical simulation (1D) of a high-magnitude flood, which includes five modelled scenarios with different boundary conditions (astronomical and meteorological tides and a projection of sea level rise). In addition, we determined which geomorphological and urban zones of the region are at risk of flooding.




2. Materials and Methods


2.1. Study Area


The Andalién River basin (715 km2) is part of the Coastal Range (36° S), and it is located in the Biobío region of Chile. Geomorphologically, it is predominantly (60%) mountainous. Granite platforms make up 20% of the basin, while the terraces and plains of the lower section of the river, on which part of the city of Concepción was built, account for 4% (Figure 1) [40]. In 2002, the city was inhabited by an estimated 90,000 people. The population has been increasing at a sustained rate for the last three decades, and has reached a density of 15,000 individuals/km2 [41].



The area has a Mediterranean climate, with an annual precipitation that fluctuates between 1200 and 1600 mm annually in the western and eastern regions of the basin, respectively [42]. In the austral winter, five-day episodes of continuous rain are common, with rainfalls of up to 124 mm/24 h [40,43]. At the lower end of the basin, the river’s mean annual flow reaches 14 m3/s. Winter floods can be destructive; at T = 50 and T = 100 years, instantaneous discharges of up to 565 m3/s and 634 m3/s are estimated [44].



Before the river discharges into Concepción Bay, it transforms into an estuary in the NE quadrant of the basin, which stretches from the outlet three kilometers up the primary river channel. The estuary itself has the following features: from 0–1 km, the primary riverbed is singular and semi-rectilinear, with unstable processes on the sand spit and estuary bars caused by runoff during floods; from 1.1–3 km, the river splits into a delta-like formation with various secondary riverbeds and the central bank of the estuary exhibits accretion processes (1–1.8 km); between 3.4–4.1 km, obstruction caused by runoff from sediment banks can be observed [45].




2.2. Methodology


2.2.1. Physical Characterization of the Lower Section of the Basin


A physical characterization of the lower section of the basin was completed to establish different environmental zones (lower zone, middle zone, upper zone) in order to determine the maximum intrusion of salinity into the system, and to validate the results that are obtained in the applied hydraulic model. Conglomerate analysis was used to characterize each environment. We carried out a one-way analysis of variance (ANOVA) and applied the Tukey test (α = 0.05) to compare different zones (estuarine, middle, upper).



Sampling of physical–chemical variables in spring and winter conditions was undertaken on 21 November 2013, and 25 August 2014, respectively. Both samples were taken during syzygies and during complete tidal cycles [46]. Temperature (°C) and salinity (psu) data were collected in both shallow and deep water at nine stations during winter sampling, and 36 stations during spring sampling (Figure 1), with the goal of detecting tidal salinity. The station locations were established via dual-frequency GPS, and station depth was obtained with a digital echo-sounder installed on the boat. The standard ecological coastal–marine classification system proposed by Madden et al. [47] was used to classify the physical–chemical variables.



At each station, surface sediment samples were collected with a manual dredge. The samples were sifted to a particle size of 4.0 Φ. The small particles were analyzed with the Elzone 282 PC Coulter Counter (Laboratory Sedimentology, EULA Center), while the large particles were analyzed via sieves (Laboratory of Physical Geography, FAUG). We used Wentworth’s [48] classification and the Folk et al. [49] ternary triangle to establish the grain size. GRADISTAT software was used to integrate data from the coarse and fine grain samples [50].



Three HOBO (model U20) tide sensors (Figure 1) were installed to detect monthly syzygies and to determine the influence of dynamic tides on the estuary under spring conditions. The sensors operate continuously for a period of 15–30 days and have a recording interval of 5 min. For winter conditions, this information was obtained through salinity data from winter sampling.



The estuary was classified according to Davies’ [51] tidal ranges. To quantify the degree of stratification in the estuarine channel, we applied the mixed parameter (   n s   ) [52] to each of the sampling stations during both spring and winter samplings.    n s    is defined as:


   n s  =   δ S    S m ′     



(1)




where   δ S = S p r o f − S s u p ,     S  m ′  = 0.5  (  S p r o f + S s u p  )   , and   S p r o f   and   S s u p   correspond to salinity in deep and shallow segments of the water column, respectively. If    n s  < 0.1  , the water column is completely mixed, when   0.1 <  n s  < 1.0 ,   it is partially mixed, and when    n s  > 1.0  , the column is stratified with an evident saline wedge.




2.2.2. Hydraulic Modeling and Sea Level


A historical analysis of the relative magnitude of the floods that occurred between 1960 and 2010 [53] and the astronomical tide (AT) and meteorological tide (MT) records obtained from the tide tables and tide gauge of the port of Talcahuano (36°41′43″ S, 73°06′22″ O) was carried out. This information was provided by the National Center of Hydrographic and Oceanographic Data of the Hydrographic and Oceanographic Service of the Chilean Navy (CENDHOC-SHOA). We calculated the residues (Residues = MT − AT) that correspond to each flood magnitude. The lunar phase data used to categorize the tides as syzygies and quadrature tides were obtained from the U.S. Naval Observatory.



As a secondary step, Hec-Ras 4.1 software was used to carry out (1D) hydraulic modeling [54]. The astronomical tide was evaluated under both quadrature and syzygy conditions. In addition, we considered scenarios including meteorological factors and conditions due to extreme SLR caused by GCC. The choice of GCC models used in this study is consistent with the recent IPCC report [23] and Kopp et al. [55]. For flow data, we used an extreme discharge (Dmax) with a return period of 100 years (exceedance probability   1 − p − 0.01  ) [44].



The meteorological and astronomical tide level data   ( S L  R 0   ) for the five scenarios were obtained from the CENDHOC-SHOA. We obtained data for the 1961–2006 period for days when flooding events occurred, according to Rojas [53]. The contribution of sea level rise (  Δ S L R  ) was calculated using the RCP2.6 scenario as the low extreme and the RCP8.5 scenario as the high extreme. Total tide heights (  Δ  H  t   = S L  R 0  + Δ S L R  ) (Table 1) for five SLR scenarios were entered into the software as flow boundary conditions.



A topo-bathymetric data was used to obtain the geometric data in the hydraulic model. Two LIDAR (Light Detection and Ranging) flights were conducted, the first of which had a resolution of 2.5 m (Maritime Port Research Centre; CIMP in Spanish), and the second, of the zone directly around the river channel, had a resolution of 1 m. Due to the difficulty of penetrating the surface of the water with LIDAR, the bathymetry was constructed using two different data sets. From the mouth of the river to km 4, the GARMIN echo sounder model FF400C was used, the transducer of which was mounted on the side of a fishing boat and supported by a TRIMBLE R-4 dual-frequency GPS, and linked to geodetic points. From 4–12 km, considering the low depth, a correction of the riverbed was performed for the slope criteria, as established by Arrau Igeniería E.I.R.L. [44]. The selected coordinate system was WGS_1984_UTM_Zone 18 S; altitude data was relative to the mean sea level (MSL).



The HECgeo-RAS 4.3.1 in ArcGIS 9.3 (3D Analyst Toolset) was used to generate the data profiles [56]. This information permitted 206 cross sections with variable equidistances of between 50–100 m to be obtained for 12.8 km of THE river channel. Manning’s roughness coefficient (n) [57] was applied to the channel and floodplain sections of each cross section, obtained through observation and photos that were georeferenced in the field. The coefficient was calibrated using the work of Inostroza [34], as well as a sensitivity analysis of ±10% of the assumed value, under conditions that were obtained in the field during the spring of 2014, with a discharge of 36 m3/s and a boundary condition of 1.5 m.



Using the results of our numeric modeling, five flood maps were constructed with SIG ArcGIS 9.3 [56]. The results were cross-referenced against the geomorphological zones and urban surface area established by Rojas et al. [14] for 2011, which were kept constant (U0).






3. Results


3.1. Physical Characterization of the Lower Section


The lower section of the Andalién River (0–15 km) can be divided into three main environmental zones according to the following variables: salinity, temperature, riverbed width and depth, and textural sediment distribution (Figure 2). The zones are: the lower estuarine zone (mouth to 2 km), middle estuarine zone (2–6 km) and the upper estuarine zone (km 6 to upper valley).



The ANOVA analysis showed significant differences between the three environments (p < 0.05) (Table 2). The temperature gradually increased from the lower zone (Cluster 1) to the upper zone (Cluster 3) (+7.7 °C), while the salinity decreased by 21.38 psu. The depth of the upper zone was approximately 0.7 m, compared to >1 m in the lower zone. The river channel was widest in the lower zone (157 m), while its width in the middle and upper zones was approximately 65 m. With respect to the granulometry, the gravel percentage was higher in the upper zone (16.9%), and the sand percentage varied heavily between zones. The lower (85.4%) and upper (69%) zones were predominantly sandy, while the middle zone had a much higher percentage of mud (66.2%).




3.2. Tidal Inflow into the Estuary and River System


The Andalién River estuary can be defined as a partially mixed, microtidal estuary (tidal range < 2 m). The greatest intrusion of dynamic tides into the estuary takes place in the spring. Dynamic tides can reach 5.9 km upriver from the mouth, while salinity can only be detected up to 3 km. Maximum tidal amplitudes occur during syzygies. Tidal amplitude progressively decreased from the mouth to the estuary, and it was affected by increased river flow rates caused by precipitation.



The greatest tidal amplitude was recorded by Sensor 1, located in the middle zone of the estuary 2.5 km upriver from the mouth. On 14 July 2014, an amplitude of 1.45 m was recorded (Table 3); the Talcahuano tide gauge recorded a maximum amplitude of 1.6 m on the same day. The sinusoidal character of the tide was heavily affected by a precipitation-induced, increased river flow rate. Figure 3c shows that tidal waves were recorded beginning from 8 August, when the flow rate dropped from 208 m3/s (its 29 July rate) to <60 m3/s.



Sensor 2, located 3.5 km from the mouth, recorded a maximum amplitude of 0.81 m on 7 September (Table 3). On the same day, the Talcahuano tide gauge recorded an amplitude of 1.66 m. When the river flow rate stayed below 40 m3/s, the tidal wave was clear. When the flow rate fluctuated between 40–65 m3/s, the tidal range diminished substantially (Figure 3d). The greatest tidal penetration was recorded by Sensor 3 (Figure 3e), located 5.9 km up the estuary from the mouth. The value oscillated between a maximum of 1.57 m and a minimum of 0.48 m. A maximum amplitude of 0.94 m was recorded on 6 November. On the same day, the Talcahuano tide gauge in the bay recorded an amplitude of 1.64 m, and the river flow rate fluctuated between 11 m3/s and 3 m3/s.



The Andalién estuary behaved as a partially mixed estuary in terms of salinity; during the spring and winter, surface salinity was always less than the bottom salinity. During winter sampling, with a flow rate of 28 m3/s, the tidal influence on salinity was recorded up to the lower estuarine zone (1.78 km) (Figure 3a). The bottom salinity fluctuated between 16.6–21.7 psu, while the surface salinity fluctuated between 1.6–13.6 psu across all sampling stations (1–26). The highest salinity value (29 psu) was recorded in the bottom stations of the lower estuarine zone (station 10). The stratification parameter was 0.9, which is indicative of partial mixing.




3.3. Tides and Floods


Historical astronomical tide records indicate that 57% of floods have occurred during or adjacent to syzygies, and 33% have occurred during quadrature tides. The maximum quadrature tides reached 1.8 m due to meteorological conditions, similar to the predicted values during syzygies. The mean high tide value during astronomical tides on flooding days was 1.63 m (S.D. 0.23). Meteorological tides raised the mean high tide level to 1.98 m (S.D. 0.27). Residues were found an average of +0.39 m above the predicted height.



In terms of relative flood magnitude, in small, medium, and large floods, the maximum average predicted tides were 1.63 m (S.D 0.21), 1.59 m (S.D. 0.24), and 1.78 m (S.D. 0.20), respectively. For small, medium, and large floods, the tidal gauge records showed 2.02 m (S.D. 0.24), 1.92 m (S.D. 0.31), and 2.08 m (S.D. 0.19), respectively. Residues were observed around 0.40 m, although with greater variability in small and medium floods, (S.D. 0.16 and S.D. 0.19, respectively); large floods had less variability (S.D. 0.07) (Figure 4). For example, during the large-magnitude flood of 2006, values from the tide gauge records were greater than the predicted values by 16% and 99% for the high and low tide, respectively (Figure 5). On 12 July, the maximum tide level was 2.30 meters, while the maximum predicted level was 1.97 m. The average high tide residues during the flood were at 0.27 m, while the average low tide residues were at 0.40 m.



In terms of hydraulic modeling, with a D100 and different sea level scenarios, the tidal influence on flooding in the worst-case scenario was observed up to 7.3 km from the mouth. Due to the astronomical conditions in SLS1 and SLS2, the tide played a smaller role in the flooding event. In SLS1, which modeled a low quadrature tide, the tidal influence on the flood reached 5 km. In SLS2, which modeled a syzygy with no meteorological factors, the influence of the tide reached the upper border of the middle zone (6 km).



In scenario SLS3, in which syzygy conditions and meteorological tides were considered, the influence of the flooding reached the lower limit of the upper section (7 km). In the climate change scenarios SLS4 and SLS5, in which an increase of between 30–60 cm of the maximum tidal value was considered, the flooding influence reached up to 7.3 km, where the average slope of the riverbed increases to 0.8 per thousand (8–14.9 km). From 7.3–14.9 km, the influence of the tide was not observed.



The most important change in the five scenarios analyzed was related to the surfaces affected by the flood. The greatest impact was observed in geomorphological units with low slopes (0.5°) and elevations <3 msl. In scenarios SLS1 and SLS2, the floods advanced steadily from the northern limit of the marine erosion platform located to the west of the riverbed toward the mouth. However, the presence of the Interportuaria Highway and railway lines, both of which run along a north–south axis parallel to the river bed, acted as a barrier that prevented the flood from advancing further, as they are built on an elevated dyke that is approximately +2 m high (Figure 6).



In SLS3, the increased water level, due to meteorological conditions, caused the flooding of the northwest section of the Interportuaria Highway and the northeast section of the railway lines, both of which are located close to the mouth. The flooding was propagated by the salt marsh, due to the low-lying nature of the area (0.1 msl). In the climate change scenarios SLS4 and SLS5, the flooding exceeded the heights of the Interportuaria Highway and railway lines near the river mouth and east of Carriel Sur Airport. The maximum water depth fluctuated between 2–3 m over the Rocuant-Andalien marsh, and between 1.5 and 2 m in the artificial-fill zones to the east of the airport. The velocity of the advancing flow stayed below 0.7 m/s.



With respect to the surface area of the flooding, SLS1 covered 774 ha and SLS2 covered 825 ha, in part due to the astronomical conditions of these models. In terms of the composition of the flooded area, 72% was sandy beach, sand spit, and dunes, 12% salt marshes, and 13.8% sand plains of the Andalién River (Figure 7). The meteorological conditions evaluated in SLS3 expanded the flooded area to 1352 ha, of which 52% comprised salt marshes, 35% floodplains formed by basaltic sand from the Biobío River, and 7.3% floodplains of the Andalién River. This last simulation condition produced a flood similar to that of June 2006, which similarly did not affect Carriel Sur Airport (Figure 8).



Potential increases of 30 cm (SLS4) and 60 cm (SLS5) in average sea level due to climate change by the end on the 21st century would expand the flood area by an additional 25 ha and 50 ha, respectively, in comparison with the current worst-case scenario, SLS3. The most heavily affected areas would be the basaltic sand plain of the Biobío River, (49.5%), the quartz sand plain of the Andalién River (21.1%), salt marshes (10.6%), and built-up areas (17%). The primary urban zones which would be affected are the Interportuaria Highway and the railway lines, but the artificial-fill zones that are currently being developed and, according to our results, are in a flood-prone area, should also be considered.





4. Discussion


The Andalién River forms a microtidal estuary with average tidal ranges of <2 m. By comparing historical flooding records and tidal levels, we determined that 57% of floods occurred near or during syzygies. In Southern Chile, Rojas and Mardones [20] established that in the microtidal estuary of the Valdivia River (39° S, Chile), 80% of floods occurred during syzygies. According to Garcés-Vargas et al. [58], in winter, this estuary behaved as a salt wedge, with depths of between 7–22 m and a tidal influence reaching 50 km upriver from the mouth. In comparison, in winter, the Andalién River behaved as a highly stratified mixed estuary, with a depth of between 0.5–2.5 m, and a tidal intrusion of 5.9 km.



Of the remaining flooding events in the Andalién, 33% occurred during quadrature tides, with an average tide height of 1.8 m, due to meteorological factors (an increase of 0.39 m), similar to the predicted maximum average values for syzygies. Morales et al. [59], working in the Ría de Huelva (estuary of the Odiel and Tinto rivers) in southwestern Spain, demonstrated that the meteorological tide plays an important role in flooding processes, raising the tidal level up to 1 m above its normal height. In addition, Flick [60], working in California (USA), found a high level of alignment between floods and high astronomical tides and storms, factors that in conjunction can produce a sea level increase of 0.2–0.3 m in mere hours.



The results of the numerical model corroborate the influence of the tide in the overflowing of the river in the lower and middle zones. In scenarios SLS1 and SLS2 the dynamic tidal influence reached 6 km upriver. In a large event such as the flood of 2006 (SLS3), the surface area in the lower and middle zones coincided with the numerical model. The simulation of this event included a tidal boundary condition of 2.34 m, which matched the maximum high tide height in syzygy, combined with the influence of meteorological factors. However, in that case, the tidal influence reached a maximum of 7.0 km upriver.



In the scenarios that included increases in the average sea level by the end of the 21st century due to climate change (SLS4 and SLS5), the tidal influence reached 7.3 km into the estuary. In the extreme 60-cm-SLR scenario, the flooded surface area increased by 50 ha (4%), in comparison to the current worst-case scenario, SLS3. Other research has evaluated the impacts of SLR in coastal and estuarine zones. For example, Mah et al. [6] analyzed the effects of SLR on the city of Kuching (1° N, Malaysia), located 30 km from the coast in the Saeawak River delta, at an altitude of 5 m. They concluded that a 10% tidal increase would result in a 6% increase in flooded surface area, compared to current levels. The tidal magnitudes in this area are much higher than those recorded in the Andalién River, reaching an average sea level of +4.5 m, which can be seen in the tidal influence up to 30 km upriver from the mouth of the Sarawak River.



Chust et al. [22] determined that on the coast of Gipuzkoa, in Biscay Bay (43° N) in northern Spain, a SLR of 48.7 cm by the end of the 21st century would flood 110.8 ha of the supralittoral zone, primarily the low, flat estuary. Chust et al. [22] and Mah et al. [6] studied tectonically stable regions. Kuching lies 1320 km from the subduction zone between the Australian and Sunda plates [61], in an area which has not witnessed subduction since the Miocene [62]. Seismic activity in Biscay Bay is low-magnitude (3–5°), infrequent, and superficial [63].



The 2013 IPCC [23] SLR projections for central Chile (+60 cm) served as the source of the flood modeling of Concepción Bay. Kopp et al. [55] determined that in the port of Valparaiso, on the central Chilean coast (33° S), the likely SLR is close to the global average of between 0.4–0.8 m by 2100. However, these studies fail to consider the impact of the frequent tectonic activity in the active continental margin of South America, which has increased the difficulty of studying historical SLR in the region [64,65,66].



Concepción Bay is located in a tectonically active zone that is associated with the subduction between the Nazca and South American plates, which have a convergence rate of 6.8 cm/year [67,68]. In the study area, the earthquakes of 1835 (estimated magnitude of circa 8.5) and 1960 (estimated magnitude of 8.1) caused a coseismic uplift of 1.2–2.4 m and 2 m, respectively [67]. In the recent earthquake (moment magnitude Mw = 8.8) of 2010, the associated vertical displacement was not uniform. The zone close to the coastline, between the Interporturia Highway and the Andalién River, was uplifted by approximately 50 ± 10 cm, while various measured sites closer to the Coastal Mountains showed subsidence, as in the case of the TIGO observatory (−4 cm) [69,70,71].



After coseismic coastal uplift, a subsidence generally occurs, which minimizes the overall uplift [71]. However, despite these cycles, the overall pattern has been of uplift in the last three significant earthquakes in the zone, which is corroborated by the rates calculated by Kaizuka et al. [67] using C-14 dating for the last 4000 years. Their research found increases of 0.55 m/100 years on Isla Mocha, 0.08 m/100 years on Santa Maria Island, and 0.25 m/100 years to the west of the Arauco Peninsula (37° S). However, in this zone (Gulf of Arauco), the coseismic uplifts have been greater than those in Concepción. For example, the 1835 and 2010 earthquakes caused uplifts of 3 m and 2.6 ± 0.5 m, respectively, on Santa Maria Island [68].



This tendency of coseismic coastal uplift during tectonic events in the region offsets the SLR scenarios [24]. In addition, the coseismic uplift (added to the relative drop in sea level), leads to an abrupt drop in the base level of the rivers. For example, uplift on the Biobío coast caused by the 2010 earthquake on the Lebu (1.72 ± 0.10 m), Tubul, and Raqui (1.4 m) rivers [68,72], and modified the base level of the rivers, causing faster discharges, channel dissection, and increased erosion, which diminished the effect of the tidal influence during flooding. On the other hand, in areas of tectonic subsidence, it has been determined that this sinking makes up the majority (60% to 70%) of relative sea level rise, as calculated for Shanghai (China) [13].



Bearing in mind the coastal uplift tendency and its possible repercussions for SLR scenarios in Chile, a potential change in storm surge frequency can also modify the frequency or magnitude of floods, as has been discussed by Papatrony and Terefenko [21] in Poland. While in the case of the Andalién River, the worst-case sea level rise scenario (SLS5) flooded mainly salt marsh and river plain areas, the situation is critical in light of real estate pressure; indeed, in the 2004–2014 period 10% of the salt march area has been lost, and a decrease of up to 32% is expected [73]. Historically, urbanization processes on the Biobío coast have occurred in fragile coastal environments characterized by the development of paleobays and coastal wetlands, resulting in natural risks, environmental degradation, and socio-territorial imbalances [14,29,30,73].



Densely populated areas or zones with important industrial installations where the greatest flood damage may be concentrated must receive maximum protection; in contrast, natural conservation and agricultural areas where less damage can be expected require less protection [74]. The dykes formed by highways along the Andalién River were unable to contain the floods in scenarios SLS3, SLS4, and SLS5. Simulations carried out by Broekx et al. [74] showed that structural mitigation measures (dykes) alone were unable to impede or decrease flooding, and in some cases they caused a change in the flood zone distribution. It is proposed that an intelligent combination of dykes and flood plains can offer greater benefits at lower costs [74,75]; however, the cost would be even lower through the protection and conservation of wetlands to increase the resilience of cities in the face of this type of natural hazard [73].




5. Conclusions


There are three well-defined environmental zones along the lower section of the Andalién River: a lower zone with primarily fine sand (mouth—2 km), a middle zone with muddy sediments (between 2–6 km), and an upper zone characterized by both coarse and fine sand (from 6 km and up). The river estuary is partially mixed and microtidal (tidal range of <2 m), with high levels of stratification in winter (ns = 1.38), and partial stratification in spring, and discharges of 28 m3/s and 3 m3/s, respectively. The maximum tidal saltwater intrusion is 3.5 km, and the maximum dynamic tidal intrusion is 5.9 km from the mouth. Tidal curves are affected by flow rates of above >60 m3/s, 2.5 km upriver from the mouth.



Tides influenced the flooding processes by up to 7 km from the mouth, a figure that is close to the determined dynamic tidal limit. 57% of flooding events occurred during or near syzygies, while 33% occurred under quadrature tide conditions. However, it should be noted that the meteorological tide is capable of lifting the maximum level of the astronomical high tide to levels that are similar to those experienced during syzygies (increases of around 0.39 m). The most dangerous situations occur when syzygies and storms coincide, which is what happened during the catastrophic 2006 flood, when the maximum predicted tidal level was 1.97 m, and the actual tide reached a height of 2.30 m.



A climate change-induced increase of 60 cm in scenario SLS5 by the end of the 21st century, in comparison to current tidal levels, would produce a 4% increase in flood-prone zones, in comparison to the current worst-case scenario, SLS3. The flooded zones will be concentrated in natural areas (mainly marshes) (83%) and currently built-up areas (17%). Low-lying areas such as the Rocuant-Andalién marsh and its adjacent floodplains would be flooded to a depth of 2–3 m. It is likely that the percentage of at-risk urban areas will increase due to population growth and real estate projects that are currently under development. Thus, it is fundamental to incentivize the protection and conservation of wetlands to increase the resilience of cities in the face of this type of natural hazard.
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Figure 1. Study area: (a) South American context, (b) regional context, (c) Andalién basin with topographic variation by Digital Elevation Model Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER-GDEM), (d) lower section of the river basin, with the locations of physical-chemical parameter sampling stations and tidal sensors. 
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Figure 2. Physical and textural characteristics of the estuarine zone of the Andalién River according to conglomerate analysis (Euclidean distance). 
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Figure 3. Salinity-at-depth behavior 2014; (a) Winter, (b) Spring. Limnographic height of the Andalién Camino to Penco DGA station vs tides; (c) Las Ballenas bridge 27/07–25/08 (d) intermediate airport station 06/09–26/09, (e) upper station 31/10–19/11. Source: aerial background photograph 2011 (SAF, 1:30,000). 
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Figure 4. Observed and predicted tide levels in the port of Talcahuano according to the relative flood magnitude. The horizontal line and the square inside the box indicate the mean and the median, respectively. The top and bottom edges of the box represent the quantiles 0.25 and 0.75. The lower whisker and upper quantile are 0.05 and 0.95, respectively. 
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Figure 5. Comparison of observed and predicted tides using data from the Talcahuano tide gauge station, 12–14 July 2006. 






Figure 5. Comparison of observed and predicted tides using data from the Talcahuano tide gauge station, 12–14 July 2006.



[image: Sustainability 10 04335 g005]







[image: Sustainability 10 04335 g006 550] 





Figure 6. Flood modeling with a return period of T = 100 years, with different tidal scenarios. Source: Geomorphology map obtained by Rojas et al., [14]. 
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Figure 7. Flooded surface area according to SLS (base 2 logarithmic scale). 
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Figure 8. Comparison of SLS3 and the flood of 2006. Photo by Didier RoussetBuy. 
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Table 1. Sea level scenarios (SLS), H (m).
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	Peak Flow (m3/s)
	Astronomical Tide
	Meteorological Tide
	    S L  R 0     
	    Δ S L R    
	    Δ  H  t      





	SLS1_D100
	634
	0.50
	
	0.50
	-
	0.50



	SLS2_D100
	634
	1.97
	
	1.97
	-
	1.97



	SLS3_D100
	634
	1.97
	0.37
	2.34
	-
	2.34



	SLS4_D100
	634
	1.97
	0.37
	2.34
	0.30
	2.64



	SLS5_D100
	634
	1.97
	0.37
	2.34
	0.60
	2.94







Note: D (Discharge at return period of 100 years).
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Table 2. ANOVA/Tukey test (α = 0.05) for the three clusters in the lower section of the basin.
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	Cluster 1
	Cluster 2
	Cluster 3
	p Value





	Temp. (°C)
	14.91 (1.17) c
	19.70 (2.45) b
	22.61 (2.34) a
	<0.0001



	Salinity (psu) *
	23.63 (4.41) a
	11.55 (8.09) b
	2.25 (4.22) c
	<0.0001



	Depth. (m)
	1.22 (0.23) a
	1.06 (0.16) a
	0.70 (0.26) b
	<0.0001



	Width (m)
	157.20 (109.02) a
	61.64 (30.59) b
	68.18 (47.32) b
	0.0019



	Gravel (%)
	2.69 (3.45) b
	1.92 (6.36) b
	16.91 (15.35) a
	0.0007



	Sand (%)
	85.42 (11.66) a
	31.76 (18.04) c
	69.98 (13.17) b
	<0.0001



	Mud (%)
	11.88 (9.83) b
	66.27 (18.31) a
	13.11 (13.20) b
	<0.0001







Note: Numbers in parentheses refer to S.D. (Standard Deviation) * Average salinity and depth for all sampling stations in the cluster. Average with a common letter are not significantly different (p > 0.05).
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Table 3. Characteristic tidal values (spring sampling, 2014).
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	Value
	Sensor 1 *
	Sensor 2 **
	Sensor 3 ***





	Average
	0.55
	0.55
	0.80



	Maximum
	1.53
	1.32
	1.57



	Minimum
	0.08
	0.17
	0.48



	Amplitude
	1.45
	0.81
	0.94







Sampling periods * 12/07–28/09 ** 06/09–26/09 *** 31/10–19/11.
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