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The competition between mixing and stratification in estuaries determines the quality of their waters, living conditions, and uses. These processes occur due to the interaction between tidal and fluvial contributions, which significantly vary depending on the estuarine characteristics. For the study of mixing and stratification alterations in estuaries due to climate change, a new methodology is proposed based on high-resolution 3D hydrodynamic modeling to compute the Potential Energy Anomaly (PEA). Regarding the model scenarios, first, a base case is analyzed with the realistic forcings of the year 2020. Subsequently, the forecasts of anomalies due to climate change for sea conditions (level, temperature, and salinity), atmosphere conditions (precipitation, air temperature, relative humidity, and solar irradiance), and river conditions (flow and temperature) are projected for the year 2020. The selected scenarios to analyze hydrodynamic changes are RCP 4.5 and 8.5 for the years 2050 and 2100. The proposed methodology has been applied to the Suances estuary. Independently of the climate change scenario, the stratification intensity increases and decreases upstream and downstream of the estuary, respectively. These results indicate that unlike the 2020 base scenario, in which the stratification zone has been mainly centered between km 4 and 8, for the new climate change scenarios, the stratification zone will be displaced between km 2 and 8, attenuating its intensity from km 4 onwards. The Suances estuary presents and will present under the considered scenarios a high spatiotemporal variability of the mixing and stratification processes. On the one hand, sea level rise will pull the stratification zones back inland from the estuary. On the other hand, climate change will generate lower precipitations and higher temperatures, decreasing runoff events. This phenomenon will decrease the freshwater input to the estuary and increase the tidal excursion along the estuary, producing a displacement of the river/estuarine front upstream of the areas.
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1 Introduction

The competition between mixing and stratification in estuaries determines the quality of their waters (Valle-Levinson, 2010) and, therefore, their living conditions and uses. For this reason, understanding the impacts of climate change on estuaries is of vital importance, since 21 of the 30 largest cities in the world are located next to this type of aquatic system (Khojasteh et al., 2020). Due to the consequences of climate change, the number of people affected worldwide by weather changes and sea level rise has exponentially increased, affecting more than one billion people (Pörtner et al., 2022). Climate change, originated by human activities, has caused global warming of approximately 1.0°C relative to preindustrial levels, with a likely range of 0.8 to 1.2°C. Global warming is likely to reach 1.5°C between 2030 and 2052 if the current rate is maintained (IPCC, 2018). Accordingly, forcing changes will be reflected in the living conditions of estuaries. For instance, sea level rise coupled with a change in meteorological events will modify the actual functioning of these systems.

The study of mixing and stratification processes in estuaries has been the subject of numerous works for decades (Hansen and Rattray, 1966; Simpson, 1981; Geyer et al., 2008; Bárcena et al., 2016; MacCready et al., 2021). Buoyancy input in the form of freshwater and saltwater provides a stratifying influence on estuaries and adjacent coastal waters, driving low-density surface water toward the ocean and high-density bottom water toward the river, respectively (Simpson et al., 1990). Due to the modification in estuarine forcings by climate change, the mixing and stratification conditions may be modified by increasing the intrusion of marine waters into the estuary, and, subsequently, generating a change in their biodiversity (Duvall et al., 2022; Garnier et al., 2022; Pereira et al., 2022).

For the study of the mixing and stratification processes, the Potential Energy Anomaly (PEA), described by Simpson (1981), can be computed by using a high-resolution 3D hydrodynamic model. PEA has been used in several studies on stratification processes in estuaries (de Boer et al., 2008; Horner-Devine et al., 2015; Holt et al., 2022; Zhang et al., 2023), resulting in an easy-to-apply parameter that helps to explain clearly and concisely the stratification changes and their spatiotemporal evolution.

Therefore, the aims of this study are: (1) to perform a high-resolution 3D analysis of the Suances estuary hydrodynamics with special attention to the mixing and stratification processes during the year 2020; (2) to carry out future projections in this estuary considering climate changes in atmospheric conditions (precipitation, temperature, solar irradiance, and relative humidity), river conditions (flow and temperature), and sea conditions (level, temperature, and salinity); and (3) to unravel the potential alterations on the mixing and stratification processes due to climate change.




2 Materials and methods



2.1 Study area and field data

The Suances estuary is a mesotidal and shallow estuary located on the Cantabrian coast, with an approximate length of 12 km and an average width of 150 m in their main channel. It has a surface area of 339.7 ha, 76% of which is occupied by intertidal areas. As for anthropogenic actions, dikes border 50% of the main channel and modify its hydrodynamic conditions. Moreover, the estuary flows until the dam located at km 0 of A-A' section (see Figure 1), which delimits the end of the tidal influence into the river basin and generates a lack of sediment supply into the estuary. The bathymetry of the main channel varies between 1 and 8 m, with the highest intertidal areas being about 3.2 m above mean sea level. The largest depth is 43 m, located in the adjacent coastal zone. For more information about Suances estuary, readers are referred to Bárcena et al. (2012a); Bárcena et al. (2012b); Bárcena et al. (2015); Bárcena et al. (2016); Bárcena et al. (2017a) and Bárcena et al. (2017b).

The available data came from two field campaigns: field campaign 1 was conducted between April and May 2015 (C1 to C5 orange dots in Figure 1), and field campaign 2 between December 2020 and April 2021 (V1 red dot in Figure 1). Data from field campaigns 1 and 2 were used for model calibration and validation, respectively.




Figure 1 | (A) Location of the Suances estuary showing the intertidal zones, the land reclamation zones, the model mesh grid, the model open boundaries, the model calibration points, and the model validation point. The following sections are marked: A-A’ longitudinal section, B-B’ cross-section at intertidal zone 1, and C-C’ cross-section at intertidal zone 2. (B) Location of Cantabria in Spain. (C) Location of the Saja-Besaya river basin in Cantabria showing the meteorological stations used in this study.



In field campaign 1, the used sensors were: (1) 2 acoustic Doppler velocity profiling current meters (ADCPs), Nortek AWAC 1MHz in C3 and C5, (2) 3 Sensus Ultra pressure and temperature sensors. With these devices, 5 points of water levels and temperature (C1 to C5) and 2 points of velocity profiles (C3 and C5) were continuously measured every 10 minutes. Additionally, bottom and surface salinity samples were taken at points C1 and C5 by using a conductivity meter (Hach Intellical CDC401). For this purpose, a scuba diver collected a total of 16 samples (8 at the surface and 8 at the bottom) at the beginning of the campaign during a tidal cycle and another 16 at the end of the campaign.

In field campaign 2, a low-cost support was designed and moored in the estuarine bottom to measure hydrodynamic variables in the water column at different depths. Their location in the Suances estuary was selected based on the findings from Bárcena et al. (2016), being the best place at the survey point V1 (red dot in Figure 1). The sensors were continuously measuring every 15 minutes: (1) 1 ADCP Nortek AWAC 1MHz and (2) 4 Sensus Ultra pressure sensors. The ADCP was moored on the base of the support while the remaining sensors were mounted on the support by means of 3D-printed pieces specifically designed for every sensor.




2.2 Setup of the 3D hydrodynamic model

Delft3D-FLOW software (Lesser et al., 2004) has been used to carry out this study. It consists of a finite-difference-based numerical model that solves shallow water equations in two or three dimensions (Stelling and Leendertse, 1991). These equations are derived from the three-dimensional Navier-Stokes equations for free incompressible surface flow, using the international standard formula of UNESCO (UNESCO, 1981) for density. The Reynolds stress components are computed using the eddy viscosity concept (Rodi, 1987).

Regarding the model setup, a curvilinear grid covering the estuary and its adjacent coastal zone has been implemented (Figure 1) with a vertical distribution of 20 equidistant σ-layers. The open boundaries correspond to the coastal zone and the limit of tidal influence, where tidal (level, temperature, and salinity) and river (flow, temperature, and salinity) forcings have been imposed, respectively. Finally, a heat flow model has been included to calculate the interactions of the atmosphere with the water-free surface fed by the data recorded by the meteorological stations (solar irradiance, air temperature, and relative humidity). For more information about the model setup, readers are referred to Supplementary Material 1. Within this text, further information about how the model has been set up is given. For example how the boundary conditions were defined; the input of initial and boundary conditions; the model parameter settings (viscosity, diffusivity, and bottom roughness); the temporal step used; the grid cell dimension (both horizontal and vertical); how the intertidal regions are solved in the model; or how turbulence is calculated in the  horizontal and vertical direction.

Calibration has been focused on adjusting the physical and numerical parameters during the period encompassed by field campaign 1. Physical parameters are the eddy viscosity and diffusivity (horizontal and vertical) and the boundary stresses (bottom, lateral, and surface). Numerical parameters encompass the numerical scheme, the time step, the numerical filters, and the wetting and drying processes. The calibration process has been conducted by comparing the water levels at C1 to C5, the current velocities at C3 and C5, the water bottom temperatures at C1 to C5, and salinity samples at C1 and C5 (see Figure 1). Next, the model has been validated with the information obtained in field campaign 2. In this validation, the physical and numerical parameters have been rechecked by using the data registered at V1 (water levels, current velocities, and temperatures).

Two metric errors have been computed to calibrate and validate the model. First, BIAS is the difference between model results and observed values at the same date, as displayed in Equation 1. Second, the error between both series is calculated using the SKILL parameter developed by Willmott (1981) and defined by Warner et al. (2005) as Equation 2. In this study, the final model configuration was simultaneously displaying the minimum BIAS and the maximum SKILL.

 

 

where X is the variable being compared, Xobs is the i-datum measured from sampling, Xmodel is the i-datum modeled from simulation, and i is the i-value from 1 to N measurements.




2.3 Methodology to analyze the mixing and stratification alterations in estuaries due to climate change

Figure 2 shows the four steps carried out to develop a methodology for the comparison of the effects of climate change on the mixing and transport in estuaries. The first step has been the model implementation, as seen in section 2.2. Next, subsections 2.3.1 to 2.3.3 will explain the three remaining methodological steps: (1) Selection of climate change scenarios, (2) Climate change predictors, and (3) Analysis of the mixing and stratification alterations in estuaries, respectively.




Figure 2 | Methodology to analyze the mixing and stratification alterations in estuaries due to climate change.





2.3.1 Selection of climate change scenarios

A fundamental step is the selection of the climate change scenarios in order to forecast and compare the model results. In this case, the most probable ranges of the climate change scenarios RCP 4.5 and RCP 8.5 has been chosen in two projections: 2050 and 2100. Therefore, four cases have been compared with the 2020 base year. Accordingly, the 2020 forcings have been adjusted by using coefficients to adapt them to the projected values in the four study cases.




2.3.2 Climate change predictors

This section identifies the forcings that have been considered in the climate change study as predictors: sea (level, temperature, and salinity), atmosphere (precipitation, air temperature, relative humidity, and solar irradiance), and river (flow and temperature).

In the case of sea predictors, the IPCC and NASA sea level rise forecast viewer, developed by Fox-Kemper et al., 2021, Garner et al., and Garner et al., 2021 has been used to estimate the adjustment coefficients for various scenarios and years of sea level rise. The closest observation point to the study area is called Santander 1. Moreover, the sea temperature has been estimated from the global surface temperature variation collected in the IPCC (2019). Unlike the sea temperature and level, the sea salinity is not a parameter usually analyzed. In the study region, North Atlantic or Cantabrian Sea, changes in salinity are expected to be around 0, either slightly increasing or decreasing (Chust et al., 2010; Durack and Wijffels, 2010; Gomis et al., 2016; Sanz & Galán, 2020; Skliris et al., 2020). Since the projected values are in similar ranges, the values projected by Skliris et al., 2020 have been applied. This study analyzed the changes in the water cycle, giving projections of salinity change in the subpolar region of the North Atlantic (from 40°N to 65°N) up to 2100 for the RCP 4.5 and RCP 8.5 scenarios.

To obtain the atmosphere predictors, the AdapteCCa platform has been used (https://adaptecca.es/). AdapteCCa is a platform for consulting and exchanging information on impacts, vulnerability, and adaptation to climate change (Gutiérrez Llorente et al., 2018). The platform viewer provides forecasts for many variables made by a model ensemble up to the year 2100, including precipitation and temperature. In the study region, Torrelavega ‘SNIACE’ -1131l (see M1 in Figure 1) has been selected as the reference station for the forecast. First, daily data with precipitation and temperature forecasts for RCP 4.5 and RCP 8.5 have been downloaded. Next, the average value of all models has been chosen for precipitation while, for temperatures, the available data are the maximum and minimum temperatures, so the average between them has been made. To analyze the changes in the different scenarios, the monthly percentage changes of each parameter have been established, so that monthly variation coefficients could be obtained for the projections in 2050 and 2100 of the RCP 4.5 and RCP 8.5 scenarios. For this purpose, the results of the two scenarios in 2020 have also been downloaded from the application to obtain the variations from the same data source. With these adjustment coefficients, the precipitation and temperature of M1 have been projected. Accordingly, a realistic rainfall of the year 2020 can be projected. The advantage of this methodology is that since it does not modify rainfall patterns, just their projected intensity, we can compare the different projections and evaluate the effects of climate change on a common baseline situation. Lastly, the relative humidity and solar irradiance have been kept because there are no data for their evaluation forecasts, so it will be considered that their conditions will not change in the projection of climate scenarios.

For the river predictors, precipitation and air temperature estimations have been used as input for the hydrological model in order to obtain new river flows. Additionally, the river temperature has been established by applying the same relationship between river temperature and air temperature used for the model calibration and validation to the projected air temperature data.




2.3.3 Analysis of the mixing and stratification alterations in estuaries

PEA have been used to identify the mixing and stratification alterations in the estuary, PEA is defined in Equation 3 as the amount of mechanical energy (per m3) necessary to instantaneously homogenize the water column with a given density, i.e., the average density of the water column.

 

 

where   is the vertical profile of densities over the water column H; H is the total height of the water from the bottom (-h) to     is the vertical coordinate of the water surface at a given instant;  is the vertical coordinate;   is the acceleration of gravity;   is the mean density of the water column and   is the density fluctuation in the water column. It should be noted that the higher the PEA, the higher the stratification.

Next, the starting point and length of the stratification zone have been hourly calculated for the thalweg of the estuary (A-A’ section in Figure 1; Figure S9) for every scenario. The starting and the end points of the stratification zone are the first and last grid cells of A-A’ section where PEA is higher than 2 J/m3, respectively. Finally, the length of the stratification zone has been computed as the difference between the end and starting point distances from the beginning of the A-A’ section.






3 Results



3.1 Model calibration and validation in the Suances estuary

Tables 1, 2 show the magnitude of the metric errors (BIAS and SKILL) calculated at all the locations for model calibration and validation, respectively. Note that these magnitudes have been obtained by comparing every fifteen-minute the data recorded in the field campaigns and computed by the model.


Table 1 | SKILL and BIAS results for the model calibration.




Table 2 | SKILL and BIAS results for the model validation.



As displayed in Tables 1, 2, the water levels are excellently reproduced, with SKILL values higher than 0.95 in any case and BIAS values around 0. This is because very tight data has been obtained for the incoming forcings, since a detailed study was carried out to determine which incoming forcings gave the best accuracy to the model. The velocity is well reproduced, with SKILL values from 0.67 to 0.89 on the surface to values from 0.78 to 0.91 at the middle and the bottom depths. BIAS values are displaying an average of 0.11 m/s. This difference between bottom and surface values can be explained by the wind effect, which is not being taken into account in the calculations. Although wind is not a significant forcing in the Suances estuary due to its surface area is low, wind can cause small variations in the surface measurements. On the other hand, velocities at middle and bottom depths are reproduced with very good resolution because a new bathymetry was performed in this area. In addition, it should be noted that the velocities have lower SKILL and BIAS values than other parameters due to turbulence (instantaneous velocities).

The salinity adjustments are around a SKILL of 0.6 to 0.8, so it is considered a good fit while BIAS is between -0.5 and 0.5 psu (very good fit). Finally, the temperature varies in a SKILL of 0.5 to 0.8. This variability is mainly because the sensor has not properly registered the tidal changes. Furthermore, the river temperature has been imposed by using Equation S1 and Equation S2, as shown in Supplementary Material 1. These relationships take the air temperature as the predictor, so small temperature variations at each time step have been induced in the river temperature that could be slower in reality. Nevertheless, BIAS settings are very good, with an average value around 0 and 0.4 C° for the calibration and validation, respectively. Readers interested in a detailed explanation of the model calibration and validation are referred to in Supplementary Material 1.




3.2 Climate change predictors

To carry out the climate change projections, the 3D hydrodynamic model with the forcings for the year 2020 has been used as a baseline scenario. The forcings that have been considered in the climate change study as predictors in the 3D hydrodynamic model are related to sea (level, temperature, and salinity), atmosphere (precipitation, air temperature, relative humidity, and solar irradiance), and river (flow and temperature).

Table 3 collects the applied changes to the climate change predictors of sea conditions: level, temperature, and salinity for the projected climate change scenarios: 2050 RCP 4.5, 2100 RCP 4.5, 2050 RCP 8.5, and 2100 RCP 8.5. In addition, Table 4 presents the expected monthly changes in the climate change predictors of atmospheric conditions: precipitation and air temperature for the projected climate change scenarios: 2050 RCP 4.5, 2100 RCP 4.5, 2050 RCP 8.5, and 2100 RCP 8.5. Finally, it is noteworthy to mention that (1) the river temperature has been indirectly established by applying the relationship between river temperature and air temperature; and (2) the relative humidity and solar irradiance have been kept the same as the year 2020.


Table 3 | Applied changes to sea level, sea surface temperature, and sea salinity for the projected climate change scenarios relative to the 2020 year: 2050 RCP 4.5, 2100 RCP 4.5, 2050 RCP 8.5, and 2100 RCP 8.5.




Table 4 | Expected monthly changes in precipitation and air temperature for the projected climate change scenarios relative to the 2020 year: 2050 RCP 4.5, 2100 RCP 4.5, 2050 RCP 8.5, and 2100 RCP 8.5.



Figure 3 displays the sea level (A), the sea salinity (B), the sea temperature (C), the precipitation (D), the air temperature (E) the river flow (F), and the surface river temperature (G) included in the 3D hydrodynamic model for every selected scenario (2020 - black solid lines, 2050 RCP 4.5 – red solid lines, 2050 RCP 8.5 – blue solid lines, 2100 RCP 4.5 – red dashed lines, and 2100 RCP 8.5 – blue dashed lines).




Figure 3 | Forcings applied to the different climate change scenarios. (A) Sea level, (B) sea salinity, (C) sea temperature, (D) precipitation, (E) air temperature, (F) river flow, and (G) surface river temperature.



Analyzing the sea level (see Table 3; Figure 3A), a progressive rise according to the analyzed year and scenario is displayed, which is in line with all IPCC reports and scientific studies, ranging from 0.25 to 0.82 m. Regarding the sea temperature (see Table 3 and Figure 3E), an exponential increase is foreseen for the year 2100, ranging from 1.7 to 4.3 °C. Although these values are high, especially for RCP 8.5 and the 2100 scenario, it is important to mention that these values have been found in other studies for the short term (2031-2050) and the end of the century (2080-2100) (IPCC, 2019). Concerning the sea salinity (see Table 3; Figure 3D), a slight decrease of -0.004 psu is experimented by 2050 in any RCP, while for the year 2100 a slight increase is expected, ranging from 0.003 to 0.011 psu.

As can be seen in Table 4; Figure 3F, there is a clear increase in air temperature, around 50% on average in the coming years according to the scenario analyzed. These results, obtained from https://adaptecca.es/, show a globalized increase in atmospheric temperature as reported by IPCC, 2021. In addition, the greatest temperature changes will occur between the months of July and October. The average of the annual changes shows an increase of 126% for the year 2050 and RCP 4.5, 132% for the year 2100 and RCP 4.5, 135% for the year 2050 and RCP 8.5 and the highest, 150% for the year 2100 and RCP 8.5. Regarding the precipitation (see Table 4; Figure 3A), there is a significant variation, with a tendency to decrease, especially in the year 2100. In the short term (the year 2050), there is a distribution of precipitation that causes a decrease in precipitation in the central months of the year and an increase in precipitation in the winter months associated with extreme precipitation events compared to the year 2020. This interannual variability is reduced in the year 2100, predicting a more generalized reduction in precipitation compared to the year 2020. In the long term, there is a tendency to decrease in precipitation oriented towards the forecasts of desertification of the Iberian Peninsula (IPCC, 2021). As for the average annual variations, these do not significantly vary from the 2020 base series, obtaining a variation of 102% for the year 2050 and RCP 4.5 scenario, 95% for the year 2100 and RCP 4.5 scenario, 91% for the year 2050 and RCP 8.5 scenario and, finally, 86% for the year 2100 and RCP 8.5 scenario.

In the case of river flow (see Figure 3B), significant variations can be observed due to the changes in precipitation and air temperature. Except in specific cases, the flow trend tends to decrease compared to the base year 2020, mainly due to the increase in air temperatures that causes less snowfall, together with a general decrease in precipitation as shown in Table 4.




3.3 Spatiotemporal evolution of mixing and stratification in the Suances estuary due to climate change

In this section, an analysis of the annual variability in the Suances estuary has been carried out in order to relate the main estuarine forcings (tide and river flow - Figures 4A, B) to the spatiotemporal evolution of PEA. Figure 4C shows the Hovmöller diagram (Hovmöller, 1949) for the PEA values during the 2020 year along the estuarine longitudinal section (see A-A’ section in Figure 1). Analogously Figures 4D, E show the Hovmöller diagram for the PEA values during the 2020 year along two estuarine transversal sections, located at the intertidal zone 1 (see B-B’ section in Figure 1) and the intertidal zone 2 (see C-C’ section in Figure 1). Readers interested in the geometry and bathymetry of these sections are referred to Supplementary Material 1 (Figure S9).




Figure 4 | (A) Sea level and (B) River flow for the year 2020. Hovmöller diagram of the year 2020 with hourly PEA values along the estuarine sections: (C) A-A’ section, (D) B-B’ section, and (E) C-C’ section.



As shown in Figure 4, there is a significant influence of the river discharge on the location of the stratification zone along the A-A’ section, as indicated by the black spikes in the PEA that correlate with the discharge spikes in the plot above. During low flows (0 to 10 m3/s), the zone of highest stratification, denoted by the yellow color, which shows the highest PEA values, is located between km 4 and 8 with the maximum value oscillating by the alternate of spring and neap tides. The maximum values of PEA in this zone vary from 10 to 50 J/m3 depending on the ebb-flood cycle. At the estuarine mouth, PEA values are very low during spring tides, nearly 0; increasing their magnitude as the tide evolves to neap tides, rising up to 20 J/m3. On the other hand, during high-flow events (>100 m3/s), the stratification zone moves towards the mouth as much as the river flow magnitude, displaying values of up to 200 J/m3 during spring tides. In these cases, areas with very low PEA values are observed in the estuarine head, because the fluvial discharge flushes all saline water from this zone.

Regarding the transversal sections, the main stratification is centered at the main channel, where the PEA values are the highest (yellow shadows). Along B-B’ section, the river flow has a significant influence at intermediate flows (10 to 100 m3/s), generating the highest stratification, up to 50 J/m3. On the contrary, at high flows, B-B’ section becomes fully mixed. Along C-C’ section, these phenomena are not so noticeable. Although PEA values are also higher in the main channel than in the intertidal zone, the occurrence of a stratification zone is less frequent over time (up to 57% lower). It is also noteworthy that in C-C’ section, there is no full mixing during high and intermediate flows (values from 2 to 21 J/m3). This is due to its proximity to the estuarine mouth, which means that, during these events, the stratification zone is centered in this area. However, at low flows, all the C-C’ section is mixed due to the tidal effect (PEA values below 2 J/m3).

Figures 5, 6 show the differences observed in PEA values by subtracting the 2020 baseline scenario from the projected climate change scenarios (Panels a - 2050 RCP4.5, Panels b - 2050 RCP8.5, Panels c - 2100 RCP4.5, and Panels d - 2100 RCP8.5) at A-A’ section (see Figure 5), B-B’ section (see Figure 6), and C-C’ section (see Figure 6). In both figures, note that the positive and negative variations of PEA, as well as the intensity of the changes, can be located.




Figure 5 | Expected changes in forcings: sea level (upper panels) and river flow (middle panels). Hovmöller diagram of the differences observed in PEA values by subtracting the 2020 baseline scenario from the projected climate change scenarios (A) - 2050 RCP4.5, (B) - 2050 RCP8.5, (C) - 2100 RCP4.5, and (D) - 2100 RCP8.5) at A-A’ section (lower panels).






Figure 6 | Expected changes in forcings: sea level (upper panels) and river flow (middle panels). Hovmöller diagram of the differences observed in PEA values by subtracting the 2020 baseline scenario from the projected climate change scenarios (A) - 2050 RCP4.5, (B) - 2050 RCP8.5, (C) - 2100 RCP4.5, and (D) - 2100 RCP8.5) at B-B’ section (low panels) and C-C’ section (lower panels).



Depending on geometric and bathymetric features, there are spatially differentiated zones within an estuary (Bárcena et al., 2012b), which, in turn, could modify the mixing and stratification at different zones of the estuary for the same system’s forcers. Accordingly, the Suances estuary has been divided into 16 independent boxes and one additional box 17 (box 17), which is the sum of all the previous boxes (Figure 7). The division of the boxes has been made based on geometric features: (1) the curve and straight zones of the main channel, and (2) the dykes that separate the intertidal zones from the main channel. The main channel has been divided into the upper zone (boxes 1, 2, and 3), the middle zone (boxes 4, 5, 6, and 7), and the lower zone (boxes 8, 9, and 10). Boxes from 11 to 16 comprise the estuarine intertidal zones. Finally, Figure 7A collects the hourly PEA mean value (J/m3) of each box and the expected changes (%) relative to the 2020 year for the climate change scenarios and the location of the divided boxes in the Suances estuary (Figure 7B). To obtain the PEA values in Figure 7A, firstly, PEA has been calculated for every time step (1 hour) and grid cell of each box (Figure 7B). Secondly, PEA of each box has been spatiotemporally averaged by the elapsed time of each Scenario and the grid cell size.




Figure 7 | A) Hourly PEA mean value (J/m3) of each box and the expected changes (%) relative to 2020 for the projected climate change scenarios, and B) the location of the divided boxes, being box 17 the Suances estuary.



Figure 5 shows the differences in the flow rates for every scenario. The river flow tends to decrease except at the beginning of the year in the 2050 RCP 4.5 scenario. These changes in flow are quantitatively small in most cases, since at low flows (0 to 10 m3/s) the magnitude to reduce flows is small. However, a potential decrease in flow rates of around 2-5 m3/s can be observed for all scenarios. On the other hand, when analyzing high flow events (more than 100 m3/s), the differences between the flow rates are higher, with potential reductions of up to 300 m3/s of instantaneous flow in the RCP 8.5 scenario for the year 2100, and reductions varying from 150 to 250 m3/s in the rest of the scenarios. In terms of average annual values, the estimated average flow in 2020 was 29 m3/s. Comparing the average values of the projected scenarios, a decrease in flow of 86% and 85% for the RCP 4.5 scenarios and 77% and 61% for the RCP 8.5 scenarios are observed for the years 2050 and 2100, respectively.

As displayed in Figure 5, independently of the climate change scenario, the stratification intensity increases and decreases upstream and downstream of the estuary, respectively. These results indicate that the stratification zone will move upstream of the estuary. Unlike the 2020 base scenario, in which the stratification zone has been mainly centered between km 4 and 8, for the new climate change scenarios, the stratification zone will be displaced between km 2 and 8, attenuating its intensity from km 4 onwards. During extreme events, the areas of maximum stratification will occur in the middle zone of the estuary, unlike the current dynamics that placed it in the outer zone. Moreover, the stratification intensity proportionally increases and decreases in the inner and outer zones, respectively. In the 2020 scenario, average PEA values range from 0.2 J/m3 in the upper part of the estuary to 22.4 J/m3 into box 4 (Figure 7). In the 2020 scenario, the zone of maximum stratification is centered in boxes 4, 5, and 6, which corresponds to the middle part of the estuary, with lower mean values in the upper and lower sections. When comparing the variations, it is observed that the mean values of PEA clearly increase in the upper estuary boxes and decrease in the lower estuary. As shown in Figure 5, the stratification moves upstream, with very significant increases of more than 200% in boxes 1 and 2. On the other hand, in the intermediate zone, boxes 4, 5, and 6, there are hardly any differences in the mean PEA values, being in the same range as in the 2020 comparison year. Finally, it is noteworthy how a decrease in PEA is observed in the upper boxes (8, 9, and 10), which corresponds, as seen in Figure 5, with a zone of full mixing due to the tidal. At boxes 8, 9, and 10, decreases of up to 25% are observed in the most unfavorable case (2100 RCP 8.5).

As can be seen in Figure 6, the obtained results in the cross sections are similar to the longitudinal section. The B-B’ section, which corresponds with boxes 5, 12, and 13 from Figure 7B, tends to have higher positive values during high flows as opposed to C-C’ section, which corresponds with boxes 8 and 15 from Figure 7B, which tends to be negative due to the displacement of the stratification zone. On the other hand, during intermediate and low flows, the stratification intensity increases and decreases in equal parts. As for the differences between the main channel and the intertidal zone, the main channel maintains higher PEA values than the intertidal areas, as shown in Figure 7, pointing out that the main channel is more vulnerable to changes than the intertidal zones. However, the increase of intensity in the intertidal zones compared to the 2020 base scenario indicates that the intertidal zones will be more stratified in the projected climate change scenarios. In Figure 7, all the intertidal zones increase the PEA values, evidencing the generalized increase in stratification, more marked in boxes 12 and 13 than in 15, as shown in Figure 6. These variations change in each scenario, reaching increases of more than 130%. This trend is originated by the sea level rise because the intertidal zones tend to similarly behave to the main channel because of the increase in the water column depth. However, it is important to consider that this assumption is made without considering the potential bathymetric changes produced by sediment input/withdrawal that may occur over the years.

As shown in Figure 7, there is an increase in the mean values of PEA in the upper part of the estuary, mainly induced by the increase in sea level and the decrease in flow. Analyzing the annual mean values for the Suances estuary, it can be seen how for the base year 2020 the weighted mean value reached 11.6 J/m3. In the subsequent scenarios, a generalized decrease in this average value can be seen, which can decrease up to 15% in the 2100 RCP 8.5 scenario. Analyzing the different parts of the estuary, a generalized increase of PEA is observed in the upper boxes. In this zone, values of up to 2000% relative to the base year 2020 are reached, which intensifies as years and scenarios progress. In the middle part of the estuary, however, PEA values are maintained or increased by a maximum of 13% depending on the scenario analyzed, showing that this zone remains practically unchanged. Finally, in the lower part of the estuary, PEA values tend to decrease in a generalized pattern, up to 15% because of the mixing produced in these areas by seawater intrusion from sea level rise. Finally, in the intertidal zones, there are generalized increases in the stratification zones, reaching values from 101% to 145% compared to the base year 2020.





4 Discussion

The Suances estuary presents and will present under the considered scenarios a high spatiotemporal variability of the mixing and stratification processes. Due to climate change, the stratification zone will be modified as observed in other estuaries worldwide (Leal Filho et al., 2022; Costa et al., 2023). On the one hand, sea level rise will pull the stratification zones back inland from the estuary as seen in the various studies analyzed in the region surrounding the study area, such as the NW Atlantic coast of Portugal (Pereira et al., 2022) or the UK coast (Robins et al., 2016). On the other hand, climate change will generate lower precipitations and higher temperatures, decreasing runoff events similar to studies analyzed in the Mediterranean (Hallett et al., 2018) or the Atlantic (Robins et al., 2016) climate zones. This phenomenon will decrease the freshwater input to the estuary and increase the tidal excursion along the estuary, producing a displacement of the river/estuarine front upstream in line with the results observed by Ma et al., 2023.

Figure 8 shows the empirical cumulative distribution function (ECDF) curves of the starting point A and the length of the stratification zone B for every climate change scenario: 2020 (black solid line); 2050 RCP 4.5 (red solid line); 2050 RCP 8.5 (blue solid line); 2100 RCP 4.5 (red dashed line); and 2100 RCP 8.5 (blue dashed line).




Figure 8 | Empirical cumulative distribution function for the starting point (A) and length (B) of the stratification zone for every climate change scenario: 2020 (black solid line); 2050 RCP 4.5 (red solid line); 2050 RCP 8.5 (blue solid line); 2100 RCP 4.5 (red dashed line); and 2100 RCP 8.5 (blue dashed line).



As shown in Figure 8, the starting point of the stratification zone moves upstream of the estuary in the projected scenarios as seen in the Minho estuary in Pereira et al., 2022 and the Wu river in Liu and Liu, 2014, where salinity intrusion extends more than 2.000 m and 900 m in the projected scenarios, respectively. In the Minho and Wu estuaries, sea level rise is the main cause of increased salinity intrusion. However, in other cases, river flow may govern the starting point, as shown by Yang et al., 2015 in the Snohomish River estuary. On the other hand, in the year 2020, the most probable stratification zone starts at km 4, where the cumulative probability rises almost vertically. However, this trend is altered in the projected climate change scenarios, since the verticality previously shown is reduced and displaced. In projected climate change scenarios, the most probable starting point is concentrated on two zones. For the 2050s scenarios, the most probable starting point is located above km 2 or km 4. As for the year 2100, a uniform probability can be observed from km 1 to km 2, after which it loses that verticality. Regarding the length of the stratification zone, its variability is smaller than the starting point. In the Suances estuary, the length of the stratification zone will be reduced up to a length of 4 kms and extended beyond that length. The river flow will have a significant influence, because the higher the flow, the shorter the length of the stratification zone. Additionally, the longest lengths occur at flood tides and low flows because these forcing conditions favor the stratification over the mixing processes by reducing the estuarine kinetic energy and, subsequently, the available turbulence for mixing.

Table 5 collects the response surfaces regressed from the dataset of 8785 model outputs (hourly data for the year 2020 for the location of the starting point of the stratification zone and its length, based on the river flow (Q) and the water level (N) at the head and mouth of the Suances estuary, respectively. The approximating function used to generate the response surface takes a quadratic form (Equation 5). The data used to perform these regressions are shown in Supplementary Material 1 (Figures S10, S11).


Table 5 | Coefficients of the surface fitting functions (A–F) and the regression coefficients (R2) in the Suances estuary for the location of the starting point of the stratification zone from the river boundary and the length of this zone.



 

As displayed in Table 5, the starting point of the stratification zone is determined with reasonable accuracy, based on two inputs, the river flow and the water level at the estuarine mouth. Unlike the correlations performed by Yang et al., 2015, in this case, the introduction of the water level term is of vital importance, as it modulates the starting and length of the mixing zone. On the other hand, the length of the stratification zone is difficult to estimate accurately, since it is highly dependent on the tidal cycles. Therefore, the distribution of the stratification zone in the Suances estuary fundamentally varies as a function of river flow and sea level similar to that found in Costa et al. (2023) or Robins et al. (2016).

In the Suances estuary, the mixing is actively dynamic and occurs along its entire length, with more mixing at certain locations. Figure 9 shows the residual velocity (black arrows) and density profiles at the longitudinal section (see A-A’ section in Figure 1) for the year 2020 (Figure 9A), and the differences in the residual velocity and density between the 2020 base year and the projected scenarios: 2050 RCP 4.5 (Figure 9B), 2050 RCP 8.5 (Figure 9C), 2100 RCP 4.5 (Figure 9D), and 2100 RCP 8.5 (Figure 9E).




Figure 9 | (A) Residual velocity (black arrows) and density profiles (white lines are the isodensity contours of 1002, 1005, 1010, 1015, 1020, and 1025 kg/m3) at the longitudinal section (A-A’ section) for the year 2020. Differences in the residual velocity and density profiles (white lines are the isodensity contours from -5 to 5 kg/m3) between the 2020 base year and the projected scenarios: (B) 2050 RCP 4.5, (C) 2050 RCP 8.5, (D) 2100 RCP 4.5, and E) 2100 RCP 8.5.



Mixing and stratification in the Suances estuary are strongly modulated by tidal cycles, especially at low flows. However, at high flows, the tide takes second place since the inflow of a large amount of freshwater flushes the stratification zone to the estuarine mouth. However, analyzing the annual averages of densities and velocities of the year 2020, the residual current tends to flow out towards the estuary, mainly due to the asymmetry of the tide and the river flow. On the other hand, it can be observed how the density generates gradients that originate small stratifications in the estuary, located between km 4 and 8. Nevertheless, in the projected climate change scenarios, a density increase is observed at the middle and lower parts of the estuary, from 1 to 5 kg/m3. Furthermore, the residual velocities may tend towards a higher intrusion.

These results are in line with the results found by Liu and Liu, 2014; Duvall et al., 2022; Pereira et al., 2022 and Costa et al., 2023, where the increase of salinity intrusion in the estuaries is reported due to sea level rise. It is important to point out that the salinity and density in the Suances estuary are strongly related and the changes in temperature will be minimal as shown in Table 3. These changes in the mixing and stratification of the water column condition the salinity intrusion, affecting the wildlife residing in the estuary (Hallett et al., 2018) and the activities taking place around these ecosystems (Weatherdon et al., 2016).

Finally, it is necessary to address that the studies presented in this work have certain assumptions and limitations, so it is necessary to take the results obtained with caution. On the one hand, variability in physical forcing mechanisms is a large source of uncertainty regarding future changes in density stratification (Duvall et al., 2022). On the other hand, the morphological evolution of the estuary has not been considered, which due to sediment input/withdrawal over the years could modify the estuarine bathymetry, and consequently, could alter the mixing and stratification patterns observed in this study. Finally, it should be noted that the model has been used to examine four specific climate change scenarios. These are not real and should not be treated as such. They represent narratives of what might happen and any modeling that uses them is similarly just examining the possible outcomes of a particular narrative (scenario).




5 Conclusions

A high-resolution 3D hydrodynamic model has been implemented, calibrated, and validated in the Suances estuary, offering a high level of detail and reliability about the estuarine circulation. First, the year 2020 has been modeled using the following forcings: sea (level, temperature, and salinity), atmosphere (precipitation, air temperature, relative humidity, and solar irradiance), and river (flow and temperature). Based on the 2020 forcings conditions, their time series have been adapted to the climate change forecasts for the years 2050 and 2100, taking into account the RCP 4.5 and RCP 8.5 scenarios. Next, the four climate change scenarios have been modeled to analyze the alterations in the competition between mixing and stratification in the water column by means of the calculation of the Potential Energy Anomaly (PEA).

The Suances estuary presents a high spatiotemporal variability in its vertical structure, with the tide playing a leading role in modulating the overall fluctuations. Most of the time, the stratification zone is located between km 4 and 8, varying according to the flood and ebb tides. However, during high-flow river events, the tide plays a secondary role since the fluvial input moves the estuarine water toward the estuarine mouth. Accordingly, the influence of the river is extremely important in the estuary since the higher the flow, the shorter the length of the stratification zone, and the larger the displacement of the stratification zone towards the outside of the estuary.

Regarding the changes in climate change predictors, an increase in air temperatures and a decrease in precipitation is expected in the study area. For the scenarios modeled, extreme fluvial events are more significant in the 2050 scenarios, whereas in the 2100 scenarios a reduction in fluvial flows will reduce the estuarine buoyancy input. For sea conditions, the sea level rise and, to a lower degree, the density changes in the water flows (due to the increase in water temperature and the salinity changes) can be directly related to the displacement of the stratification zone upstream of the estuary. This phenomenon, aided by the decrease in river flows, facilitates the entry of seawater into the estuary, i.e., the saline intrusion is larger with the associated stress this could cause to local ecosystems. Moreover, this effect will tend to increase the intensity of stratification upstream of the estuary and decrease downstream as time and climate scenarios progress.
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