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Abstract

:

Estuaries are transitional environments with ideal conditions for port construction and navigation. They represent a challenge to hydrographic services due to the dynamics of the seabed and the tidal wave deformation. The bottom slope, the convergence of the channels, and the nonlinear effects produced by the bottom friction produce variation in both the tidal range and the location of the chart datum (CD). In this study, sea level data series obtained from the nodes of the mesh of a hydrodynamic model (virtual tide gauges) were used to calculate the harmonic constituents, form factor, asymmetry, and estuary type. The final chart datum surface, obtained from the hydrodynamic model, was used to determine the separation values between zones and also the number of tidal zones in an estuarine system. It was found that in a complex hydrodynamics scenario, the use of the ellipsoidal referenced surveying (ERS) method is more convenient than traditional tidal zoning survey. In the ERS method, once the CD model is complete, it must be attached to the ellipsoid directly. Finally, the variation of the CD in different scenarios (due to anthropogenic action) was assessed.
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1. Introduction


Estuaries are complex transitional environments [1], as they constitute the interface between ocean and river environments as well as marine and terrestrial systems. As a result, they provide a significant variety of physical, chemical, and geomorphological environmental conditions [2,3]. They are ideal locations for the construction of ports, harbors, and shipyards, since they provide appropriate conditions for navigation, maneuvering, and the sheltering of ships [4,5].



Estuaries represent a unique challenge for hydrographic services due to the dynamics of the seabed and the variation of the tidal wave, which is generated in the ocean, crosses the continental shelf, and reaches the estuaries [6]. The bottom friction, full and partial reflection, geometry, and seasonal river discharge of the estuaries determine the tidal range, the magnitude of the tidal currents, and the importance of the harmonic constituents of the tidal wave [7,8]. Characterization of the tide (amplitude and phase patterns of the main tidal constituents, form factor, and tidal asymmetry) provides important information for hydrographic activities. Tidal distortion influences navigability in estuarine channels and the geomorphological evolution of estuaries [9]. Characterization of the tide could be done by a hydrodynamic modelling or data-driven approach (DDA) [10]. The hydrodynamic models produce a numerical solution of one or more of the governing differential equations of continuity, momentum, and energy of fluid [11,12], while the DDA helps us to find coherent patterns of temporal behavior that could be used to characterize physical processes [10].



The determination of the chart datum (CD) is also derived from the characterization of the tide. The CD is the reference level to which the depths refer (level = 0), and it is used for the tide correction in a hydrographic survey. Due to the varying tidal characteristics, a large number of implementations of CD exist, such as mean lower low water springs (MLLWS), mean lower low water (MLLW), mean low water (MLW), low water (LW), lowest astronomical tide (LAT), and mean low water springs (MLWS) [13]. The spatial variation of the tidal range and the bottom slope in rivers [14] causes a change in the location of the CD. For example, in Ecuador, the variation of the CD between two stations located 75 km apart along the coast is 0.02 m, while along the access channel to the main port of Ecuador, the change of the CD between two stations separated by the same distance is 0.8 m.



In a hydrographic survey for tidal correction, two methods could be used: First, tidal zoning (TZ) rests on the assumption that the water level in a zone has a fixed magnitude and phase relationship to the measured water level at a nearby tide gauge station (TGS). However, this method has known inaccuracies, and it produces a discontinuity when crossing from zone to zone [15]. Zoning uncertainty can be reduced by increasing the number of stations in the survey area [16]. Second, ellipsoidal referenced surveying provides a direct measurement of the sea floor to the ellipsoid, as established by Global Navigation Satellite System (GNSS) observations, and a translation of the reference from the ellipsoid to the geoid and/or a CD [16].



The development of continuous hydrographic datums has been a topic of interest in the international hydrographic community [17]. The UK Hydrographic Office sponsored the Vertical Offshore Reference Frames project [18], with the aim of providing a global surface of LAT. This project takes a large-scale approach, merging offshore satellite altimetry with hydrodynamics and a large database of tide gauge records [18,19]. A global LAT surface was determined by an optimized thin-plate interpolation procedure (TPS) using a global coastline, the global ocean tide model DTU10 (0.125° resolution), and a tide gauge database.



The VDatum application was developed by the National Ocean Service (NOS) for transforming bathymetric/topographic data among 28 tidal, orthometric, and ellipsoidal vertical datums [20,21]. VDatum does not include either large-scale hydrodynamic models or satellite altimetry offshore models [17]. VDatum requires high-resolution bathymetric and shoreline data gathered in the region of interest and hydrodynamic models to simulate tidal propagation. The results are used to compute tidal datums fields. These modeled tidal datums are compared with the observed tidal datums, and the model–data differences are spatially interpolated using a Laplacian interpolation [20].



The Canadian Hydrographic Service is leading the Continuous Vertical Datum for Canadian Waters project. The main goal of this project is to develop continuous separation surfaces (SEPs) between traditional hydrographic datums and the Canadian Spatial Reference System. This is achieved through the selective integration of both model and observational datasets. The vertical separation model is one of the main issues to fix in order to carry out ellipsoidal referenced surveying [16,17].



All these actions represent a big step towards the use of ERS. Even though interest in the use of ERS has increased, the traditional tidal zoning method is still widely used. In this study, a survey was carried out on the members of the Southeast Pacific Regional Hydrographic Commission and Brazil. It was found that all these countries use the tidal zoning method in coastal zones, and some of these countries use ERS in very specific areas.



In an estuary, if the convergence is stronger than the friction, the tidal wave is amplified; if the friction is stronger than the convergence, the tidal wave is damped [22]. Therefore, the tide amplitude could considerably change along the estuary. In this scenario, the tidal correction that is made in a hydrographic survey becomes complicated, since if we use the traditional TZ method, the number of TGSs must increase to adequately represent the shape of the CD and reduce the uncertainty. An excessive number of tide stations would cause a logistical problem. On the other hand, if the ERS method is used in a medium where hydrodynamics becomes complex, a reliable way to determine the separation model must be found.



Hydrodynamic models are valuable tools to simulate the currents, water levels, temperature, and salinity of the flow through an estuarine system [23]. Their accuracy and reliability depend on the correctness of the setup of boundary conditions, bathymetry data, the mathematical representation of physical processes, numerical algorithms, the representation of the bathymetry on the grid and driving forces, calibration, and validation analysis [24,25]. In estuarine waters, a high-resolution hydrodynamic model can be used to simulate the sea level elevation and to compute the tidal data in each node of the grid [21]. The values of CD could be used in both methods of tide correction.



The aim of this study is to use a hydrodynamic model to: characterize the tide of a tropical estuary; determine the form of CD; evaluate the suitability of the use of ERS in this environment, where the tide is affected by the effects of convergence and friction; and assess the behavior of the CD in different scenarios, modifying the configuration of the model.




2. Study Area


The Gulf of Guayaquil covers an area of 12,000 km2 and forms the largest estuarine ecosystem on the Pacific coast of South America [26]. It is located mostly in the coast of Ecuador and a small part in the coast of Perú. More than 20 rivers flow into the Gulf of Guayaquil, generating a total basin area of 51,230 km2. The basin of the Guayas River is the largest and drains an area of 32,800 km2. It is also the most significant source of freshwater in the Gulf [27,28].



The Gulf of Guayaquil is naturally divided into an outer estuary and an inner estuary. The outer estuary originates near the western side of Puna Island (80°15′ W) and ends along the 81° W meridian, while the inner estuary extends from the tide mark of the Guayas River to the north coast of Puna Island [27,28]. Within the inner estuary, three sub-estuaries can be distinguished, although there are no defined limits among them: the Guayas River estuary, which is mainly influenced by the river of the same name; the Estero Salado, located on the west side, which lacks local freshwater sources and receives wastewater, mostly from the city of Guayaquil; and, to the east, the Churute estuary, which receives freshwater discharges from the Churute and Taura rivers [28], as shown in Figure 1.



The port of the Guayaquil city, located in the Estero Salado, is the most important port in Ecuador, and together with the port terminals situated in both the Guayas River and in the Estero Salado, manages approximately 80% of the non-oil dealer cargo nationally [29]. The design draft of the access channel to the maritime port is 7.5 m under any tide condition and 9.75 m during high tide. In the outer estuary, the tidal range varies from 1.5 m at neap tides to 2.3 m at spring tides. In the inner estuary, the amplitude increases gradually from 2.5 m to 3.6 m near the city of Guayaquil and the maritime port [30].




3. Methods


3.1. Hydrodynamic Modeling


To model the variation of the water level in the estuarine system, The Delft3D-Flow module of the open-source model Delft3D was used. The Delft3D-FLOW module solves the nonlinear three-dimensional (3D) or two-dimensional shallow water equations (averaged depth, 2DH). For this study, the 2DH formulation was utilized [23,31].



For the simulation, a structured mesh of 517 × 297 (153,549 nodes) was constructed. The cell size varied from 95 to 260 m in the inner estuary and from 260 to 3200 m in the outer estuary. This mesh covered both water bodies and mangrove zones. The model domain contained open boundaries at the seaward and landward ends. Landwards, the model has two open boundaries, which are the discharge areas of the Babahoyo and Daule rivers, as shown in Figure 2. The rivers’ discharge data were obtained from the hydrological information of the Meteorology and Hydrology Institute. The seaward boundary extension is 146 km. This boundary was subdivided into four segments of approximately equal lengths to analyze the behavior of the harmonic constants along the main channels in the study area. The tide information for these segments was obtained from the TPXO 7.2 global model [32].



The bathymetric surface in the inner estuary was obtained with the following surveys: two single-beam echosounder bathymetry surveys (SBES) carried out in the Estero Salado and Guayas River in 2009, at a scale of 1:5000; a SBES carried out in the small channels, located between Estero Salado and Guayas River, in 2005 at scale 1:4000; and several SBES carried out in the Jambelí channel between 2005 and 2014 at different scales. For the outer estuary, the bathymetry was compiled from some SBESs, nautical charts IOA 107 and 108, and SBESs collected by the US National Oceanic and Atmospheric Association. The land elevation was obtained from a combination of the SIG TIERRAS digital elevation model (DEM) and SRTM 1 arcsecond global elevation. The SIG TIERRAS DEM has a spatial resolution of 4 m2 [33]. Both bathymetric and land information were in reference to the mean sea level.



For the calibration of the hydrodynamic model, information from 12 TGSs from 1984 was used, as shown in Figure 1. These stations were installed by the Oceanographic Institute of the Navy as part of a project to study the causes of sedimentation in the navigation channel [30]. This year was chosen as it was the only period when water levels were measured throughout the entire estuarine system for one year, which allowed us to gain a clearer idea of the results of the model calibration. The 2009 information of the sea level elevation from the available TGSs was used to validate the model.



The time step selected for the simulations was 0.5 min. The parameters used in the model calibration are the bottom stress, represented in the Manning–Chezy formulation, and the horizontal eddy viscosity and diffusivity. In this calibration, a mesh with different values of eddy viscosity and diffusivity was used. To calculate the value of the eddy viscosity in each node mesh, the equation νH=K*Δx*uch was used, where Δx is the size length, uch is the typical speed, and K is a calibration constant, the range of which is from 0.05 to 0.15. The horizontal eddy diffusivity is calculated with: DH=νHσt, where σt is the Schmidt number, the range of which is from 0.7 to 1.



Several simulations with a period of four months were performed, adjusting the Manning coefficient, calibration constant, and Schmidt number to optimize the adjustment between the model results and the observations of the sea surface level. The percentage variation of the root-mean-square error (%RMSE) (Equation (1)) and the Skill criterion (Equation (2)) were used to calibrate the model:


%RMSE={1No ∑i=1No[ζo(ti)−ζp(ti)]2}12ΔR



(1)




where ζo(t) and ζp(t) are the observed and predicted water levels, respectively, No is the number of observations made, and ΔR is the tide range. When the %RMSE is less than 5%, the calibration is considered excellent; when it is between 5–10%, it is considered very good [9].


Skill=1−∑[ζp−ζo]2∑(|ζp−ζo¯|+|ζo−ζo¯|)2



(2)







Skill is based on the coincidence between the observed and modeled values, as shown in Equation (2). A Skill score equal to 1 corresponds to a perfect forecast; excellent, when Skill > 0.65; very good, 0.5 < Skill < 0.65; good, 0.20 < Skill < 0.5; poor, Skill < 0.2 [34,35]. The model is equal to the mean of the observations when the Skill score is 0 [9].




3.2. Tide Characterization of an Estuary


Tidal dynamics in an estuary are very complex. The analysis of the behavior of the main astronomical constituents along the estuary becomes fundamental to understanding the factor ruling its tidal dynamics. In this study, we follow a widely used approach to determine and analyze the amplitude and phase patterns of the main tidal constituents as well as the form factor and dominance type [9,36,37]. For this analysis, the semidiurnal harmonics M2, N2, and S2, which are the most energetic both in the continent and estuaries (they contain approximately 75% of the tidal signal) [36], were chosen. The diurnal constituents K1 and O1 and the overtide constituents M4 and M6 were also selected for this study [38]. The analysis of these constituents allows us to determine several important indicators of the tide, such as form factor, tide asymmetry, and ebb/flood dominance.



3.2.1. Analysis of the Harmonic Constituents in the Tide Gauge Stations and Each Mesh Node of the Hydrodynamic Model


The variation of the tide height can be expressed as follows [39] (Equation (3)):


η (t)= Ao+∑j=1mfjajcos⎡ωjt+(v+u)j−gj⎤+B



(3)




where η (t) is the water level at time (t); Ao is the mean sea level over a certain time period; m is the number of constituents; fj is the nodal amplitude factor; aj is the local tidal amplitude of a constituent; ωj is the frequency of the constituent j; (v+u)j are nodal and Greenwich arguments for tidal constituent j; gj is the epoch (phase lag) of tidal constituent j relative to the moon’s transit over the tide station; and B = ∑Bj+errors is the change of the water level induced by other dynamic factors [7,37].



The tide gauge records of the year 1984 were used in order to calculate the harmonics in the TGSs. In the mesh nodes for harmonics analysis, the sea surface elevation obtained from four months of simulation was used. This period of time was selected since for harmonic analysis, the minimum observation span considered is the hourly height readings over one lunar month, i.e., about 29.5 days [18].



The amplitude and phase values of the harmonic constituents of both the gauge stations and the nodes in the grid were calculated with the software T_tide [40], which is based on a classical tidal harmonic analysis method [17]. The main harmonics of the observed data and model results were compared [9].




3.2.2. Form Factor


The form factor (F) was used to determine the type of tide in the estuarine system. It is defined as the ratio between the diurnal constituents (K1, O1) and semidiurnal constituents (M2, S2) (Equation (4)):


F=O1+K1M2+S2



(4)







If F < 0.25, the tide is semidiurnal; if 0.25 < F < 1.5, it is a mixed tide, mainly semidiurnal; if 1.5 < F < 3, it is a mixed tide, predominantly diurnal; and if F > 3, it is a diurnal tide [9,41].




3.2.3. Tide Asymmetry


The asymmetry of the tide is often described by the difference or relationship between the duration of the rising tide (flow) and the descending tide (ebb). If the flood period is shorter, the asymmetry of the vertical tide is flood-dominant. If the ebb period is shorter, the asymmetry is ebb-dominant. The reasoning behind this is that a shorter flood duration implies stronger flood velocities (peak) and therefore higher transport rates in the flood direction, or vice versa [42].



The asymmetry of the tide is induced by the nonlinear propagation mechanism of the tide [9]. Asymmetry is commonly described as the distortion of the tidal wave. The dominant constituent is M2, and M4 is the main constituent of the harmonic M2 and is mainly generated by nonlinear interactions [38]. The nonlinear transfer of energy by friction, continuity, and advection intensifies M4 and other overtides. The constituent M4, along with other harmonics of a higher order, is responsible for the distortion of the tidal wave. M4 has also been found to be the main contributor to the distortion of tides in coastal areas [43].



A comparison of the constituent M4 and the constituent M2 can be used as an indicator of the degree of distortion and asymmetry of the tides. The degree of distortion caused by the constituent M6 must also be considered, because M6 is important in the bottom friction effects analysis [9]. Friedrichs and Aubrey [43] proposed Equations (5) and (6) to describe the tide:


ArM4=M4ampM2amp; ArM6=M6ampM2amp



(5)




where Ar  is the amplitude ratio; ArM4 > 0.01 indicates a significant distortion in the tide wave.


∅M4=2θM2−θM4; ∅M6=2θM2−θM6



(6)




where θ shows the phase. For both ∅M4 and ∅M6, if 0°<∅M<180°, the flow is flood-dominant. If 180°<∅M<360°, the flow is ebb-dominant. This relationship is an indicator of sediment transport. If the estuary is flood-dominant, the transport of sediment is towards the interior of the estuary. In contrast, if the estuary is ebb-dominant, sediment tends to be transported out of the estuary.





3.3. Chart Datum Determination


The CD is the plane of reference to which soundings and drying heights on a chart are referred. It is usually taken to correspond to a low water stage of the tide [44]. Each country has its own level of reduction. In the case of Ecuador, the MLWS is the CD used. The MLWS is the average height of the low waters of spring tides during a time period [45].



A one-year water level prediction was carried out with the values of the harmonics, both in the gauge stations and in the mesh nodes of the hydrodynamic model. The T_tide software was used for these predictions. The CD in each tide gauge station, as well as for each of the nodes of the grid, was calculated using Equation (7):


CD= ∑i=1nLWSin



(7)




where LWS is the low water at the time of spring tide i, and n is the number of low water tides at the time of spring tide over a period of one year. The information of the CD in each node of the mesh was interpolated using the inverse distance weighting (IDW) method. A 2D surface of the CD was obtained.



Hydrodynamic models are very sensitive to bathymetric information [46]. For this reason, even though a suitable calibration of the hydrodynamic model is reached, the magnitudes of the CD could be underrepresented or overrepresented when contrasted with the CD of the tide gauges. The offset of the CD was calculated by subtracting the value of the CD in the tide gauge from the modeled CD. The values of the offsets were spatially interpolated through the entire mesh using the tension spline method. These corrections were then added to the original CD surface so as to provide a more accurate representation of the CD:


 CDF=CDO+ εM



(8)




where CDF is the final CD surface;  CDO is the original CD surface, computed using the data obtained from the hydrodynamic model; and εM are the modeled offsets. This surface was validated with TGSs located in both the Estero Salado and Guayas River. These stations were not used in the determination of the surface corrector.




3.4. Assessment of the Tide Correction Methods


In the hydrographic surveys, the charted depth or reduced depth (D) is calculated by taking four components into consideration, as shown in Equation (9):


D = OD − H + dyn_draft − WL



(9)







The observer depth (OD) is obtained by measuring the echo-sounder, to which a series of corrections are made; the dynamic draft (dyn_draft) considers the squat, draft, and load variation; heave (H) considers the vertical movement of the vessel; and the water level (WL) represents the water height over the CD, as shown in Figure 3a.



The uncertainty associated with the charted depth is calculated by the law of propagation of variance, combining the individual variance of each component [47] (Equation (10)):


σD2=σOD2+σH2+σdyn_draft2+σWL2



(10)




where σOD2 is the total variance associated with the observed depth, σdyn_draft2 is the total dynamic draft uncertainty, σH2 is the total variance of the heave, and σWL2 is the total variance associated with the water level. The uncertainty value of the CD is a subcomponent of the σWL2. The International Hydrographic Office (IHO) [48] and NOS [49] manuals establish that the allowable error contribution for tides and water levels to the total survey error budget typically falls between 0.20 m and 0.45 m. The total error of the tides and water levels can be considered to have component errors of: (a) the measurement error, which should not exceed 0.10 m at the 95% confidence level; (b) the error in the computation of first reduction tidal datums and for the adjustment to 19-year periods for short-term stations; and (c) the error in the application of tidal zoning. Estimates for typical errors associated with tidal zoning are 0.20 m at the 95% confidence level. However, errors for this component can exceed 0.20 m if tidal characteristics are very complex.



One of the main challenges in hydrographic survey planning in an extensive and complex estuarine area is to determine the places where the principal and secondary tide gauges should be installed in order to reduce the water level uncertainty. In a hydrographic survey, the number of TGSs will depend on the tide correction method selected.



For the tidal zoning method, the number of TGSs is linked to the shape of the CD. If the CD shape is too complex, more tide gauges will be needed to reduce the uncertainty. However, in most cases, due to logistical limitations, not enough TGSs can be installed to provide direct control over all areas of a hydrographic survey [16]. Standard procedures for determining how far one tide station should be installed from the other in an estuary have not been developed. However, some hydrographic services have established an empirical specification based on the maximum variation of the CD between zones. For instance, the Directorate of Hydrography and Navigation has established the maximum difference between zones as 0.10 m [50].



In this study, the approach to reconstruct the river flow and determine the number of scenarios [51] was adapted to define the number of tidal zones in the estuaries. The CD profile of the navigable channels was extracted from the final CD surface. The CD values of the profile were grouped into n groups of CDs in order to reconstruct the profile. The higher the numbers of the groups, the more similar the reconstructed CD profile to the original profile. Thus, it is important to select a minimum number of CD groups. In this assessment, the evaluation of the correlation between the original CD profile and the reconstructed CD is proposed using the %RMSE as it is defined in Equation (1). The similarity between the original and the reconstructed CD can be qualified as good if %RMSE has a value between 5–10% and excellent for an %RMSE lower than 5%. Since, in the study area, at least a first-order hydrographic survey is required, a %RMSE value of 5% was selected.



The ERS method uses high-accuracy vertical GNSS and transformation models to replace traditional tidal correctors [16,52]. This method requires the definition of three models: ellipsoid, CD, and geoid, as shown in Figure 3b. The key aspects of this method are to determine the CD to geoid separation (N) and the height of the CD above the ellipsoid reference, i.e., separation surface (SEP) [52,53]. Figure 3b represents the three surfaces and the separation between the surfaces.



For small survey areas, a single value of the geoid/ellipsoid (N) separation and SEP, calculated at a tidal benchmark, could be sufficient. When working in a large survey area or areas with complex tides, one cannot treat the SEP as a constant, since the CD to geoid models become more complex [52]. To use ERS in these types of areas, Mills and Dodd [16] suggest three methods: the first method uses SEP observations at multiple locations around the survey area and interpolates between them; the second looks at a refinement of the first method, where the interpolation of the SEP between gauge locations is performed using a geoid model. The third method establishes the use of a hydrodynamic model to compute the different tidal data. In this study, the first and third methods will be assessed. To analyze the first method, CD surfaces will be constructed by interpolating the CD values obtained from both the tide stations and the tide points of the open contour condition using the IDW and tension spline (TPL) interpolation methods. The CD profile of the navigable channels will be extracted from these surfaces. The similarity level between these profiles and the profiles obtained with the CDF will be calculated using the %RMSE criteria.




3.5. Chart Datum in Different Scenarios


In addition to helping us solve the problem of CD, the hydrodynamic models help us to evaluate flooding events, coastal ecosystem responses to sea level rise, marine boundaries [25], and the impact of anthropogenic action in the aquatic habitats [54]. Some of these factors also affect the surface of the CD. In this study, two scenarios produced by the actions of human activities will be analyzed.



Scenario 1: Climate change represents a hazard to Guayaquil City, located in the north of the study area. Several solutions have been proposed for preparing Guayaquil against floods, which might occur in the future [55]. One of the solutions considered was the construction of a barrier in the Guayas River to reduce water levels and salt intrusion [55]. The effect that this barrier has on the CD surface will be evaluated.



Scenario 2: Mangrove trees could be present in tropical estuaries. The roughness of mangrove trees is much greater than that of mudflats and marshes [56]. An increased roughness coefficient of the riverbed reduces flow velocity and raises water surface levels [57]. Thus, the coverage alteration of the mangrove forest affects the CD surface. In the study area, the expansion of shrimp farms and city sprawl has led to the loss of 24% of mangrove coverage [58]. In this study, we will compute the effect in the CD if the mangrove coverage is removed from the estuarine system.





4. Results and Analysis


4.1. Simulation and Calibration of the Hydrodynamic Model


The best model results were achieved with a calibration constant and Schmidt number of 0.05 and 0.7, respectively. The Manning coefficient value selected for the mangrove swamp was 0.15, 0.0205 for the Estero Salado and Cascajal Channel, and 0.0195 for the Guayas River. The simulated water surface fluctuations at the four stations (B, G, H, and J) are compared with the observed data, as shown in Figure 4.



Table 1 shows the final calibration and validation values of both the %RMSE and the Skill score. Both parameters range between excellent and very good, which indicates that the model adequately simulates the sea level.




4.2. Harmonic Constituent Analysis


Figure 5 shows the amplitude values of the main harmonic components calculated with the observed (square) and modeled (circle) time series. The stations located in the Estero Salado (B, C, D, F, and G), as well as those situated in the Guayas River (I, J, and K), show values of the constituents that are quite similar.



In Figure 6a, the behavior of the main constituents along the estuarine system can be observed. In the Estero Salado, the amplitude of M2 increases considerably from its mouth (at kilometer 50), while N2 and S2 increase gradually. The semidiurnal harmonics increase as the tidal wave enters the estuary, and the percentage increase of M2 is 82%. The amplitude of the overtide M4 decreases slightly, after the entrance of the tidal wave into the estuary, and later increases. M6 has a greater amplitude than M4 from the mouth of the estuary until approximately km 80, where it suddenly falls and then increases quickly. The generation of M4 is essentially due to the nonlinear effects in the continuity equation and the depth effect on the bottom friction, while M6 is mainly forced by bottom friction [9,59]. Figure 6a suggests that bottom friction is dominant from the mouth of the Estero Salado to the D station. The diurnal constituents show a slight growth from the mouth of the Estero Salado.



In the Guayas River (Figure 6b), the semidiurnal harmonics M2 and S2 increase from the shelf towards the interior of the river. Harmonic N2 has its maximum value near km 100 and then decreases. The M4 and M6 harmonics increase towards the interior of the Guayas River. The diurnal K1 harmonic has its maximum value near 100 km.



Both the amplification and damping of the tide in an estuary depend on the convergence of the banks and friction. If the effect of the convergence is greater than that of the friction, the tidal wave will be amplified. When the friction is greater than the convergence effect, the wave is attenuated [22,60]. Figure 7a, shows the harmonic M2 increase in magnitude along all the channels and shows a reduction in the mangrove area and in the shoal areas of the Cascajal Channel. This means that in the channel zones, the effect of convergence is more important, while in the mangrove zone, the effect of friction is greater.



In Figure 7b, it is observed how the phase of the harmonic M2 is strongly modified, which causes the propagation of the tidal wave to be delayed upstream due to the convergent morphology of the estuarine system and the variation of the water depth. These factors produce variations in the bottom friction, inducing a reduction in the propagation speed of the tide. In Figure 7b, it is observed that the phase near the entrance to the Estero Salado is ~130°, and in station G, it is ~175°, which means that the delay of the harmonic wave M2 is 1 h 33 min (~45°). This value is smaller than the delay of the tidal wave, which is 2 h 25 min.




4.3. Tide Characterization in the Estuarine System


The form factor was calculated in each node of the mesh. The main and secondary channels have a semidiurnal tide, while in the mangrove area, zones with semidiurnal and mixed tides were found, as shown in Figure 8.



From Figure 9a, it can be seen that the Guayas River has higher values of asymmetry than the Estero Salado. The asymmetry difference indicates that the bed of the river has greater dynamics than the bed of the Estero Salado. From the analysis carried out in each TGS, it was determined that, except for stations A and G, the stations show a flow-dominant estuarine system. Figure 9b shows the analysis of the estuary type using the phase values of the harmonic constituents obtained in each node of the mesh. It is observed that the estuary system is mainly flood-dominant, which means that sedimentation mostly occurs towards the interior of the system. The ∅ values of stations C and G do not coincide with the analysis conducted at each tide gauge station.



Both the flood type and tidal asymmetry of an estuary have an effect on the navigability, due to their influence on the processes of erosion and accretion of the seabed. This has a direct consequence for the determination of both the critical depth [9,43] and the periodicity of hydrographic surveys.



In this case study, the results of the flood type and tidal asymmetry show that the Guayas River would present the most significant sedimentation problems. Therefore, hydrographic surveys should be carried out more frequently in this water body, with greater detail in the observations of sea level. Therefore, both asymmetry and type of flow could be used as new factors to estimate hydrographic risk [61].




4.4. Chart Datum Surface


In Figure 10a, the gray circles indicate the lowest low water during each spring period in a year, while the solid black line represents the MLWS or the CD for station B. This value is not constant along the estuary due to the convergence, which amplifies the tidal wave, so the location of the CD changes in each tide station.



Table 2 shows the difference between the modeled CD surface and the CD of the tide gauges. The mean value of the CD offset is −0.204, and the standard deviation is 0.11. In the outer estuary (station A), the model calculates the vertical position of the CD accurately. In the inner estuary, the model underestimates the CD surface at all stations. The TGS offset grows from the inlet to the upper estuary in the Estero Salado. In the Guayas River, the offset values are similar.



There was some uncertainty regarding the data recorded at station E. For this reason, this station was not used to generate the offset surface in order to correct the original CD surface. Figure 10b shows the offset surface, and Figure 10c shows the CDF surface. The tension spline method generates a surface with offset values that make the surface pass exactly through the control points. Two temporal stations installed in 2009 were used to validate this surface.



Both the modeled CD profile and the adjusted CD profile along the navigable channel in the Estero Salado, Cascajal Channel, and Guayas River are shown in Figure 11a–c. The black square represents the values of the CD obtained in the tide gauge station used to generate the offset surface and to calibrate the model. The black circles in Figure 11a,c represent the CD of the tide gauge used to validate the model. The difference in the CDs of these two TGSs with the adjusted CDF surface was ~7 cm.



It can be noted that the CD has neither a straight slope shape nor a zoning form. The real CD shape is a slightly negative slope with an undulating surface, due to the combined effect of the friction and the convergence that amplifies the tide.




4.5. Assessment of the Tide Reduction Methods


Through an iterative process, the value of n ~6 in the three water bodies was determined, as shown in Figure 12a. The bin width (Figure 12b) gives us the difference value between tidal zones. Due to the complexity of this estuarine system, three separation values between tidal zones have been found: Estero Salado = 0.19 m; Cascajal Channel = 0.11 m; and Guayas River = 0.049 m.



If the separation value determined for the Estero Salado were selected for the entire estuarine system, the shape of the CD in the other two bodies of water would not be reproduced adequately, and errors would therefore be introduced into the final depths. If the value determined for the Guayas River were selected for the entire estuarine system, an excessive number of tidal zones in the Estero Salado and Cascajal Channel would be established. Thus, the hydrographic survey will require an excessive logistical effort.



Using the tidal zoning method, the Estero Salado and Cascajal Channel will require six tidal zones, while the Guayas River will require ~14 tidal zones, as shown in Figure 11c. For this reason, the establishment of tidal zones for hydrographic surveys of special and first orders is not very suitable for areas with complex tidal characteristics, due to the logistical effort that is required to install a network of tide gauges allowing for the proper reconstruction of the CD. Therefore, it would be convenient to consider the use of ERS for this type of environment.



In order to use the ERS method, once the CD model is complete, it must be attached to the ellipsoid. In order to do this, GNSS data must be collected at tide station sites to determine the separation between the CD and ellipsoid. Additionally, the difference between ellipsoid and geoid must be determined, and then that between geoid and mean sea level, which is the reference level of the hydrodynamic model. If a hydrodynamic model is not available, to solve the SEP problem, the CD can be calculated by the interpolation from the CD of the different tidal gauge stations. Figure 13a–c shows the CD profiles calculated from both the hydrodynamic model and interpolation with the IDW and TPL methods.



Taking as a reference the CD calculated with the hydrodynamic model, Table 3 shows the differences between the CD profiles. The %RMSE values of the CD profiles obtained with the IDW and TPL interpolation methods are close to 5%, so it can be established that in these channels. The interpolation methods give a good level of reliability. However, in the Guayas River, the %RMSE increases to 23–33%, with a maximum difference between the surfaces of 11–17 cm, reducing the level of reliability.



In regions with complicated hydrodynamics, the use of hydrodynamic models to solve the SEP problem for an ERS survey is appropriate to reduce vertical uncertainty. The use of interpolation methods is an option that must be evaluated in each specific place. Once a suitable CD model is determined, tide stations will only be required as a backup for quality control and redundancy.




4.6. Evaluation of the CD in Different Scenarios


Figure 14 shows the CDO profiles of the navigation channels in the current situation and the two scenarios, and Table 4 indicates the variation, in meters, between the current situation and both scenarios.



In Scenario 1, the barrier is situated downstream of Guayaquil City, at location A, as shown in Figure 14a. The CD has a different behavior upstream of the barrier than in the rest of the estuary (Figure 14b–d). Upstream, the CD rises to an average of 1.2802 m and the tide levels decrease substantially. Below the barrier, the reflection effect produced by the barrier is observed [8,9]. The CD initially has a considerable deepening of around 0.33 m and then reduces to 0.14 m in the rest of the estuary. This scenario could have both favorable and unfavorable effects on navigation in the study area, as some of the ships that navigate these channels require the benefit of the tide to pass through critical areas. In the channels located in the Estero Salado and Cascajal Channel, navigation will benefit from the effect of the barrier, while navigation in the Guayas River will be severely affected, since one of the critical areas is located upstream of the barrier, where the CD rises and the tide levels are reduced.



In Scenario 2, when the mangroves are removed from the study area, the profiles of the CD rise along the entire estuarine system (Figure 14b–d), which means that in this scenario, the water levels tend to decrease. The range of the average variation of the CD in the three channels is from 0.0279 to 0.0111 m. Therefore, the withdrawal of mangrove coverage will have little effect on the CD.



The main use of the CD is in the navigation. Hydrodynamic models allow us to build a local or global continuous and seamless CD surface. This information is used to reduce the uncertainty of a hydrographic survey and produce a better bathymetric surface such us the navigation surface. Besides, the CD surface from hydrodynamic models can be used to improve the safety of navigation. The variation of the vertical position of the CD can be used as an indicator of the anthropogenic action in the navigation. If the CD goes upward, the tide levels are reduced, and vice versa.



Another main use is the international maritime boundary delimitation. The internal waters, territorial waters, and maritime zones are measured from the baselines. The base line can be normal, straight, or a combination of both. The baseline corresponds to low water [62]. The precise definition of the chart datum is crucial to define the low water line. The accuracy of the vertical datum depends on the length of the tidal records and the remoteness of the area to be delimited from the tide gauge stations [45]. Once the CD is calculated in the study area, either a geodetic/topographic or bathymetric survey could be used to calculate the low water for both straight and normal baselines.



The determination of the baseline has two main problems. First, some places are of difficult access. Therefore, both geodetic and bathymetric surveys cannot be carried out. Second, adjacent or opposite states may use different levels to establish their baselines; this could produce discontinuities [45].



The use of hydrodynamic models to establish the CD helps us to solve these problems. A suitable high-resolution grid along the coast can be used to determine the CD at each node of the grid. The baseline can be calculated by interpolating this information. We can produce both nationally and internationally seamless CD surfaces that would facilitate more effective sharing of vertical data to resolve problems of marine cadasters and claims to sovereignty [17].





5. Sources of Uncertainty in the Hydrodynamic Model


Hydrodynamic models have numerous sources of uncertainty. One of the main sources of uncertainty is the bathymetric information. Cea and Frech [46] showed that the calibration that incorporates bathymetric uncertainty could be significantly more efficient than a classic calibration based only on the adjustment of a bed friction coefficient.



In the study area, there are three problems related to the bathymetry. First, in the area located between the Morro, Cascajal, and Jambelí channels, there is an extensive sand and mudflat zone, as shown in Figure 1. There is no DEM for these areas, so in order to generate the elevation model for the hydrodynamic model, an interpolation using the expert criteria was carried out. Due to the difficulty of access (being surrounded by mangroves and water) and its extension for future works, the use of high-resolution Laser Imaging Detection and Ranging (LIDAR) surveys is recommended. The use of these technologies has improved the results of the hydrodynamic models [38].



Second, in the inner estuary, there are large intertidal zones covered by mangroves, and the DEM for these zones has not been validated.




6. Conclusions


The use of a hydrodynamic model allowed us to evaluate the change in the main harmonic constituents, form factor, asymmetry, and the type of dominance over the entire estuary. These parameters show that this is mainly a flood-dominant estuarine system, with important residual sediment transport, especially in the Guayas River.



If the tidal zoning method is chosen for tide corrections, the selection of a single value to establish the difference between tide zones could be inappropriate. To achieve a reliable representation of the three CD values in this estuarine system, one will be required for each channel. The ERS method is more suitable for these types of zones. Tidal zoning is acceptable in low-dynamic areas; however, in a complex hydrodynamic scenario, the ERS is likely to produce better results.



The anthropogenic action in the estuarine system could change the location of the CD. In Scenario 1, the variation of the location is minimal, while in Scenario 2, the location of the CD varies considerably. Therefore, the installation of a barrier in the estuary has a strong impact on its hydrodynamics, on the CD location, and in the navigation.
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Abbreviation




	Abbreviation
	Meaning



	CD
	Chart datum



	ERS
	Ellipsoidal referenced surveying



	DDA
	Data-driven approach



	MLLWS
	Mean lower low water springs



	LWS
	Low water spring



	MLLW
	Mean lower low water



	MLW
	Mean low water



	LW
	Low water



	LAT
	Lowest astronomical tide



	MLWS
	Mean low water springs



	MSL
	Mean sea level



	TZ
	Tidal zoning



	TGS
	Tide gauge station



	GNSS
	Global navigation satellite system



	TPS
	Thin-plate interpolation



	NOS
	National Ocean Service



	SEP
	The height of the CD above the ellipsoid reference



	SBES
	Single-beam echosounder bathymetry surveys



	DEM
	Digital elevation model



	%RMSE
	The percentage variation of the root-mean-square error



	ζo
	Observed water levels



	ζp
	Predicted water levels



	ζo¯
	Average observed water levels



	ΔR
	Tide range



	No
	The number of observations made



	η (t)
	Water level at time t



	Ao
	Mean sea level overt a certain time period



	f
	Nodal amplitude



	a
	Local tide amplitude



	ω
	Frequency of the constituent



	v
	Nodal argument



	u
	Greenwich argument



	g
	Phase lag



	B
	Change of the water level induced by other dynamic factors



	F
	Form factor



	Ar
	Amplitude ratio



	∅
	Type of flow



	θ
	Phase



	IDW
	Inverse distance weighted



	CDF
	Final chart datum



	CDO
	Original chart datum



	εM
	Modeled offsets



	D
	Charted depth



	OD
	Observer depth



	dyn_draft
	Dynamic draft



	WL
	Water level



	H
	Heave



	σD2
	Total variance associated with the observed depth



	σOD2
	Total dynamic draft uncertainty



	σH2
	Total variance of the heave



	σdyn_draft2
	Total variance associated with the dynamic draft



	σWL2
	Total variance associated with the water level



	IHO
	International Hydrographic Office



	N
	Geoid separation



	Zo
	Distance between the CD and MSL



	TPL
	Tension spline



	n
	Number of groups



	LIDAR
	Laser Imaging Detection and Ranging
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Figure 1. The right upper figure shows the location of the Guayaquil Gulf (the black box) in the Pacific coast of South America. The left figure shows the estuarine system, the tide gauge stations and the external tides. The right lower figure shows the location of the sandy and mud flats in the Cascajal Channel. 
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Figure 2. Numerical model domain and grid. 
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Figure 3. (a) Location of the chart datum in a survey; (b) chart datum (CD), geoid, and ellipsoid relationships for ellipsoidal referenced surveying (ERS). Zo: the distance between the CD and mean sea level; WL: water level; MSL: mean sea level; MLWS: mean low water springs; SEP: separation surface; h.: ellipsoidal height; N: geoid height; D: charted depth; OD: observed depth. 
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Figure 4. Comparison of the observed (green dots) and simulated (solid black line) water levels at stations B, G, H, and J. 
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Figure 5. Comparison of the amplitude of tidal harmonics determined from the observed and predicted sea surface elevation, at various estuary stations located both in the Estero Salado and the Guayas River. 
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Figure 6. Amplitude of the tidal harmonics along (a) the Estero Salado (stations III, A, B, C, D, F, and G) and (b) the Guayas River (stations IV, I, J, and K). 
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Figure 7. Amplitude (a) and phase (b) of the tidal harmonic M2. 
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Figure 8. Form factor of the estuarine system. 
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Figure 9. Asymmetry of the tide (a) and type of flow (flood in green and ebb in pink) (b) of the estuarine system. The black boxes represent the tide gauge stations. 
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Figure 10. Chart datum of tide station B (a), offset surface (b), and final chart datum (CD) surface (c). The black lines represent the navigational channels and the black points represent de tide gauge stations. 
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Figure 11. CD profiles of (a) the Estero Salado, (b) the Cascajal Channel, and (c) the Guayas River. 






Figure 11. CD profiles of (a) the Estero Salado, (b) the Cascajal Channel, and (c) the Guayas River.



[image: Water 11 00902 g011]







[image: Water 11 00902 g012 550]





Figure 12. Tidal zoning establishment. (a) Variation of %RMSE as a function of the number of CD groups of the three water bodies (b) Frequency of the CD at each group of the three water bodies; (c) Real series of CD versus reconstructed series of the three water bodies. 
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Figure 13. Modeled and interpolated CD profiles for (a) the Estero Salado, (b) the Cascajal Channel, and (c) the Guayas River. TPL: tension spline; IDW: inverse distance weighting; HM: Hydrodynamic modelling. 
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Figure 14. CD profiles in different scenarios. (a) Location of the bar; (b) the Estero Salado profiles; (c) the Cascajal Channel profiles; (d) the Guayas River profiles. 
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Table 1. Calibration and validation values of the hydrodynamic model.
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Calibration (1984)

	
Validation (2009)




	
Station

	
Skill

	
%RMSE

	
Skill

	
%RMSE






	
A

	
1

	
3.27

	
0.98

	
6.19




	
B

	
0.98

	
6.42

	
0.98

	
6.19




	
C

	
0.98

	
5.88

	
-

	
-




	
D

	
0.98

	
6.28

	
-

	
-




	
E

	
0.98

	
6.28

	
-

	
-




	
F

	
0.98

	
6.48

	
-

	
-




	
G

	
0.98

	
5.95

	
0.98

	
7.12




	
H

	
0.99

	
4.75

	
-

	
-




	
I

	
0.97

	
6.89

	
0.99

	
4.89




	
J

	
0.99

	
5.41

	
-

	
-




	
K

	
0.98

	
5.96

	
0.98

	
6.13




	
L

	
0.99

	
3.49

	
0.99

	
3.98
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Table 2. Chart datum offset values along the estuarine system.
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Station

	
CD TGS (m)

	
CD of the Model (m)

	
TGS Offset (m)






	
A

	
−1.1886

	
−1.196

	
0.0074




	
B

	
−1.2806

	
−1.193

	
−0.0876




	
C

	
−1.4703

	
−1.247

	
−0.2233




	
D

	
−1.5879

	
−1.46

	
−0.1279




	
E

	
−1.9591

	
−1.55

	
−0.4091




	
F

	
−1.9286

	
−1.647

	
−0.2816




	
G

	
−2.2164

	
−1.877

	
−0.3394




	
H

	
−1.6948

	
−1.479

	
−0.2158




	
I

	
−1.94

	
−1.589

	
−0.351




	
J

	
−1.7796

	
−1.602

	
−0.1776




	
K

	
−1.93

	
−1.86

	
−0.07




	
L

	
−1.5014

	
−1.32

	
−0.1814




	
Mean

	
−0.204775




	
Standard deviation

	
0.119627304
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Table 3. Difference between the modeled and interpolated CD profiles in the navigation channels.
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CD Profiles

	
Estero Salado

	
Cascajal Channel

	
Guayas River




	
Max Diff (m)

	
Mean Diff (m)

	
%RMSE (m)

	
Max Diff (m)

	
Mean Diff (m)

	
%RMSE (m)

	
Max Diff (m)

	
Mean Diff (m)

	
%RMSE (m)






	
CD_HM − CD_TPL

	
0.0633

	
−0.005

	
4%

	
0.0876

	
0.0154

	
4%

	
0.1722

	
0.0751

	
33%




	
CD_HM − CD_IDW

	
0.1053

	
−0.0184

	
7%

	
0.1003

	
0.01

	
7%

	
0.1153

	
0.0464

	
23%
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Table 4. CD variation in different scenarios.
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CD Profiles

	
Estero Salado

	
Cascajal Channel

	
Guayas River




	
Max Diff (m)

	
Mean Diff (m)

	
Max Diff (m)

	
Mean Diff (m)

	
Max Diff (m)

	
Mean Diff (m)






	
Dam − Actual cond.

	
−0.0621

	
−0.0435

	
−0.0625

	
−0.0482

	
−0.3313

	
−0.1430




	
Non-mangrove − Actual cond.

	
0.0252

	
0.0111

	
0.0279

	
0.0204

	
0.0278

	
0.0150
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