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Abstract

:

Tidal inlets along the central coast of Vietnam are located in a microtidal, wave-dominated coastal environment. In addition, the Vietnam coast is highly influenced by the seasonal monsoon regime, which is characterized by large northeast waves from October to March and calm southeast waves from April to September every year. Consequently, the tidal inlet entrance morphologies often suffer from a dynamic seasonal evolution due to distinct differences in the direction of wave-induced longshore sediment transport (LST) between the two monsoon seasons. The migration or closure of tidal inlets causes a lot of problems for socio-economic development in the region since these are the main reasons leading to an increase in the risk of coastal flooding and the obstruction of navigation. This paper presents a comprehensive study of the morphological evolutions of natural tidal inlets on the central coast of Vietnam using long-term remote sensing data sets and by the Delft3D numerical model. Surprisingly, the estimated LST rates from the former method are in an order of magnitude agreement with the results from the latter one for all of the areas in this study. Based on the conservation equation for sand and comprehensive data collection, a new simple empirical formula for predicting the sand spit elongation rate as a function of the sand spit width is developed. Although the breaching of sand spit might happen during an extreme flood event at some tidal inlets, the growth rate of the spit before and after the breaching is almost unchanged. These findings are very useful information for supporting the local coastal authorities to find better management solutions in terms of sustainable development.
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1. Introduction


Sand spits are one of the most dynamic and complex geographical features in coastal bays, lagoons, and river mouths. The development and evolution of sand spits along the world’s river mouths have long been a concern of scientists due to their ecological and economic importance [1]. The morphological changes in sand spits highly depend on the interactions between wave transformation, tidal exchange, and longshore sediment transport (LST), as well as river discharge. Allard et al. [2] have shown that wave-induced current processes were the most important factors in the morphological changes in sand spits. Besides this, the geological framework, sea-level rise, sediment availability, and human impacts also play important roles in illustrating the complexity of sand spit morphological evolution [3,4]. Aubrey and Gaines [5] described two general mechanisms for sand spit development. The first mechanism is through accretion by LST, while the second mechanism is associated with the migration of a tidal inlet. However, a detailed understanding of wave - current interactions and driving force mechanisms of sand spit morphological changes in the tidal inlet region is still a challenge due to limitations of measurement data sets [6,7]. Traditional in situ measurements can provide locally a direct estimation of many parameter, but cannot fully describe the complex physical processes. Sophisticated numerical models that predict the hydrodynamics and sediment transport of the nearshore environments are reaching a level of complexity and numerical efficiency, but they require extensive data sets, including accurate and up-to-date bathymetric information [8,9,10,11]. As an alternative, remote sensing techniques such as video-camera systems [12], Light Detection and Ranging (liDAR) [13], X-band radar [14,15], and satellite imageries [16,17] can provide synoptic coverage over large areas with a wide range of temporal and spatial resolutions. Among these studies, Honegger et al. (2020) [15] successfully extended the cBathy depth estimate algorithm to obtain the high-resolution bathymetry of a complex tidal inlet environment based on the time series of X-band radar image, while Rogowski et al. (2018) [14] directly used X-band observations to accurately map the morphological changes in shallow ebb tidal deltas at the New River Inlet, North Carolina. Although most remote-sensing technologies are low-cost, only satellite images are free, available in the long-term, and cover most places on earth. Therefore, exploiting applications of satellite images for areas which have limited field measurement data should be the first option.



The coastal estuaries in Vietnam can be roughly classified into three large regions of land i.e., (i) a large delta with a gently sloping beach, which is the Mekong Delta; (ii) Red River Delta; and (iii) the central regions of Vietnam, with short and steeply sloping rivers originating from high mountains and flowing to the sea. By analyzing the Landsat images of 1973 and 2014, Besset et al. [18] indicated that the recent shoreline retreat on the south coast of the Mekong River mouth was highly likely related to a number of human activities such as upstream river dams, sand mining, and groundwater extraction in the region (i). Hung and Larson [19] conducted a detailed analysis of the adjacent coasts to the region of the (ii) Red River Delta. In region (iii), Duy et al. [20] studied the elongation of sand spits in the Cua Lo River Mouth, located in Quang Nam province in the center of Vietnam. They reported that the sand spit elongation rate in the Cua Lo Inlet was constantly at a rate of 50 m/y to the south over the past 30 years. In addition, using the long-term satellite data sets, Duc Anh et al. [16,17] analyzed the sand spit evolutions at various tidal inlets including the Ken Inlet, Phan Inlet, and Loc An Inlet along the central coast of Vietnam. They also indicated that the migration rates of a tidal inlet were dependent on several factors, such as the wave characteristics, river flow, and sediment supply from the adjacent beaches. In addition, the breaching of the sand spit often occurred during extreme river flooding.



In this study, a further analysis of the sand spit evolutions at the Ly Hoa tidal inlet in Quang Binh province and the An Du tidal inlet in Binh Dinh province will be conducted. Both tidal inlets are also located in the central coast of Vietnam. Hence, a comprehensive comparison will be made by compiling the results from all tidal inlets in the region (iii). Based on this, the mechanisms of the sand spit morphological evolutions of tidal inlets in the central coast of Vietnam are quantified. The obtained results from this study are very useful information for helping the local coastal authorities to find better management solutions for the sustainable development of tidal inlets and river estuaries in the central coast of Vietnam.




2. Materials and Methods


2.1. Study Areas


The central coast is situated from 18°45′ to 10°45′ north latitude and from 105°06′ to 109°28′ east longitude and consists of 18 provinces with more than 1000 km of coastline (Figure 1). The tidal inlets in this area are characterized by long sand spits at the river mouths. Some typical sand spits can be seen at tidal inlets such as the Ly Hoa Inlet (Quang Binh province), An Du Inlet (Binh Dinh province), An Hai and Le Thinh Inlet (Phu Yen province), Ken Inlet (Ha Tinh province), and Phan Inlet (Binh Thuan province). These tidal inlets remain in quite natural conditions, and their evolutions are usually governed by natural processes. Although the study areas are six tidal inlets located along the central coast of Vietnam, this study will present a detailed analysis of the sand spit evolutions at Ly Hoa Inlet in Quang Binh Province and An Du Inlet in Binh Dinh province. Other tidal inlets can be found in studies by authors in [16,17,20].



Ly Hoa River originates from the east of the Truong Son mountain range and flows from the northwest to southeast direction. It is one of the smallest basins in the central coast of Vietnam with, a river basin of 177 km2 and a length of 25 km. The most downstream end of the river before pouring into the East Sea tends to bend sharply to the south compared to the main direction of the river (Figure 1a,b).



An Du inlet is the mouth of Lai Giang River, which is located about 75 km north of Qui Nhon city, the center of Binh Dinh province (see Figure 1a). The Lai Giang river basin and the length of the main river are 1466 km2 and 85 km, respectively. As shown in Figure 1c, the Lai Giang River changes its main flow direction at an angle of about 90° to the north, after discharging into the sea. An Du estuary has two long sand spits at the river entrance. The estuary morphological changes are the main concerns in this area, because there is a fishing port inside the An Du river mouth.




2.2. Data Collections


To achieve the above objectives, the current study attempts to collect as full data sets as possible. The required data sets include satellite imageries for the shoreline detection, river discharge, water level, and wave information as well as bathymetry data.



In this study, the long-term satellite image data is firstly utilized to investigate the morphological evolution characteristics of the sand spits at two study cases in Ly Hoa Inlet and An Du Inlet in Vietnam. All the available satellite images were collected from free satellite imagery sources, such as from the U.S. Geological Survey—National Aeronautics and Space Administration (USGS-NASA), and Moderate Resolution Imaging Spectroradiometer (MODIS), as well as Google Earth Pro Software (Google, Digital Globe). A summary of the collected images for both study areas is shown in Table 1. The Landsat 4–5 and 7–8 images have a relatively resolution of 15 ÷ 30 m/pixel. However, the higher resolution images from the Google EarthTM are only 2.1 m/pixel. It is noted that the collected images must meet the quality requirements, such as a cloud cover that is less than 20%, and should not be stretched or blurred. The detected shoreline positions from the satellite images are used for the estimation of sand spit area change in a similar method to that of [21,22].



Figure 2(a1,b1) show the time series of the daily-average river discharge from the upstream of Ly Hoa River and Lai Giang River, respectively. In these figures, the discharge data were provided by the local river authority. It can be seen that the river discharge was low in the dry season lasting from December to May, whereas it was very high in the rainy season from June to November every year. The maximum of the daily-average discharges in Ly Hoa River and Lai Giang River can be up to 700 and 2500 m3/s, respectively.



Figure 2(a2,b2) show the time series of the offshore significant wave heights from the simulating waves nearshore (SWAN) model for the East Vietnam Sea region that was developed and validated by Dien et al. [23]. The extracted wave stations for the Ly Hoa area and An Du area are denoted as P1 (18°, 107.5°) and P2 (14.5°, 110.5°) in Figure 1. The P1 and P2 stations are located at about 110 and 150 km seaward from the inlets, respectively. The maximum wave height can reach up to 7.0 m for the Ly Hoa area and 9.0 m for the An Du area.



Figure 3 shows the daily-average energy mean parameters, including the energy mean wave height, energy mean wave period, and energy mean wave direction. Goda’s equation [24] was used to calculate the energy mean waves from the hourly wave data from 1990 to 2019. As can be seen from this figure, the wave regime in these two areas are strongly affected by the monsoon season, in which high waves from the NE (45°) direction dominates from October until March and relatively small waves from the SSW (120°) and SSW (160°) directions are present from April until September every year.



According to Tung [25], the tides along the central coast of Vietnam are a relatively small, complex regime, and the tidal range varies according to the region from 0.5 to 1.5 m.



The bathymetry data for the numerical model were combined from several sources, including the measurement data from the previous projects by local government, the General Bathymetric Chart of the ocean data [26], and the Vietnam Bathymetry data.




2.3. Image Rectification and Shoreline Extraction Methods


Image rectification is a process of transforming information from one image into a common mapping system using geometric transformation [27,28,29,30]. In this study, the mapping method presented in Pradjoko and Tanaka [30] was utilized. This mapping method was reported to have a maximum error of up to 6 m in the rectification. This process is carried out by matching corresponding points from the mapping system with the same points of the image to be processed. Therefore, it is vital to choose a certain number of appropriate Ground Control Points (GCPs) which belong to the original images. GCPs have been chosen as permanent objects or stationary features e.g., road intersections, building corners, or sea walls, etc. Hence, detected shoreline positions, which are defined as a wet-dry line and extracted from the rectified satellite images in a direction along the beach, are used to analyze the shoreline changes and sand spit morphological changes for each tidal inlet.




2.4. Longshore Sediment Transport Rates Estimation Method


In this study, a simple model for an unrestricted sand spit elongation that is similar to the method developed by Tanaka et al. [31], Kraus [32], and Larson et al. [33] is utilized. The main assumptions in this model are the sand spit growth solely contributed by the gradients in LST (   Q x   ); the sand spit width (Bs) is maintained as a constant, and the spit contours move in parallel over the representative time scales. Figure 4 shows a definition sketch for sand spit elongation in a tidal inlet. In time interval Δt, the sand spit volume change ΔV equals the newly developed area of sand spit (ΔA) multiplied by the depth of active motion D = DB + DC, where DB is the berm height and DC is the depth of closure as seen in Figure 4a.



We assume that the sand spit volume change is equal to the volume entering (   Q  i n    ) minus that leaving (   Q  o u t    ) during the same time interval Δt. For the unrestricted sand spit growth case, the sand spit can elongate linearly over the period under consideration, then    Q  o u t   = 0  . The sand conservation equation for the unrestricted spit growth case can be expressed as:


   Q x  =  Q  i n   =    D B  +  D C      Δ A   Δ t   =    D B  +  D C       B s   Δ x    Δ t    



(1)







It is noted here that the development area of sand spit (ΔA) is estimated using the shoreline positions that are detected from the satellite images, and    Q x    can receive a positive and negative value depending on the defined positive direction of x. Hereinafter, the magnitude of LST is defined as   Q =    Q x     .




2.5. Numerical Simulation Method


The development of the sand spit can be estimated by using the above simple analytical model. However, the sand spit evolution are complex processes in reality, resulting from a combination of the river discharge, tidal discharge, and wave impacts that the analytical model could not take into account. Therefore, the numerical model is more preferable for those cases. This study also attempts to simulate the sand spit development for all tidal inlets using the Delft3D numerical model. The Delft3D model is an open source code and was developed by Delft Hydraulics Research Institute in the Netherlands, and is widely used to simulate hydrodynamics and morphodynamics in inlet areas such as Duong et al. [34,35]. It is integrated from several modules i.e., the wave module (Delft3D-WAVE); the hydrodynamic module (Delft3D-FLOW); and the sediment transport module (Delft3D-SED). The Delft3D-FLOW module solves the depth-averaged or 3D shallow water equations on a rectilinear or curvilinear grid.



Figure 5 shows the Delft3D model grids that were built for the Ly Hoa Inlet and An Du Inlet, respectively. The larger model domain is for the wave transformation simulation model, whereas the small model domain is for the flow and sediment transport simulation models to avoid any wave-shadowing effect at the lateral boundaries.



Table 2 is a summary of the Delft3D model parameters. The time step for the hydrodynamic computation was selected to be equal to 1 min. The horizontal background eddy viscosity and diffusivity were set to be equal to 1 m2/s. A value of 10−6 was used for the vertical background viscosity and diffusivity. The wave heights were computed using the roller model [36], including the Delft3D-FLOW module. The flow model is forced mainly tides, river discharges, and waves. The surface wind impacts were excluded due to the small model domain. In addition, the temperature and salinity models were not considered in this study, since the main interests are to investigate the hydrodynamic and morphodynamic regimes. The flow model used 5 days for the ramping period before the actual simulation, and the coupling time between the flow and wave models was every 1 h. The sediment transport and morphodynamic computations were carried out by means of the Delft3D-SED module. The updated expression of the TRANSPOR2004 formula [37,38] was used to calculate the bed load and suspended sediment transport. The bed shear stress calculation was based on the van Rijn [37] roughness predictor. The sediment was assumed to be sandy with a measured median grain size according to each region and a sediment density equal to 2.650 kg.m−3. The dry bed density was set as equal to 1.600 kg.m−3. The suspended sediment at the beginning of the computation had a representative diameter equal to the d50 value. A minimum water depth equal to 0.2 m was assumed for the sediment transport calculation. All the models were set to allow 12 to 24 h for hydrodynamic spin up before they executed the bed-level changes. The total simulation duration was set to 1 year for all cases.





3. Sand Spit Evolution at Ly Hoa Inlet and An Du Inlet


3.1. Long-Term Morphological Changes in the Ly Hoa Inlet and An Du Inlet by Satellite Image Analysis


Figure 6 and Figure 7 present some typical morphological changes in the Ly Hoa Inlet and An Du Inlet that were obtained from the analysis of Landsat images and Google Earth images from 1988 to 2019. In these figure, the extracted shoreline positions were indicated by the solid lines, while the position of the estuary was indicated by a white arrow, and a vertical dashed line indicates the initial river mouth location in 1988. In addition, Figure 6e and Figure 7e show that a coordinate system (x, y) was set up to quantify the morphological characteristic parameters of the sand spit. The long-term evolution of the Ly Hoa inlet and An Du inlet can be briefly described as follows:



For the Ly Hoa Inlet, there was initially a long sand spit on the left side of the river mouth, and the inlet entrance was located at about x = 3500 m. Within 7 years, the inlet was gradually moved to the right side until January 1995 (Figure 6c). Subsequently, the sand spit was breached in December 1995. The mechanism of this breaching event highly corresponded to the extreme river flood event, as denoted as character A in Figure 2(a1). At that time, the river discharge reached the highest value in Ly Hoa river at 700 m3/s. After that, the inlet location tended to migrate to the right side again until April 2015 (Figure 6h). It is noted that the inlet mouth width was remarkably narrowed in 2015. Two breaching places were observed on the image in October 2016, as seen in Figure 6i. The second breaching of the Ly Hoa sand spit was believed to be caused by the increase in the river water level during the severe flood event at the end of 2015 in this area, as denoted by character B in Figure 2(a1). Finally, after about one year, the former inlet mouth was completely closed and the new breached place was maintained as a new inlet mouth (Figure 6j). The morphodynamic changes in the Ly Hoa sand spit were a really dynamic process. The maximum of inlet migration length was about 2 km. The dominant direction of the sand spit development was from left to right (or to the southward direction) in the Ly Hoa case.



For the An Du Inlet, the inlet entrance was located at about x = 2000 m in September 1988 (Figure 7a). Hence, over 10 years, the An Du Inlet continuously migrated to the left (or to the north direction) by a distance of about 1600 m, as shown from Figure 7b–f. This suggests a dominant LST from the right. A first breach of the sand spit happened in July 1998 at around x = 1000 m (Figure 7e). After that, the inlet again moved to the left and reached the most left end in May 2003 (see Figure 7f). A left sand spit retreated in response to the extension of the right sand spit. In addition, a second breach of the An Du sand spit was observed in March 2005 at the location of x = 3500 m (Figure 7g). Figure 7h–j indicate that the inlet continued to migrate northward again. Interestingly, in Figure 7i,j the morphological analysis was conducted using Google Earth images, with a higher resolution than that of Landsat images. From these images, there was obviously no vegetation covering the spit surface. This might due to a frequent wave overtopping on the An Du sand spit area. It is noted that the first and second breaching of the An Du sand spit are denoted by the characters A and B in Figure 2(b1) and Figure 7. According to Figure 2(b1), the second breaching B strongly corresponded to the severe river flooding event with the maximum river discharge of 2500 m3/s, whereas the first breaching A happened at a very low river discharge. According to the interviews with the local government by the authors, the cause of breach A was the implementation of an artificial beach cut on the sand spit before the rainy season to avoid the flood inundation to surrounding estuary areas. This was carried out by the local government because this area frequently experienced coastal inundation problems.



Similar sand spit development and breaching phenomena were also observed in the river mouths in the Fukushima Prefecture [39] and Miyagi Prefecture in Japan [40]. However, the closing phenomenon of the river mouth was controlled by jetty constructions at the river mouth, and then the development of the sand spit was no longer observed. Meanwhile, many river mouths in Vietnam still remain their natural states without being regulated by human activities. According to the study by Duy et al. [20], at Cua Lo river mouth along the central coast of Vietnam, the elongation together with the migration of the sand spit could also cause the erosion of the opposite shoreline at the downdrift side. Therefore, the study of various characteristic changes in the sand spit at the river mouth plays an important role in the management of the river mouth.




3.2. Evaluation of the Longshore Sediment Transport Rate at the Ly Hoa Inlet and An Du Inlet by Satellite Images


In order to gain better understanding of this complex coastal system evolution, the sand spit elongation rate and area change will be quantitatively investigated. Figure 8a and Figure 9a show the definition sketch of the left sand spit of Ly Hoa Inlet and the right sand spit of An Du Inlet, in which    x L    and    x R    are the tip coordinates and    A L    and    A R    are the areas of the sand spits, where the subscripts L and R denote left and right. The reference coordinates for the Ly Hoa sand spit and An Du sand spit were defined at x = 2500 m and x = 5000 m, respectively.



The time variations of the tip coordinates and sand spit areas for the Ly Hoa sand spit and An Du sand spit are illustrated in Figure 8 and Figure 9, respectively. In these figures, the breaching events A and B and the analysis results from the Landsat (blue circle) as well as the Google Earth (red triangular) images are shown. Both results show a relatively similar variation, despite a significant difference in the image resolution. This indicates that the analyzed results from the Landsat images also gave high-accuracy results. Applying the linear regression method for these three different sand spit development periods, the sand spit elongation rates can be obtained for each tidal inlet, as shown from Equation (2) to Equation (7) as follows.



For the Ly Hoa Inlet:



October 1988–September 1995:


   x L  = 76.0 ×   t − 1988   + 3.338 ×   10  3                       m   



(2)







December 1995–April 2015:


   x L  = 89.7 ×   t − 1995   + 2.521 ×   10  3                       m   



(3)







August 2015–May 2018:


   x L  = 109 ×   t − 2016   + 3.817 ×   10  3                         m   



(4)







t is the time (year).



For the An Du Inlet:



September 1988–March 1998:


   x R  = − 136 ×   t − 1985   + 2.516 ×   10  3                   m   



(5)







April 1998–May 2003:


   x R  = − 118 ×   t − 1988   + 1.104 ×   10  3               m   



(6)







March 2005–October 2019:


   x R  = − 146 ×   t − 2005   + 4.069 ×   10  3           m   



(7)







t is the time (year).



It is interesting to note that although several breachings of the sand spit happened over 30 years, the sand spit elongation rates at the Ly Hoa Inlet and An Du Inlet were more or less constant, at a rate of 91 m/y to the south and 140 m/y to the north, respectively. The mechanisms for a constant elongation rate are due to the seasonal monsoon wave regime and the oblique wave incident to the shore-normal direction. The seasonal wave actions are the dominant driving forces in the morphological development of inlets along the central coast of Vietnam. Because the monsoon wave regime did not change over long period of time, the rate of spit movement was expected to be almost constant.



Using the same linear regression method for the data in Figure 8c and Figure 9c, the growth rates of the sand spit area for both inlets are shown from Equation (8) to Equation (13) as follows:



For the Ly Hoa Inlet:



October 1988–September 1995:


    d  A L    d t   = 1.55 ×   10  4                    (  m 2  / y )  



(8)







December 1995–April 2015:


    d  A L    d t   = 1.27 ×   10  4                    (  m 2  / y )  



(9)







August 2015–May 2018:


    d  A L    d t   = 2.48 ×   10  4                    (  m 2  / y )  



(10)







For the An Du Inlet:



September 1988–March 1998:


    d  A R    d t   = 1.37 ×   10  4                       m 2  / y    



(11)







April 1998–May 2003:


    d  A R    d t   = 0.82 ×   10  4                       m 2  / y    



(12)







March 2005–October 2019:


    d  A R    d t   = 1.75 ×   10  4                       m 2  / y    



(13)







Substituting separately Equations (8)–(13) into Equation (1) with the values of berm height DB = 3 m, and the depth of closure DC = 10 m for both the Ly Hoa and An Du coastal areas according to Hung [41], the LST rates for each period are expressed from Equation (14) to Equation (19) as follows.



For the Ly Hoa Inlet:



October 1988–September 1995


   Q x  = 2.02 ×   10  5                       m 3  / y    



(14)







December 1995–April 2015:


   Q x  = 1.65 ×   10  5                    (  m 3  / y )  



(15)







August 2015–May 2018:


   Q x  = 3.23 ×   10  5                       m 3  / y    



(16)







For the An Du Inlet:



September 1988–March 1998:


   Q x  = − 1.78 ×   10  5                (  m 3  / y )  



(17)







April 1998–May 2003:


   Q x  = − 1.07 ×   10  5                (  m 3  / y )  



(18)







March 2005–October 2019:


   Q x  = − 2.27 ×   10  5                (  m 3  / y )  



(19)







In conclusion, the averaged LST rates at the Ly Hoa Inlet and An Du Inlet by long-term satellite image analysis are estimated to be equal to 2.30 × 105 m3/y to the south and −1.71 × 105 m3/y to the north, respectively.




3.3. Evaluation of the Longshore Sediment Transport Rate at the Ly Hoa Inlet and An Du Inlet by the Delft3D Numerical Model


(a) Model calibration



The measured water surface elevations from two stations as shown in Figure 5 were used for the model calibration process. The root–mean–square error (RMSE) was used to assess the accuracy of the model. These criteria are defined in Equation (20) as follows:


  RMSE =     ∑     M − D    2   n     



(20)




where  D  is the observational data, M is the corresponding modeled data, n is total number of pairs.



As a calibrated result, the obtained RMSE values for the Ly Hoa and An Du water level data are 0.081 m and 0.036 m, respectively. These small differences indicate that the hydraulic model obtained a high accuracy. Hence, the model is ready for the long-term simulation of sand spit development in both inlet areas.



(b) Modeled longshore sediment transport rate



As discussed above, the Vietnam coastal area is highly influenced by the seasonal monsoon regime, which is characterized by large northeast (NE) waves from October to March and calm southeast (SE) waves from April to September every year. Consequently, the tidal inlet entrance morphologies often suffer from a dynamic seasonal evolution due to a distinct difference in the direction of wave-induced longshore sediment transport (LST) between the two monsoon seasons. The NE waves during the winter generate a southward littoral drift along the central coast, whereas a northward littoral drift is caused by the SE waves during the summer. Figure 10b and Figure 11b show an example of the Delft3D numerical simulation results for the instantaneous and accumulated sediment transport through the T1 profile over one year. It is clear seen that the instantaneous sediment transport fluctuations correspond to the seasonal wave regime, which fluctuated strongly during the wintertime and weakly during the summertime.



Figure 10c shows the annual total cumulative LST rate estimated by the Delft3D numerical model through four profiles along the Ly Hoa sand spit. The reduced trend of total cumulative sediment transport from T1 to T4 means that the left sand spit at the Ly Hoa River Mouth is accreting to the right (i.e., to the south), which is in good agreement well with the analyzed results from the satellite image. Hence, the average LST rate along the coast of the Ly Hoa River mouth, which was determined by taking an average value of the total accumulated sediment transport through four profiles from T1 to T4, was estimated at a rate of Q = 0.68 × 105 (m3/y).



Similarly, Figure 11c shows the annual total cumulative LST rate at four profiles along the right sand spit in the An Du River Mouth. The increasing trend of total cumulative sediment transport from T1 to T4 suggests that the sand spit on the right of An Du Inlet is dominantly developed to the north. The averaged LST rate at the An Du coast is estimated at about Q = −1.95 × 105 m3/y.



Figure 12 plots the wave rose results of the Delft3D-Wave model in the wave nearshore zone area along the coast of Ly Hoa and An Du. Based on these results, it is clearly seen that when the wave approaches the nearshore area of the Ly Hoa coast, the dominant incident wave direction in both winter and summer tends to deviate from the shore-normal direction towards the north (Figure 12a), causing the dominant LST to go to the south direction. Meanwhile, the angle between the incident wave direction and the shore-normal direction in the An Du coast deviates to the south during both winter and summer, as seen in Figure 12b, causing the wave-induced LST direction to tend to the north. These seasonal wave transformations in the nearshore regions are the mechanisms that explain why the sand spit at Ly Hoa Inlet grows in a southward direction, whereas the sand spit of An Du elongates in a northward direction.





4. Comprehensive Study on the Sand Spit Evolution at Tidal Inlets in the Central Coast of Vietnam


4.1. Summary of Study Sites


Tidal inlets along the central coast of Vietnam are characterized by seasonal variations due to the impacts of the monsoon wave regimes and rainy/dry seasons. Natural long sand spits often exist at the entrances of inlets. The sand spit evolution is dependent on a combination of impacts from wave- and tidal-induced currents, as well as river flood discharge. The inlet entrance may close during the dry season, when a strong littoral drift transports a large amount of sediment into the entrance. Whereas, the tidal inlet’s mouth may expand at the existing entrance location or breache at a new location on the sand spit during a severe flood event in the rainy season.



In this section, a comprehensive study will be performed by combining the current study results with the results from our group’s studies at some other tidal inlets along the central coast of Vietnam, such as the Ken and Phan Inlets by Duc Anh [16], the Cua Lo Inlet by Duy et al. [20], and the Loc An Inlet by Duc Anh [17]. It is noted that the exact same methodology was utilized among these studies in order to enable a consistent comparison. Figure 13 illustrates the location of six tidal inlets and their entrance morphologies. Table 3 is a summary of the morphodynamic characteristics of six tidal inlets along the central coast of Vietnam. It is clearly seen that each tidal inlet has a distinct difference in its morphodynamic characteristics for instance, the river length, river catchment area, and sand spit width (Bs), as well as the sand spit growth rate (Rs).



Figure 14 shows the LST results using the satellite images (Qsat) versus the Delft3D numerical model (QDelft). It is interesting to note that although the Qsat. was estimated using a rather simple method by Kraus [32], it was in the same order of magnitude compared to the numerical result obtained from the sophisticated Delft3D model. In addition, the LST rate in the vicinity of the tidal inlets along the central coast of Vietnam varies in a highly limited range from 0.6 × 105 to 2.0 × 105 m3/y.




4.2. Estimation of the Sand Spit Growth Rate


The quantitative relationship between RS and BS based on the satellite image analysis results from six tidal inlets along the central coast of Vietnam, as shown in Table 3, is plotted and denoted as black-filled circles in Figure 15, in which the red circle indicates the tidal inlets with breaching occurrence. It is interesting to note that the breaching happened along a relatively small width of the sand spit. In addition, Figure 15 clearly shows that the sand spit growth rate (RS) is inversely proportional to the sand spit width (BS). If the spit width is smaller, there will be a more rapid development of the sand spit.



Tung [25] has developed a conceptual model to explain the evolution of a tidal inlet. In his conceptual model, the inlet entrance is forced both by the wave-induced LST (spit elongation in the downdrift direction) and the river-generated currents, which flush sediment out of the inlet channel (breaching or widening of the inlet entrance). Moreover, all the mathematical models for a spit growth, which were developed by Tanaka et al. [31], Kraus [32] and Larson et al. [33], were also based the assumption that the entire LST from the updrift side corresponds to an increase in the spit length together with a constant and given spit width (   B s   ) during the spit growth process. Based on the conservation equation for sand of an unrestricted spit growth, the following Equation (21) can be applied.


  Q =  R s   B s     D B  +  D C     



(21)




or


   R S  =  Q     D B  +  D C       1   B s    = α  1   B s     



(22)




where  α  can be defined as the changing rate coefficient (m2/y). The inverse relationship between RS and BS as suggested by the measured data in Figure 15 is also confirmed by Equation (22).



Since the BS value was assumed to be constant during the elongation process, the RS value varies mainly due to the changes in LST, Q. Hence, Figure 16 shows the contour map of Equation (22) in a log-plot diagram, corresponding to a wide range of the α value from 103 to 105 (m2/y). If assuming that the magnitude of LST   Q   along the central coastal of Vietnam receives a value in the above limited range and the sum of      D B  +  D C      equal 10 m, hence, the relationship between Rs and Bs can be plotted. The results are denoted as a yellow area in Figure 15 and Figure 16. In particular, the best fit-line for the measured data was obtained as   Q = 1.1 ×   105 m3/y. Therefore, Equation (22) becomes as follows


   R S  =   1.1 ×   10  4     B s                                        m / y    



(23)







Equation (23) can be used to predict the sand spit growth rate using a single unknown parameter Bs for the inlets in the center of Vietnam. Moreover, the yellow area that corresponds to the lower limit of   Q = 0.6   ×   105 m3/y and upper limit of   Q = 2.0   ×   105 m3/y can be considered as the lower and upper errors when applying Equation (23).



Three measured data points of the unrestricted sand spit growth rates at the Sangomar spit in Senegal, the Badreveln spit in Sweden, and Fire Island Inlet in the U.S., as reported in studies by Palalane et al. [42] and Hoan et al. [43], are summarized in Table 4 and illustrated as blue-filled circles in Figure 15. According to the study by [42], the averaged LST along the 20 km-long Sangomar spit from 1927 to 1987 was estimated to be around 465,000 m3/y. Meanwhile, the average LST at the Fire Island spit from 1933 to 2010 and the 3 km-long Badreveln spit from 1916 to1994 were, respectively, estimated to be about 220,000 m3/y and 10,000 m3/y [43]. As can be seen from this figure, these measured data points are comparable with the corresponding contour line that derived in the current study.




4.3. Relationship of the Sand Spit Width and Inlet Water Depth


To explain why the values of Bs are different among the six tidal inlets, the relationship between the inlet water depth (h) and sand spit width (Bs) is plotted in Figure 17 using the data in Table 3. Here, the inlet water depth (h) is defined as a sum of the mean inlet water depth (d) and the mean spring tide level (hTide). The results indicate that if the inlet water depth is large, the sand spit width is also large and vice versa. This mechanism can be explained by the impacts of wave energy dissipation. In a shallow water inlet, waves tend to break in the offshore area so most of the wave energy is dissipated before approaching the inlet entrance area. However, at a deeper inlet, waves can propagate further into the river mouth, and the sediment transport rate will be stronger in this case. Therefore, sand can move into the river upstream, leading to a larger sand spit width. On the contrary, this process slows down the elongation speed of the sand spit, as discussed above.





5. Conclusions


In this research, a comprehensive study of the natural behavior and sand spit evolution at tidal inlets along the central coast of Vietnam is conducted. Various morphodynamic characteristic changes in the sand spits are analyzed and discussed based on both the satellite images collected over about 40 years and the numerical Delft3D model. The net LST rates estimated both by the analytical method and the numerical method are in a similar order of magnitude.



The longshore sediment transport rates, which were caused by the action of seasonal waves and currents are the main mechanisms for sand spit evolutions and inlet migrations in the central coast region of Vietnam. River water level rise during severe floods can cause the breaching at portion of low elevation on the spits due to overflow from the river side. This phenomenon occurs frequently in small and narrow tidal inlets, such as the Phan Inlet, An Du Inlet, and Ly Hoa Inlet. It is especially interesting that the sand spit growth rate was almost unchanged before and after each breaching.



A remarkable finding based on the current study is that the sand spit growth rate is inversely proportional to the sand spit width. Based on the conservation equation for sand, a simple formula for predicting the unrestricted sand spit growth rate as a function of the LST and the sand spit width was developed. Equation (23) was calibrated using the comprehensive data for the central coast of Vietnam. However, when we apply this relationship to other places, it is necessary to estimate the LST rate and sand spit width.



The stabilization of the tidal estuaries along the central coast of Vietnam is one of the most urgent priority tasks to minimize the potential risks of natural disasters, especially floods and storms in the low-lying coastal plain, and to promote safe and stable conditions for socio-economic development in the region. Therefore, the results from the present study will support the development of a coastal zone management strategy for tidal inlets along the central coast of Vietnam.
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Figure 1. (a) Location of Ly Hoa Inlet and An Du Inlet on the Vietnam map, (b) Ly Hoa Inlet morphology, and (c) An Du Inlet morphology. 
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Figure 2. Hydrodynamic conditions at (a) Ly Hoa River and (b) Lach Giang River. 
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Figure 3. Daily-averaged wave energy from 1998–2019. 
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Figure 4. Definition sketch for sand spit elongation: (a) Cross-section view (b) Plan view. 
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Figure 5. Delft3D model grids for (a) the Ly Hoa Inlet (b) the An Du Inlet. 
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Figure 6. The selected satellite images of the long-term morphological changes at the Ly Hoa Inlet, Quang Binh province from (a–j) 19 October 1988 to 9 April 2017. 
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Figure 7. The selected satellite images of the long-term morphological changes at the An Du Inlet, Binh Dinh province from (a–j) 3 September 1988 to 24 April 2019. 
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Figure 8. (a) Definition sketch of the left sand spit of Ly Hoa Inlet, (b) Time variations of the tip coordinate (   x L   ), (c) Time variations of the sand spit area (   A L   ). 
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Figure 9. (a) Definition sketch of the right sand spit of An Du Inlet, (b) Time variations of the tip coordinate (   x R   ), (c) Time variations of the sand spit area (   A R   ). 
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Figure 10. (a) Location of profiles. (b) Instantaneous sediment transport rate through the T1-profile. (c) Total cumulative sediment transport through 4 profiles at the Ly Hoa sand spit. 
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Figure 11. (a) Location of profiles. (b) Instantaneous sediment transport rate through the T1-profile. (c) Total cumulative sediment transport through 4 profiles at the An Du sand spit. 
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Figure 12. Wave roses at the nearshore area from Delft3D model results at (a) the Ly Hoa Inlet, (b) the An Du Inlet. 
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Figure 13. Location and morphology of six tidal inlets along the center coast of Vietnam. 
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Figure 14. LST rate by the satellite image analysis results versus the Delft3D numerical model results. 
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Figure 15. Relationship between the sand spit growth rate and sand spit width. 
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Figure 16. Relationship between sand spit growth rate and sand spit width. 
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Figure 17. Relationship between the sand spit width and tidal inlet depth. 
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Table 1. A summary of the collected satellite images for the Ly Hoa and An Du study areas.
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	Type of Images
	Ly Hoa Inlet
	An Du Inlet
	Resolution





	Landsat 4, 5, 7, 8
	116 images
	80 images
	15 ÷ 30 m/pixel



	Google Earth
	6 images
	5 images
	2.1 m/pixel
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Table 2. Summary of the Delft3D model parameters.
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Models

	
Type of Paramaters

	
Ly Hoa Inlet

	
An Du Inlet






	
Wave model

	
Model domain

	
65 × 120 nodes

	
60 × 160 nodes




	
Model time step

	
60 min

	
60 min




	
Boundary conditions

	
Hrep, Trep,  θ rep calculated from the P1 location (Figure 5)

	
Hrep, Trep,  θ rep calculated from the P2 location (Figure 5)




	
Flow model

	
Model domain

	
75 × 90 nodes

	
86 × 197 nodes




	
Total simulation duration

	
1 year

	
1 year




	
Tidal boundary

	
Used harmonic constants obtained from the global tidal model TPXO 7.0

	
Used harmonic constants obtained from the global tidal model TPXO 7.0




	
Model time step

	
1 min

	
1 min




	
Horizontal eddy viscosity

	
1 m/s2

	
1 m/s2




	
Horizontal eddy diffusivity

	
1 m/s2

	
1 m/s2




	
Chezy bottom friction coefficient

	
65 m1/2s

	
65 m1/2s




	
Dynamic diagram

	
Cycle

	
Cycle




	
Sediment transport model

	
Grain size, d50

	
0.15 mm

	
0.25 mm




	
Dry bed density

	
1600 kg/m3

	
1600 kg/m3




	
Specific density

	
2650 kg/m3

	
2650 kg/m3




	
Thickness of bottom layer

	
15 m

	
15 m




	
Settling velocity

	
0.25 mm/s

	
0.25 mm/s




	
Acreation morphological factor

	
1

	
1




	
Calculation formula

	
Van Rijn’s Formula

	
Van Rijn’s Formula
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Table 3. Summary of major morphodynamic characteristics of six tidal inlets in the central coast of Vietnam.
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No.

	
Inlet

	
River Length

	
Basin Area

	
Mean Spring Tide (htide)

	
Mean Inlet Depth (d)

	
DC + DB

	
Spit Width (Bs)

	
Spit Growth rate (Rs)

	
LST by Satellite Image (QSat.) *

	
LST by Delft3D (QDelft) *




	
(km)

	
(km2)

	
(m)

	
(m)

	
(m)

	
(m)

	
(m/y)

	
(m3/y)

	
(m3/y)






	
1

	
Ken Inlet [16]

	
15

	
120

	
1.0

	
1.63

	
8 + 2

	
180

	
55

	
1.33 × 105

	
0.58 × 105




	
2

	
Ly Hoa Inlet

(Present study)

	
25

	
177

	
0.6

	
0.88

	
10 + 3

	
130

	
90

	
1.65 ~ 3.23 × 105

	
0.68 × 105




	
3

	
Cua Lo Inlet [20]

	
70

	
436

	
0.75

	
2.53

	
6 + 2

	
280

	
50

	
1.6 × 105

	
0.84 × 105




	
4

	
An Du Inlet

(Present study)

	
85

	
1466

	
0.47

	
1.78

	
10 + 3

	
70

	
140

	
1.07 ~ 2.27 × 105

	
1.95 × 105




	
5

	
Phan Inlet [16]

	
40

	
218

	
0.75

	
1.37

	
6 + 2

	
60

	
183

	
1.18 ~ 1.7 × 105

	
1.62 × 105




	
6

	
Loc An Inlet [17]

	
90

	
1200

	
1.2

	
1.31

	
6 + 2

	
150

	
85

	
2.0 × 105

	
1.42 × 105








* It is noted that the LST rate is estimated as   Q =    Q x     .
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Table 4. Summary of the morphodynamic characteristics of the spit at Sangomar, Badreveln and Fire Island inlets.
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No.

	
Inlet

	
DC + DB

	
Spit Width (Bs)

	
Spit Growth Rate (Rs)

	
LST (Q)

	
   α   




	
(m)

	
(m)

	
(m/y)

	
(m3/y)

	
(m2/y)






	
1

	
Sangomar spit [42]

	
11 * + 2

	
300

	
124

	
4.65 × 105

	
3.58 × 104




	
2

	
Badreveln spit [43]

	
4 + 1

	
70

	
28

	
1.0 × 104

	
2.0 × 103




	
3

	
Fire Island spit [43]

	
8 + 2

	
500

	
43

	
2.20 × 105

	
2.2 × 104








* according to Dennis et al. [44].
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