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Abstract

:

The present study focuses on the long-term multi-year evolution of the shoreline position of the Nha Trang sandy beach. To this end an empirical model which is a combination of longshore and cross-shore models, is used. The Nha Trang beach morphology is driven by a tropical wave climate dominated by seasonal variations and winter monsoon intra-seasonal pulses. The combined model accounts for seasonal shoreline evolution, which is primarily attributed to cross-shore dynamics but fails to represent accretion that occurs during the height of summer under low energy conditions. The reason is in the single equilibrium Dean number   Ω  e q    of the ShoreFor model, one of the components of the combined model. This equilibrium Dean number cannot simultaneously account for the evolution of strong intra-seasonal events (i.e., winter monsoon pulses) and the annual recovery mechanisms associated with swash transport. By assigning a constant value to   Ω  e q   , when the surf similarity parameter is higher than   3.3   (occurrence of small surging breakers in summer), we strongly improve the shoreline position prediction. This clearly points to the relevance of a multi-scale approach, although our modified   Ω  e q    retains the advantage of simplicity.
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1. Introduction


Empirical data-driven models are increasingly being used for modeling shoreline changes on time scales from days to decades [1,2,3,4,5,6,7,8,9]. They are based on a set of parameters representing the contribution of complex physical processes that are evaluated on a calibration period using observed shoreline data. These models are simpler but also much less computationally expensive to simulate long-term shoreline changes than physics-based models such as Delft3D [10], XBeach [11], or Mike21 [12]. These data-driven empirical models essentially apply to natural beaches with no anthropic interference, beaches that are more or less in equilibrium with the wave forcing conditions.



On one hand, shoreline changes on small time scales for such type of beaches are primarily attributed to cross-shore transport [7]. The cross-shore empirical models used for long-term predictions predominantly assume that a sandy beach tends towards an equilibrium for a wave forcing uniform in time [5,13,14]. The shoreline evolution can thus be represented as a relaxation process towards equilibrium [15,16] that takes the form


    ∂ S   ∂ t   = F  ( Δ Ω )   



(1)




where   S ( t )   is the shoreline position in the transect; t is time;    ∂ S   ∂ t    is the rate of shoreline change;  Ω  is the dimensionless fall velocity (Dean number or Gourlay number):   Ω =  H   w s  T    , a function of H the offshore significant wave height,   w s   the sediment fall velocity, and T the peak wave period; and   Δ Ω   is called the disequilibrium Dean number,   Δ Ω =  Ω  e q   − Ω  , where   Ω  e q    represents the equilibrium forcing. The success of cross-shore models relies on the timescale used to correct the disequilibrium of shoreline position under a particular forcing. To improve its predictive skills, the work in [17] uses a multi-timescale approach, which accounts for storms and seasonal and inter-annual wave climate variability, including the scale interactions between these different forcings.



On the other hand, long-term evolution is generally associated with the longshore drift, i.e., the transport of sediments by wave-driven currents along the coast. In one-line models, the littoral drift is the only mechanism of shoreline evolution. The theory in [18] is regarded as a cornerstone of these models, which describes the shoreline evolution due to beach curvature     ∂ 2  S   ∂  x 2    , following a diffusion equation (with  κ  a diffusion coefficient):


    ∂ S   ∂ t   = κ     ∂ 2  S   ∂  x 2     



(2)







Longshore transport can be significant even on a seasonal scale on very curved coastlines such as embayed beaches [19]. These shorelines may rotate in time around a pivotal point due to changing wave directions. To translate a longshore drift gradient into a change in the shoreline, it is assumed in one-line models that the beach profile moves in a direction transverse to the coast while maintaining its unchanging shape [2]. A second assumption is that sand is transported alongshore between the active berm and a closure depth   h c  , beyond which the beach is inactive, i.e., there is no erosion or accretion [20]. In this case, the shoreline changes with the alongshore gradient of the volumetric longshore transport rate   Q x   as


    ∂ S   ∂ t   = −  1   h c  + B     ∂  Q x    ∂ x    



(3)




where B is the berm height, and   Q x   is a function of the breaking wave height and longshore direction, i.e., the longshore wave power, as in the widely used CERC formula [21]. There are a number of such models based on various additional features and numerical implementations [22,23,24,25]. A wave sheltering procedure for large wave angles, which triggers an instability mechanism generating large-scale morphology over long timescales, is introduced by [22]. A new vector-based model with more flexible shoreline cell shape is suggested by [23]. The GSb model [9,25] is based on the one-line approach to investigate the longshore drift at a coastal mound made up of non-cohesive sediments, e.g., sand, gravel, cobbles, shingle, and rock. The ShorelineS model in [24] is the latest model for long-term shoreline evolution and is capable of simulating rich coastal transformation behavior of complex shoreline features through its flexible grid.



For a coastline dominated by both cross-shore and longshore transport, as for embayed beaches, a model that considers both transport processes is expected to improve a skillful hindcast. An integrated shoreline model considering sea-level rise in addition to cross-shore and longshore transport is developed in [6] . In this model, called CosMos-COAST, the cross-shore contribution to shoreline change is based on the work in [13], the longshore contribution is based on the one-line concept in [18], and the last contribution is from the sea level rise response model in [26]. Other combinations such as that of [7] who combine the ShoreFor cross-shore model in [5] and a hybrid one-line approach derived in [22]. Along this line [1] suggested coupling the ShoreFor model with a simpler longshore model based on a sediment budget and the empirical CERC formula [21]. In the latter, it is assumed that an equilibrium exists in the form of an average shoreline position. Thus, the longshore model variables can be decomposed into a mean and fluctuating contribution in the time series.



In the present study, we will pay particular attention to the suitability of a longshore model for embayed beaches and the ability of a single equilibrum cross-shore model to represent accretion during summer low wave energy conditions. Nha Trang, Vietnam, is an embayed beach with a curved shoreline [27], and thus provides a good test case for the combined model of [1] that accounts for both cross-shore and longshore contributions. Nha Trang’s climate is characterized by strong seasonal forcing, i.e., summer monsoons with low-energy waves and winter monsoons with high-energy waves, including intra-seasonal winter pulses [28,29]. Because shoreline evolution models are typically calibrated with data from moderate- to high-energy beaches [5,6], the case of low-energy beaches was neglected, even though, as we will see, they present an additional challenge to these models.



In Section 2, the combined model of the work in [1] is briefly recalled. Section 3 describes the characteristics of Nha Trang beach. The result of the combined model implemented on the embayed beach shoreline of Nha Trang is presented in Section 4, and Section 5 presents the concluding remarks.




2. Methods


The combined model of Tran and Barthélemy (2020) [1] is built by replacing in the ShoreFor model equation of the work in [5] the free parameter d (representing a long-term trend) with a longshore model equation. The combined model is written as


    ∂ S   ∂ t   = c   F +  + r  F −   +  H  b   3 / 2    a  cos 2    α b   ′  + b  sin 2    α b   ′    



(4)




where t is time in days;   S ( t )   is the shoreline position; and   F +   and   F −   represent the accretion and erosion forcing terms, respectively [5]. The parameter r is called the erosion ratio [5]. The forcing term F is the product of the incident wave power P and the disequilibrium Dean number   Δ Ω   [5].   Δ Ω   is defined by   Δ Ω  ( t )  = Ω  ( t )  −  Ω  e q    ( t )   .   Ω ( t )   is the instantaneous Dean number.    Ω  e q    ( t )    is the equilibrium Dean number which is defined by [14,16]


   Ω  e q    t  =    ∑  j = 1    2 ϕ   Δ t     Ω j   10  − j Δ t / ϕ      ∑  j = 1    2 ϕ   Δ t     10  − j Δ t / ϕ      



(5)




where  ϕ  (day) is the “memory decay”,   Δ t   is the wave forcing data time step, and j is the number of data points in the survey time series prior to the calculation point at time t [14].



In Equation (4), a, b, and c (   m  1.5   d a y  s  − 1    W  − 0.5    ) are free parameters obtained from optimization.   H b   is the significant wave height at breaking point.   α b ′   is the fluctuation of the orientation of the incident wave field,    α b ′  =  α b  −   α b  ¯   ;   α b   is the orientation angle of the incident wave field (Figure 1) and    α b  ¯   is the average. Figure 1 shows a plan view of the incident wave orientation angle  α  and the beach orientation angle  β . In the longshore model, the equilibrium shoreline orientation   β ¯   and the average breaking wave propagation direction    α b  ¯   need to meet the condition [1]


   β ¯   ( x )  =   α b  ¯   ( x )  +  1 2   ψ  ( x )   



(6)




where  ψ  is defined by   tan ψ ≃       H  5 / 2    sin  2   α b ′    ¯      H  5 / 2    cos  2   α b ′    ¯    .  ψ  depends on correlations between the wave height and the wave direction. If the value of  ψ  is small,   β ¯   approximates    α b  ¯  . The average incident wave direction is thus perpendicular to the shoreline. On a scale of several years, the embayed beach is assumed to be balanced if the wave direction is invariable and orthogonal to the shoreline.



In fact, there are four free parameters to drive the model: a, b, c, and  ϕ . The free parameters will be obtained from the Simulated Annealing optimization method [30] to minimize the root mean square error (RMSE) between the observed and modeled shoreline data [4].




3. Study Site


3.1. Site Description


Nha Trang beach is a   6    km-long embayed beach, located on the southeastern Vietnam coast (Figure 2). The Cai River estuary borders on the beach in the north. The beach is sheltered by Hon Tre, Hon Tam, and Hon Mieu islands in the south. The tide regime is microtidal and a mix of diurnal and semidiurnal with a tidal range of roughly   1.5    m at spring tide. The beach is classified as a flat low-tide terrace and a steep beach face slope (≈0.1) [29]. The mean sand grain size is   0.4    mm. The survey transect considered in this study is at the field experiment location of the project of Coastal Variability in West Africa and Vietnam (COASTVAR) in the north of Nha Trang beach (Figure 3) [29].




3.2. Waves


The beach of Nha Trang is sheltered and the waves are generally of lower energy than on the open coast [27,28,29]. Waves are affected by summer monsoons from May to September and winter monsoons from October to April (Figure 2). Local islands shelter the bay from waves induced by southwest summer monsoons (Figure 2). Northeast winter monsoons drive stronger waves locally. From August to December, typhoons approach Nha Trang typically from the NE direction. It is noteworthy that during the calibration period, 2013–2016, two extremely strong typhoons entered Nha Trang, namely, Nari and Haiyan, on 15 October and 10 November 2013, respectively.





4. Application, Result and Discussion


4.1. Shoreline Data


Two shoreline datasets obtained from video imagery of two cameras are used to calibrate the shoreline model [27]. For each day in the time-series, the shoreline is identified from video images at a time corresponding to the same tidal level, i.e., the mean tidal level of the calibration period [29,31]. Figure 3 shows the location and snapshot of the video cameras installed from May 2013: one camera facing south (camera SNT) and one facing north (camera NNT). Shoreline dataset 1 (  D  S 1   ) is from the camera SNT and shoreline dataset 2 (  D  S 2   ) is from the camera NNT.   D  S 1    was obtained from time-stack video images of a single cross-shore section (Figure 3) at the COASTVAR experiment location [29,32,33]. These data represent the daily shoreline change for a full year, from July 2013 to August 2014 [29].   D  S 2    from the NNT video camera was collected during 2.5 years from May 2013 to December 2015 [31]. The shoreline in   D  S 2    was detected for a distance of 300 m along the coast, north of   D  S 1    (Figure 3). In this study, the shoreline position of   D  S 2    was calculated by taking the average along the coast of about 100 m in the southern part of the entire detection region, which is close to   D  S 1    (Figure 3). The shoreline position data of the two datasets are plotted in Figure 4. The mean time interval of the shoreline data is 1 day.




4.2. Wave Input Data


The   6    h interval ERA-Interim offshore wave data from the European Center for Medium-Range Weather Forecasts (ECMWF) from May 2013 to December 2015 are propagated and transformed by the Simulating WAves Nearshore model (SWAN) up to   10    m water depth and at breaking point [34]. SWAN is a third-generation wave model for obtaining realistic estimates of wave parameters in coastal areas, lakes, and estuaries from given wind, bottom, and current conditions [35]. The bathymetry data input in SWAN is a combination of data of the General Bathymetric Chart of the Oceans (GEBCO) and COASTVAR measured topography data (Figure 5). The resolution of GEBCO data is approximately   800    m. The COASTVAR measured topography data are very detailed in the near-shore zone. The wave data results at   10    m depth and at breaking point are used for shoreline evolution modeling. The time interval of the wave fields including   H s  ,   T p  , and  α  is 1 h. Locations of the point at   10    m depth and of breaker line used for extracting SWAN wave outputs are shown in Figure 6a. They are near to the COASTVAR shoreline detection location. The breaking wave is defined indirectly from the significant wave height and the water depth extracted from SWAN outputs to calculate the breaking index  γ  [7,36].  γ  is the ratio of the wave height to the water depth. The criterion for wave breaking is taken when  γ  is about   0.78  . The SWAN computational grid of   20    m is too large to define the locations where  γ  is   0.78  . A region of   400    m ×   400    m near the beach including the surf zone is thus extracted from the computational grid to find the grid cells having  γ  in the range from   0.4   to   0.8   [34]. Figure 6a,b shows the region of   400    m ×   400    m extracted for the breaker line determination. It is clear that the range from   0.4   to   0.8   of the breaking index provides the breaker line which is continuous along the shoreline and parallel to the shoreline (Figure 6a). The significant wave height and the wave direction at breaking point are calculated by taking mean value at these grid points. Figure 6c,d shows the wave roses at   10    m water depth and at breaking point, respectively. Figure 7a shows the time series of the significant wave height   H s   at   10    m depth. It ranges from   0.01    m to   1.71    m and the mean value is   0.43    m. It is noticed that the significant wave height in summer has very small values corresponding with the large values of the surf similarity parameter (Figure 7b). The surf similarity parameter [37] or the Iribarren number  ξ  is used to classify breaker types, given by


  ξ =  m    H ∞  /  L ∞      



(7)




where m is the beach slope,   H ∞   is the deep-water wave height, and   L ∞   is the deep-water wave length. The surf similarity parameter  ξ  represents the influence of the beach slope on the wave geometry. There are three main types of breaking, such as spilling (  ξ < 0.5  ), plunging (  0.5     < ξ < 3.3  ), and surging (  ξ > 3.3  ) [38]. Figure 7b shows the time series of the surf similarity parameter  ξ . In this case, the wave parameters at   10    m depth were used to calculate  ξ .




4.3. Result


The equilibrium shoreline orientation in Equation (6) is first verified before calibrating the combined model. Both the wave data at breaking point and at   10    m depth are used for the equilibrium condition verification for each of the five transects defined in Figure 8 (Table 1). Along the shoreline, we have selected 5 transects: PF1, PF2, PF3, PF4, and PF5 (Figure 8). The transect PF1 is at the COASTVAR field experiment location.



  β m   is the average of the beach orientation measured in time on Google Earth images during the calibration period. Table 1 shows that   β b   is a closer guess to   β m   than   β 10   which gives confidence in the SWAN simulations. The results indicate that   ψ b   has a small contribution to the beach orientation. The assumption on the angles used in Equation (6) is thus validated. The wave data at breaking point will thus be used for the longshore component of the combined model. The cross-shore component of the combined model (4) is calibrated with the SWAN wave data at   10    m depth (Figure 9a).



The combined model calibrated with   D  S 1    gives the smallest RMSE of   1.12    m for   ϕ = 20    days (Figure 9b). The parameters a, b, c, and r are 0.0251, 4.9432, 0.0146, and 0.4702, respectively. The optimal value of   ϕ = 20    days for the combined model is small in comparison with   70   days found with the ShoreFor model alone. It indicates that the longshore component interacts with the cross-shore equilibrium state. With the longshore contribution, the equilibrium Dean numbers are computed with a smaller memory decay  ϕ , i.e., the modeled beach state reaches equilibrium on shorter time scales. Figure 9c shows a clear seasonal shoreline change of the longshore contribution at the Nha Trang beach. From November to January in winter monsoons, it has an eroding trend with an amplitude of   5    m, and from February to May in summer monsoons, it has an accreting trend with an amplitude of   3.5    m. In the middle of October 2013 and early November 2013, the longshore contribution gives a small accretion trend even though Nari and Haiyan typhoons hit the coast (Figure 9c). The measured shoreline position indicates that these two typhoons have driven strong erosion events, and then the beach has had a fast recovery immediately after that [29,31]. In fact, during the COASTVAR campaign, it was observed that a storm event hit the coast and caused erosion but then the beach also quickly recovered [32,33,39,40]. It appears that the longshore contribution of the model tends to favor accretion/recovery immediately after the storm (Figure 9c).



The combined model is also calibrated with   D  S 2    which is longer than   D  S 1    (Figure 10). This time, the smallest RMSE is   3.27   m for   ϕ = 70   days. The three calibration-free parameters—a, b, and c—are   0.0081  ,   1.1548  , and   0.0113  , respectively. The erosion ratio r is   0.2358  . From Figure 10a, the upper and lower envelopes of  Ω  clearly show yearly cycles. Waves in Nha Trang are strongly affected by the tropical climate with two distinct seasons: small waves with small  Ω  in summer and strong waves with strong  Ω  in winter.   Ω  e q    has a variability time scale of one year just as the forcing  Ω . Figure 10a also shows how  ϕ  affects the equilibrium Dean number   Ω  e q    computations. In the first part of winter, as the envelope increases, the equilibrium Dean number   Ω  e q    is less than the instantaneous Dean number  Ω , so the model gives a strong erosion (Figure 10b). Because   ϕ = 70   days,   Ω  e q    is affected by the small values of  Ω  from the summer period. This  ϕ  value thus produces a strong phase shift of   Ω  e q   . In the next phase, as   Ω  e q    becomes larger than  Ω , the model gives an accretion (Figure 10b). Figure 10b shows that the modeled shoreline position reproduces the observed annual cycle of erosion and accretion, although there are large discrepancies during the accretion phase. Figure 10c shows that only a small part of the seasonal shoreline change is described by the longshore contribution while the synoptic to seasonal time scales of shoreline change are mainly due to the cross-shore contribution.




4.4. Discussion


The most striking result of the model is that the accretion sequence is poorly reproduced during the summer monsoons (Figure 10b). This is due to the memory decay used in the weighted averaging for   Ω  e q    in Equation (5). During summer monsoons, the small wave forcing leads to a small   Ω  e q   , very similar to the instantaneous Dean number  Ω , so that the disequilibrium Dean number is small and induces a small shoreline variation. This suggests that an intra-seasonal memory decay is not appropriate for summer conditions and a multi-scale approach should be considered [17,41]. Alternatively, here, the definition of   Ω  e q    is re-valuated for summer.



During much of summer monsoons, the surf similarity parameter  ξ  is higher than   3.3   (Figure 7b). The breaking waves can be thus classified as surging breakers, and nearshore waves may not even break at all. The shoreline measurements indicate that there are no breaking waves, so the longshore contribution is zero, but small waves on a long period still contribute to cross-shore accretion. The surging breakers induce strong swash and gentle backwash that produces shoreward sand transport [42]. As a result, the shoreline tends to accrete in summer.



In the original ShoreFor formulation [14], the equilibrium forcing   Ω  e q    was constant and represented an annual value. This formulation was more favorable to seasonal variations. In our case,  Ω  would be lower than   Ω  e q    at the peak of summer and accretion would continue until the onset of winter monsoon. However, for   Ω  e q    varying at intra-seasonal scale (to deal with winter monsoon pulses), the model looses its relaxation mechanism at the annual scale, which is associated with swash processes and summer accretion.



To remedy to this summer limitation, we consider the special case of very low energy waves with surf similarity parameter  ξ  higher than   3.3  . In this case,   Ω  e q    is assigned a constant value of 0.8 (near the annual mean), so that the beach would accrete in summer when   Ω ( t )   < 0.8 and   ξ > 3.3   (Figure 11a). Figure 11b confirms that the shoreline position from the combined model with modified   Ω  e q    improves significantly and the modeled shoreline position is now remarkably close to observations during the summer (compare Figure 11b with Figure 10b). The RMSE is   2.25    m, which is much lower than the previous one (  3.27    m). The values of the calibration parameters a, b, and c are   0.0239  ,   3.015  , and   0.0195  , respectively. The erosion ratio r is   0.5413  , and the optimal memory decay  ϕ  is now   20    days instead of   70    days in the previous case. The relatively short time scale of   20    days encompasses that of winter monsoon pulses [28], on which the model can now focus more optimally. This is in line with the multi-scale approach of ShoreFor developed in [17,41], but within a simpler formulation. Figure 11c also shows that the seasonal fluctuation of the longshore contribution is now more pronounced than in the previous calibration (Figure 10c). For a longer interannual evolution, a period of three years is still too short and we will rely in the future on satellite monitoring for periods up to 30 years [43,44,45]. This will likely help in understanding the interaction between wave forcing and shoreline evolution at different time scales.





5. Conclusions


The results from the combined model calibrated with Nha Trang shoreline data and SWAN wave fields are an improvement over those of the ShoreFor model. The longshore contribution slightly improves the variability of the modeled shoreline position, especially with the shoreline data   D  S 1   . Interestingly, the seasonal cycle of the coastline is weakly affected by the longshore contribution and is better explained by the cross-shore transport.



In addition, we suggest that the definition of the equilibrium Dean number should be modified for very low-energy waves (  ξ >   3.3), in summer, under conditions without intra-seasonal wave events. It is a way to resolve contrasting behaviors at multiple scales. Without this modification, it is difficult to find an optimal memory parameter  ϕ  that represents in the same time the action of high-energy winter monsoon events at scales of 3–20 days and annual recovery mechanisms associated with swash transport. By assigning an annual mean value to the equilibrium Dean number   Ω  e q    when the surf similarity   ξ 0   is higher than   3.3  , we obtain a much smaller error of shoreline position. This enhancement simply mimics the slow but long process of shoreline accretion under very light waves.



Although the combined model provides better predictive capabilities than the cross-shore model alone, the latter remains the main source of uncertainty at small time scales (<decades). A large part of the uncertainty appears related to the way   Ω  e q    is defined. Our results clearly points to the relevance of a multi-scale approach in this regard, although our modified formulation keeps the advantage of simplicity.
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Figure 1. Plan view of the incident wave orientation angle  α  and the beach orientation angle  β . From the vertical line, an angle measured clockwise is positive and an angle measured counterclockwise is negative.   α b   denotes the breaking wave angle. S denotes the shoreline position with respect to an arbitrary vertical baseline.   k →   is the wave vector. N stands for the north. 
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Figure 2. (a) Location of Nha Trang beach on Vietnam map. (b) Nha Trang bay with Cai River estuary (1) in the north and a group of islands in the south, e.g., Hon Tre (2), Hon Tam (3), and Hon Mieu (4). 
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Figure 3. Area of interest (COASTVAR field experiment location) with the location of video cameras and shoreline detection by video imagery. 
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Figure 4. Time series of shoreline position    S 1   ( t )    from   D  S 1    (red line) and    S 2   ( t )    from   D  S 2    (blue line). 
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Figure 5. Bathymetry data input includes GEBCO data grid points and COASTVAR measured topography data points. 
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Figure 6. (a) Locations of point at   10   m depth and of breaker line used for extracting SWAN wave characteristics. (b) Breaker line along the shoreline at PF1 detected from a SWAN grid region of 400 m × 400 m; colorbar indicates the breaking index. “x grid” is the index of “X”, while “y grid” is the index of “Y”; “pixel” is a grid cell of 20 m × 20 m. Directional plot of the significant wave height   H s   (circles) and the peak wave period   T p   (colorbar) from SWAN at   10   m water depth (c) and at breaking point (d). The red line is the beach orientation. North (N) corresponds to   0 ∘  . 
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Figure 7. (a) Time series of SWAN significant wave height   H s   at   10    m depth (green line) and the horizontal line at its mean value   = 0.43    m (red dashed line). (b) Time series of the surf similarity parameter  ξ  (yellow line) and the horizontal line at the threshold value of   ξ = 3.3   (red dashed line). 
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Figure 8. The five profile transects of interest. S_0m is considered the landmark position. 
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Figure 9. The combined model calibrated with   D  S 1   . (a) Time series of  Ω  (green line),   Ω  e q    (red line), upper envelope (blue line) and lower envelope (brown line), vertical lines indicate the time of Nari and Haiyan typhoons. (b) Time series of measured shoreline position (red points); shoreline position from combined model (black line); shoreline position from ShoreFor model (gray line). (c) Cross-shore contribution (purple line) and longshore contribution (green line). 
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Figure 10. The combined model calibrated with   D  S 2   . (a) Time series of  Ω  (green line),   Ω  e q    (red line), upper envelope (blue line), lower envelope (brown line) and inter-annual average (black line), (b) Time series of measured shoreline position (red points) and shoreline position from combined model (black line), (c) Cross-shore contribution (purple line), longshore contribution (green line). 
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Figure 11. The combined model calibrated with   D  S 2    and modified equilibrium Dean number in summer. (a) Time series of  Ω  (light-blue line),   Ω  e q    (red line), upper envelope (blue line), lower envelope (brown line). (b) Time series of measured shoreline position (red points) and modeled shoreline position (black line). (c) Time series of the longshore contribution (green line) and the cross-shore contribution (purple line). 
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Table 1. Values of   ψ b  ,   ψ 10  ,    α b  ¯  ,    α 10  ¯  ,    β b  ¯  ,    β 10  ¯  , and   β m  .   β m   is the beach orientation measured on Google Earth images.
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	Transect
	   ψ   b
	    ψ 10    
	     α b  ¯    
	     α 10  ¯    
	     β b  ¯    
	     β 10  ¯    
	    β m    





	PF1
	   − 0 .  27 ∘    
	   − 58 .  53 ∘    
	   2 .  68 ∘    
	   18 .  02 ∘    
	   2 .  54 ∘    
	   − 11 .  25 ∘    
	   2 ∘   



	PF2
	   − 0 .  53 ∘    
	   − 56 .  88 ∘    
	   − 5 .  12 ∘    
	   12 .  87 ∘    
	   − 5 .  38 ∘    
	   − 15 .  57 ∘    
	   −  1 ∘    



	PF3
	   − 0 .  99 ∘    
	   − 59 .  06 ∘    
	   − 13 .  58 ∘    
	   4 .  60 ∘    
	   − 14 .  08 ∘    
	   − 24 .  93 ∘    
	   −  10 ∘    



	PF4
	   − 1 .  38 ∘    
	   − 60 .  02 ∘    
	   − 25 .  77 ∘    
	   − 4 .  99 ∘    
	   − 26 .  46 ∘    
	   −  35 ∘    
	   −  22 ∘    



	PF5
	   − 4 .  58 ∘    
	   − 70 .  16 ∘    
	   − 39 .  38 ∘    
	   − 14 .  87 ∘    
	   − 41 .  67 ∘    
	   − 49 .  95 ∘    
	   −  36 ∘    
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