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Abstract: Against the background of the rising sea level and land subsidence, protecting the progressively eroding 13 

coast along the Vietnam Mekong Delta becomes of tremendous importance. Within the presented work, design 14 

conditions for breakwaters were derived from offshore climate reanalysis data (ERA5), which were transferred to 15 

the nearshore by two numerical approaches, i.e. SwanOne and Delft3D, for different average and extreme wave 16 

and weather conditions. Within this process, design wave heights and periods at the nearshore could be determined 17 

for 10- to 100-year recurrence intervals. Both models thereby showed sufficient accuracy according to 18 

measurements in the field. Limitations must be made regarding the available spatio-temporal resolution, where 19 

reanalysis data showed a lack of short but high peak values compared to the observed measurements. Both 20 

numerical approaches showed their capabilities, where SwanOne offers a simple and fast calculation method, while 21 

it lacks of continuous effects like wind-generated swell or bottom friction. The Delft3D software on the other hand 22 

provides a more complete representation, not only of wave but also current dynamics, while it requires a much 23 

broader amount of input parameters and more complex boundary conditions. Within this study, the advantages 24 

and disadvantages of both models could be demonstrated, whereas for the final calculation of nearshore wave 25 

characteristics, only SwanOne was applicable based on the input parameters extracted from statistical analysis of 26 

long term ERA5 data.  27 
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1 Introduction 28 

The Mekong Delta (MD) is located at the southern part of Vietnam (see Figure 1). It is characterised by two 29 

coastlines: One along the Gulf of Thailand (lokally known as the West Sea) and the other towards the South China 30 

Sea (locally known as East Sea). Concerning the economy of Vietnam, the MD is most important for agricultural 31 

production (rice, shrimps) and exporting goods (The Anh et al. 2020; Vu et al. 2021). However, during the last 32 

decades, the coastline around the MD experienced severe degradation (Allison et al. 2017; Marchesiello et al. 33 

2019; Lappe et al. 2022). Comparison of results from remote sensing between 2003 and 2012 showed that 68% of 34 

the shoreline experienced erosion (Besset et al. 2019). Land subsidence processes, as a result of groundwater over-35 

abstraction, combined with climate change induced sea level rise might add up to a serious threat over the 36 

upcoming decades, especially since the whole Delta is situated on average only around 0.8 m above the sea level 37 

(Minderhoud et al. 2019). Further pressure arises from existing and projected upstream dams along the Mekong 38 

river, with its negative impact on the deltaic sediment balance (Allison et al. 2017; Bussi et al. 2021). In addition, 39 

the sediment balance is as well heavily influenced by sand mining activities in the main rivers (Jordan et al. 2019; 40 

Franca et al. 2022). Against the background of the described pressures and the political intention to sustainably 41 

develop this important region, the stop of further erosion along with the goal of stabilizing the coastline by land 42 

reclamation and mangrove replantation is defined as an urgent task for the MD (Chu Van Cuong et al. 2015). 43 

In this context, the construction of detached breakwater would offer the possibility to prevent further coastal 44 

erosion as well as enhance soil deposition and land reclamation behind the breakwaters. Various breakwater types, 45 

i.e. pile-rock breakwaters (Le Xuan et al. 2020), precast hollow concrete breakwaters (Dao et al. 2021; Le Xuan 46 

et al. 2022), bamboo fences (Dao et al. 2021), and curtain wall breakwaters (Vu et al. 2022) had been studied or 47 

already implemented along the coast to investigate their suitability under the local conditions with hit-and-miss 48 

(Nguyen et al. 2020). Successful examples, like the pile-rock breakwaters, featuring three-meter distant concrete 49 

pillar rows filled with rocks, showed promising results within the last years in terms of erosion control and land 50 

reclammation (Groenewold and Peters 2016). However, these structures require massive amounts of construction 51 

materials (i.e. rocks) which are not naturally available in the region and therefore need to be transported from far 52 

distance. Malfunction of structures was often linked to missing information on, e.g. about foundation conditions 53 

or extreme sea state statistics (Nguyen et al. 2020). According to the huge extent of the MD coastline, sophisticated 54 

and specific approaches of coastal protection become more and more important (Albers and Schmitt 2015). 55 

To warrant the intended performance and the structural stability of a breakwater over its design lifetime, the 56 

knowledge of average and extreme sea states in terms of design conditions is of crucial importance to the planning 57 

process. Here, the availability of long-term measured data in the area reveals huge gaps. Data assessment close to 58 

the coast, which would be the area of breakwater construction, was ofthen performed only for short periods ranging 59 

from single measurements up to discontinuos measurements spread over a few weeks (Albers and Stolzenwald 60 

2014; Marchesiello et al. 2018), therefore neglecting extreme weather events during the year. 61 

The whole region is characterized by a wet and dry monsoon with winds from the southwest and northeast, 62 

respectively (compare Figure 1), which cause shifting patterns of waves and currents around the Cape Ca Mau 63 

and lead to substantial erosion and accretion of the fine sediments that make up the Delta. The summer monsoon 64 

lasting approximately from May to early October is characterized by high precipitations rates (Allison et al. 2017). 65 

The dominant wind and wave direction is south-westerly during the summer monsoon (Thoai et al. 2019; Albers 66 

and Stolzenwald 2014). During this season, there is a strong sediment transport into the northeast direction along 67 

the western coast (Le Tu et al. 2019). In contrast, the winter monsoon takes place from November to early March 68 

(Unverricht et al. 2014) and features low precipitation rates but higher average wind speeds than during summer 69 

monsoon (Thoai et al. 2019). Winds and waves are approaching mainly from a northeastern direction during the 70 

winter monsoon (Unverricht et al. 2014). The longshore current during the winter monsoon is mainly following a 71 

southwestern direction (Nguyen et al. 2022). Currents thereby show maximum speeds of up to 0.7 m s-1. However, 72 

these velocities show little influence from the monsoon (Albers et al. 2013). Tidal conditions are also strongly 73 

depending on the location (Figure 1). The western coast experiences tidal ranges of around 0.8 m – 1 m, while the 74 

eastern coastline shows much greater tidal ranges of 1 m – 3 m (Albers and Stolzenwald 2014). 75 
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Figure 1: Schematic overview of tides, currents and wind characteristics around the Mekong Delta during Summer 

and Winter monsoon. 

The coastal bathymetry in the western coast of the MD is very shallow and characterised by gradually increasing 76 

slopes ranging only between 1:600 up to 1:1200 for more than 10 km out to sea (see Figure 2) Whilst the depth 77 

profile of the coastline varies along the delta, the area around the cape Ca Mau is especially flat (Nguyen Trung 78 

Thanh et al. 2017). 79 

Short term wave measurements over 15 days with a distance of 14 km to the West coast in U Minh district (see 80 

Figure 1) showed maximum significant wave heights of 1.6 m (mean of 0.9 m) from October to November, while 81 

wave heights reduce to 0.6 m (mean 0.3 m) from February to March, demonstrating the rather calm conditions 82 

during the winter monsoon. Maximum wave heights reached up to 2.4 m (maximum) and 1.3 m (mean) during 83 

late summer and 1.0 m (maximum) and 0.5 m (mean) during winter (Marchesiello et al. 2017). Average wave 84 

periods followed a similar pattern with longer periods corresponding to greater wave heights, which fell in the 85 

range of 5.5 s for the eastern coast during the northeast monsoon, and 3.5 s at the western coast during the 86 

southwest monsoon (Marchesiello et al. 2017). 87 

In comparison to such short-term measurements, long-term data are only available from national stations in 88 

distances far away to the relevant coast (e.g. Phu Quoc island, see Figure 1). Remote sensing data from satellites 89 

ofthen feature high uncertainties and are difficult to calibrate. More accurate climate reanalyses like ERA5 90 

(ECMWF Reanalysis 5) do not consider the relevant areas close to the coast as they typically start with around 91 

10 km distance and comprise rather coarse grid resolution of 0.5°, which approximately equals to 55 km for the 92 

MD are. The latest local seadyke regulations were as well aware of the scarce data availability and therefore 93 

suggest modelling simulations to increase the reliability of oceanographical data (MARD 2012). 94 

Against this background, the main aim of this study is to determine extreme wave conditions to support the 95 

dimensioning of nearshore breakwaters.Therefore statistically analized long-term offshore data (wave & wind) 96 

from a climate reanalysis (ERA5) are verified by onsite measurements. Within the framework of a field campaign 97 

in July 2019, wave data were measured offshore and nearshore over a two week period. Within a modell approach, 98 

the third-generation wave model SWAN (Simulating Waves Nearshore) was applied to simulate wave propagation 99 

from offshore to nearshore using the 1D linear approach featured by SwanOne and the 2D spatial approach featured 100 

by Delft3D-WAVE. ERA5 data during the measurement campaign were thereby used as model input to validated 101 

with the on-site measurements. Afterwards statistical long-term data for average and extreme conditions from 40-102 

year ERA5 time series were used as input to determine the site-specific design conditions. Besides, a comparison 103 
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of SwanOne and Delft3D was performed for a eight day lasting storm event in 2000, to assess their overall 104 

applicability, reliability, and limitations under different conditions. 105 

SwanOne and Delft3D-WAVE have been applied in various studies (Duy Vinh et al. 2016, Le Tu et al. 2019, 106 

Thanh et al. 2017, Tas 2016) for the MD and demonstrated their capability in reproducing coastal wave heights, 107 

currents and sediment transport. Delft3D-FLOW was used in a coupled approach with Delft3D-WAVE to 108 

investigate seasonal sedimentation distribution around the Mekong coast. (Duy Vinh et al. 2016) applied it 109 

successfully to investigate the interaction of increasing wave heights and sediment resuspension. Another coupling 110 

of the Delft3D-FLOW and the Delft3D-WAVE model investigated the Mekong estuaries’ morphodynamics under 111 

influence of salinity, tide and wind (Le Tu et al. 2019). A combination of the large-scale hydrodynamic model 112 

(Delft-FM) and a small-scale model (Delft3D-4 Suite) was used to study sedimentation in the Mekong estuaries 113 

due to seasonal forces and coastal processes (Thanh et al. 2017). 114 

Tas (2016) applied SwanOne to transfer offshore boundary conditions in the MD to nearshore, which then were 115 

further used as input for SWASH (Simulating Waves till Shore), a phase-resolving wave model to further 116 

investigate wave dynamics as they were running up shore. Transfer of ECMWF ERA-40 offshore waves towards 117 

the nearshore had been performed using SWAN for the eastern mainland coast, to quantify the effects of climate 118 

change to wave characteristics and longshore sediment transport. However, the western coast of the MD was not 119 

considered within this study (Dastgheib et al. 2016). Further applications of SwanOne were utilized for predicting 120 

nearshore waves (Huong 2003), for storm generated wave simulation (Hoque et al. 2020), for validation of wave 121 

transfer for physical experiments (Herrera et al. 2017), and for shallow water wave modelling (Moghimi et al. 122 

2005). 123 

2 Methodology 124 

2.1 Field campaign 2019 125 

Based on required parameters (wave height, wave period, wave direction, bathymetry), the measurement campaign 126 

in July 2019 was set up to assess the wave transfer from offshore (~25 km) to nearshore along two transects at the 127 

western coast of the MD. The offshore measurement locations (OS1 and OS2), the measured bathymetry profiles 128 

and the ERA5 grid are given in Figure 2. The offshore measurement points were thereby defined according to the 129 

ERA5 grid cells closest to the coast, compring a resolution of 0.5° (approx. 55 km). The nearshore locations (NS1 130 

and NS2) were chosen according to the water depth of a potential breakwater construction (1.5 – 2 m) with a 131 

distance to the coastline of ~500 m for the northern (transect 1) and ~2.5 km for the southern profile (transect 2). 132 

Each transect therefore could be allocated to a specific ERA5 gridbox, featuring a perpendicular alignment towards 133 

the coastline. As shown in Figure 2, the position of OS1 was located some kilometres north to the perpendicular 134 

line of transect 1 and NS1. Due to the parallel shape of the coastline bathymetry, and the deepwater conditions at 135 

these locations which neglect the effect of the bottom friction to the wave height, OS1 was anyhow considered as 136 

plausible input for transect 1 within this study. 137 

https://doi.org/10.5194/egusphere-2022-1447
Preprint. Discussion started: 12 January 2023
c© Author(s) 2023. CC BY 4.0 License.



5 

 

 138 

Figure 2: Western coast of the MD showing measurement locations (OS 1&2, NS 1&2) and bathymetry measured during 139 
the campaign in July 2019. ERA5 grid and national standard points (113 and 118 according to TCVN) along two 140 
transects (transect 1 and transect 2). 141 

Onsite data were collected from 01st July 2019 to 13th July 2019. This time was chosen to capture the peak of the 142 

southwest monsoon season in the MD. Former campaigns often focused on the rather calm end of the monsoon 143 

season and performed mainly multiple short successiv single point measurements spread along the coast (Albers 144 

and Stolzenwald 2014; Marchesiello et al. 2017). Therefore, single measurements are difficult to compare and 145 

interpret. In contrast to former measurements, it was therefore intended to collect data especially from heavy sea 146 

states and over a period of several days simultaneously with several sensors. 147 

Wave and current conditions along each transect were measured over a period of at least three days by ADCP 148 

(Acoustic Doppler Current Profiler) sensors, using a Signature 1000 (Nortek) for nearshore and AWAC (Acoustic 149 

Wave And Current Profiler; Nortek) for offshore measurements applying 10 min to 15 min measurement intervals. 150 

Data extraction and processing was later performed using the SignatureWaves64 software (Nortek). For 151 

comparison with the hourly wave heights and periods from ERA5, an average was calculated for the same 152 

timesteps from the measured data and later used for verification. 153 

The bathymetry along each transect was measured by echo-sounding performed during the same period. As the 154 

boat could not approach the shallow water close to the coast at transect 2, the bathymetry for the last 3 km towards 155 

the coast could not be measured. The missing distance was completed using bathymetry data from a measurement 156 

in 2011, provided by the ICOE (ICOE 2012). For comparison especially within the 2D-model, the water levels 157 

were referenced to the water level measurements at Song Doc. 158 

2.2 Long-term average and extreme conditions based on ERA5 reanalysis 159 

Statistic analyses based on the latest, fifth-generation reanalysis of the European Centre for Medium-Range 160 

Weather Forecasts, ERA5 (Hersbach et al. 2020), serve as input to the SwanOne and Delft3D models. Integrated 161 

ocean wave parameters, and 10 m neutral wind speed and wind direction were downloaded from the C3S 162 
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(Copernicus Climate Change Service) Climate Data Store (Hersbach et al. 2018) at 0.5° spatial and hourly temporal 163 

resolution. For the statistical description of average and extreme ocean wave conditions at the western coast of the 164 

Ca Mau peninsula, significant wave height, maximum individual wave height, peak wave period, and mean wave 165 

direction data are used for the 40-year period from 1979 to 2018. The same data for the year 2019 are used for the 166 

comparison with the measurements taken during the field campaign in July 2019. Within all analyses, the two 167 

ERA5 grid points centred at 9.0°N and 8.5°N at 104.5°E are used (Figure 2). These are the grid points closest to 168 

the coast, both at a distance of approximately 25 km to the western coast of the Ca Mau peninsula. ERA5 was 169 

chosen due to its high temporal resolution, which is particularly favourable for the investigation of extreme 170 

conditions, and due to its long-term availability. This decision is based on a previously done comparison of ERA5 171 

with WAVEWATCHIII (van der Linden et al. 2020). ERA5 exhibited an overall satisfactory performance when 172 

compared with satellite-based data and in-situ measurements over the study region (see Sect. 3.1). 173 

For the analysis of extreme conditions, return levels for 10-, 20-, 30-, 50-, and 100-year return periods were 174 

estimated using a generalized extreme value distribution for wind and a Gumbel distribution for significant wave 175 

height (cf. van den Brink and Können 2011). Maximum individual wave heights, and peak wave period were 176 

analysed in the same way. To focus on wave and wind forcing that has a direct impact on the western coast of the 177 

Ca Mau peninsula only, annual maxima, which are used as input to the estimation of return levels, are determined 178 

only for timesteps with mean wave direction and 10 m neutral wind direction between 225° and 315°, respectively. 179 

As an example, Figure 3 shows the estimation of return levels of the maximum individual wave height (HMAX) 180 

at transect 1. It should be noted that this precondition excludes, for example, waves associated with well known 181 

Typhoon Linda in 1997 (Aschariyaphotha et al. 2011; Takagi et al. 2014; Takagi et al. 2015; Anh et al. 2019). 182 

Another important input parameter to the 1D model, which is, however, not available from the ERA5 reanalysis, 183 

is the water level. For the estimation of return periods of the water level, measurements from Song Doc (cf. Figure 184 

2 for the location of the station) are used. The longest available period of measurements from Song Doc was 1996–185 

2015. Return levels are estimated using a Gumbel distribution and are based on annual maxima during the rainy 186 

season, i.e., May to October, and thus focusing on the season with predominantly southwesterly to westerly winds 187 

and waves. 188 

In addition to the extreme values based on the statistical analysis, a historical, long-lasting extreme event was 189 

selected for a more detailed analysis. The selection of a single extreme event was based on three criteria, applied 190 

to data of the two ERA5 grid points: 191 

1. The mean wave direction is between 225° and 315°. 192 

2. The 95th percentile of significant wave height (Hs) is reached or exceeded during at least 12 hours per day. 193 

3. At least three consecutive days fulfil the first two criteria. 194 

For long-lasting events, the last criterion was relaxed to allow up to two days in-between that did not fulfil the first 195 

and/or second criterion. Based on these criteria, the eight-day period from 16th August until 23rd August 2000 was 196 

selected. At the two ERA5 grid points the maxima of Hs were reached on 22nd August (2.41 m) and 21st August 197 

2000 (2.59 m), corresponding to approximately 32- and 28-year return periods at transect 1 and transect 2, 198 

respectively. 199 
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 200 

Figure 3: Example for the estimation of return levels. Return levels of HMAX (in m) for different return periods. 201 

2.3 Numerical modelling 202 

2.3.1 Model descriptions 203 

Within this study SWAN was used to simulate the propagation of waves from offshore to nearshore comparing 204 

1D and 2D model results. SwanOne transforms offshore wave conditions to nearshore using the 1D-mode of the 205 

full SWAN package (The SWAN team 2018). SWAN (Booij et al. 1999) thereby utilizes Euler technique for time 206 

discretization to solve the spectral action balance equation (3.1). Compared to other third-generation wave models 207 

e.g. WAM or WaveWatch III, SWAN additionally considers triad wave-wave interactions and depth-induced wave 208 

breaking. 209 
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 210 

On the left hand side of (3.1) the wave action density N(σ,θ) is used instead of energy density (N=E/σ). cx, cy are 211 

propagation velocities in geographical space, while cσ and cθ are propagation in spectral space σ and θ.  212 

The source term on the right-hand side of (3.1) according to (Hoque et al. 2020) consists of:  213 

 S = Sin + Swc + Snl4 + Sbf + Snl3 + Sbr (3.2) 

 214 

in which Sin is wind-generated waves; Swc is dissipation due to whitecapping; Snl4 is nonlinear quadruplet wave-215 

wave interaction; Sbf is dissipation due to bottom friction; Snl3 is nonlinear triad wave-wave interaction; and Sbr is 216 

depth-induced wave breaking. While the first three sources are important in deep water, the later three are 217 

significant in shallow water. 218 

Within this study, the 1D (SwanOne) and 2D (Delft3D-WAVE, furtheron refered to as Delft3D) applications of 219 

SWAN are used to simulate the same scenarios and later compare their results during validation with in-situ data. 220 

SwanOne thereby uses the above 2D descriptions but neglects one dimension of the geographical space. 221 

Additionally, the simulation is only calculated in a stationary mode. This is reasonable for applications for small 222 

areas, where bathymetry contour lines stay relatively parallel to each other and the coast, and stationarity 223 

assumptions of instantaneously reacting waves to the wind field fluctuation are acceptable (Rogers et al. 2007). 224 
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The 1D-mode assumes that the offshore bathymetry can be represented by parallel bottom contours such that the 225 

bottom profile can be specified along one transect normal to the average coastline. The SWAN model represents 226 

the wave field in terms of the 2D-frequency-direction wave spectrum which then evolves towards the coast 227 

including effects of wind, current, water level, depth, shoaling and refraction effects. 228 

The 2D wave application is coupled with the numerical hydraulic module, Delft3D-FLOW. Delft3D-FLOW 229 

utilizes finite difference methods to solve the Navier-Stokes equations under shallow water assumption. The 230 

computational grid thereby can be rectilinear or curvilinear. Nesting techniques are available to combine different 231 

grid sizes and grid formations (H. Gerritsen et al. 2008). 232 

Each module is responsible for specific hydrodynamic processes. However, they can be coupled in integrated 233 

simulations for complex simulations when necessary. Within this study, the Delft3D version 4.04.01 was used. 234 

The aim was to describe the dominating main physical processes of interest which consisted of tidal regime, 235 

nearshore wind wave development, tidal-induced current, and wave-induce current. 236 

2.3.2 Model setup and verification approach 237 

The offshore measured wave heights, periods and directions together with ERA5 wind parameters were used as 238 

input to SwanOne. Data at OS1 and OS2 where applied at the offshore boundary of the bathymetry profile. The 239 

waves are then transferred towards the coast where they were extracted again at the locations of the nearshore 240 

sensors for both transects. A sketch of the input parametes and their representation in SwanOne is given in the 241 

supplementary materials (SM1). The bathymetries along each transect were implemented according to the 242 

measured data (see Figure 2). All data were adapted to local time (UTC + 7 h) and are given in UTC afterwards. 243 

Wind speed and direction were taken from ERA5 for both steps due to lacking in-situ data. According to the 244 

availability of ERA5 wind and wave data with a 1h resolution, the modelling was performed for 1h timesteps, 245 

therefore comprising averages of the measured sub-hourly values wave height and period. For SwanOne, each 246 

timestep needed to be individually calculated, with separate data input. Wave heights thereby where implemented 247 

as single wave heights. Wave spectrum would be possible as well, however wave heights were used within this 248 

study. Bottom friction could not be included based on the restriction of the software. Input of currents would have 249 

been possible, however the single point current measurements showed unconfident values and were therefore 250 

discarded. 251 
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 252 

Figure 4: Comparison of AWAC measurement, Signature 1000 measurement, Wave transfer of AWAC measurement 253 
with SWAN to signature location (Within the publication, the wave period from here on is referring to the wave peak 254 
period). 255 

Within the verification process (see Figure 4), the measured offshore wave heights (AWAC, red line) where 256 

transferred towards the nearshore and extracted again at the location of the Signature 1000 sensor (green line), 257 

where they were compared to the measured wave heights (blue line). Apart from three pronounced peaks in the 258 

wave preiods at transect 2, which most likely originate from a sensor malfunction, the data for wave height and 259 

period shows good agreement for both transects to accept the applicability of the 1D transfer model for further use 260 

within this study. By using input data with resolution of 1 h (red), even a short-lasting storm event which happened 261 

during the measurement at transect 1 (start: 6th July 2019 5:00 UTC) could be reproduced successfully. The 262 

temporal shift between measured and transferred waves at the beginning of the storm might be attributed to the 263 

northern position of the AWAC sensor as described in Fehler! Verweisquelle konnte nicht gefunden werden.. 264 

For the 2D-model, the bathymetry boundary is a combination of Gebco_2020 grid for the offshore area (GEBCO 265 

Bathymetric Compilation Group 2020), while the nearshore zone, especially the area of interest, was supplemented 266 

with nearshore measurements from three field investigation campaigns. Two campaigns were carried out by ICOE 267 

in 2011 (ICOE 2012) and 2016 (ICOE 2017), where the first focusing on Ca Mau cape topography while the later 268 

investigated the northern part of the western coast with 15 cross profiles. In 2019, the already mentioned campaign 269 

by KIT and SIWRR investigated three more cross profiles with a length of 20 km - 25 km towards the coast. 270 

Wind force was implemented by applying hourly ERA5 data of 10 m wind field for the whole domain (Hersbach 271 

et al. 2018). Wave boundaries were regulated by hourly ERA5 data of wave conditions. Delft3D-WAVE was 272 

coupled with Delft3D-FLOW for fully simulating wave-current interaction within the surf zone. Tidal fluctuations 273 

were interpreted from TPXO 8.0 tidal constituents for Delft3D-FLOW (Egbert and Erofeeva 2002). 274 
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 275 

Figure 5: Grid of the 2D model including the four different sections of boundary conditions (wave and wind input, 276 
referring to ERA5 grid) and the sensor locations. 277 

A loop of adjustment and calibration for the 2D model was performed stepwise for the domain extent, grid type 278 

and grid resolution (see sumplementary materials SM2, SM3, SM4, SM5, SM6), and the wave and wind boundary 279 

definition. The optimization process aims to achieve good agreement between simulation and measurement data 280 

while maintaining reasonable computational time. Along the process it was found that grid resolution has a stronger 281 

impact on accuracy than grid type (rectangular or curvilinear). However, curvilinear, in this case, gives the 282 

flexibility to optimize the grid resolution in the nearshore area. A map of the final curvilinear grid, the boundaries 283 

and the referring ERA5 wind and wave locations are given in Figure 5. Besides, the swell appeared to have a 284 

substantial impact on the results as well, therefore, applying wave conditions at offshore boundary gives higher 285 

efficiency in improving the swell wave prediction, in comparison to an extention of the simulation domain. Despite 286 

it was recommended to use 0.019 m2 s-3 for JONSWAP bottom friction in the condition of a smooth seafloor (The 287 

SWAN team 2018) the default value of 0.067 m2 s-3 showed better agreement, especially when verifying with 288 

nearshore measurements. The overall process of optimizing the model accuracy is illustrated in the supplementary 289 

materials (SM7). 290 

3. Results and Discussion 291 

3.1 Model verification 292 

In a second step, the same approach (Sect. 2.3.2.) was done with wave heights taken from ERA5 over the same 293 

period as the onsite measurements. For comparison, all modelling results (1D and 2D) were illustrated together 294 

with the offshore and onshore wave heights and wave periods measured during the field campaign (see Figure 6). 295 

The overall range of the measured offshore wave heights and the wave heights taken from ERA5 show a good 296 

agreement for transect 1 until the 6th of July 2019 at 6:00 UTC and for transect 2 over the entire period. This agrees 297 

as well to the offshore conditions in the 2D-model. The values for transect 1 after this date show a strong increase 298 

of the measured wave heights due to a sudden local storm event that lasted for approx. 10 hours but was not 299 
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reproduced in the ERA 5 data (dashed blue line). It becomes obvious, that such short and locally confined events 300 

are not sufficiently replicated by the coarse grid cells of ERA5 in comparison to the single point data measured by 301 

the sensors. While wind speeds of ERA5 showed highest values within this period with 9.6  and 9.9 m s-1 at transect 302 

1 and transect 2, respectively, the storm did not last long enough to generate comparable wave heights by wind 303 

fetch within the 2D-model (dashed green line) in comparison to the measured wave heights (dashed red line). Due 304 

to these reduced input wave heights, the nearshore output of the 2D-model features this peak as well with much 305 

lower wave heights. As both models are based on the same ERA5 input regarding wave height, wave periods and 306 

wind speed and directions, this could be attributed to the stationary mode of the 2D-model, where each timestep 307 

is influenced by the results of the timestep before and therefore wind effects might constantly influence the model 308 

while the boundary wave heights remain small (dashed blue line). 309 

Wave periods were also compared between measured data (AWAC and Signature 1000 sensors) and the simulation 310 

results (Delft3D and SwanOne; see Figure 6). At transect 1, the wave peak periods both offshore and nearshore 311 

overall vary between 3 and 5.5 seconds without a pronounced reduction during the transfer from offshore to 312 

nearshore. For data featuring the same origin, like AWAC and Signature 1000 (solid and dashed red line) or like 313 

ERA5 input and SwanOne (solid and dashed blue line) the peak period rather remains constant from offshore to 314 

nearshore. This might be an effect of the shallow but continuously increasing bathymetry (see Figure 2) where 315 

the waves spectrum is not converted along its way and therefore are not breaking. 316 

In contrast, transect 2 shows a clear reduction of peak periods from offshore to nearshore for measured and 317 

modelled data. Wave periods vary from 4 to 5.2 seconds in the offshore and reduce to 1.8 to 2.2 seconds at the 318 

nearshore. This is as well an effect of the bathymetry (see Figure 2), where the sudden seafloor increase at the 319 

edge of the shelf is converting the wave towards a smaller peak period. Despite the three already mentioned peaks 320 

in the wave period, the SwanOne results (blue solid line) agree well with measured data (red solid line), while the 321 

Delft3D results (solid green line) provided slightly lower wave periods (1.8 to 2 seconds). The difference of wave 322 

periods between measurements and numerical results are approx. 20% at both transects (ignoring the peaks) at the 323 

offshore and nearshore locations. 324 

Beside the described lack of accuracy for short extreme events, both numerical platforms showed sufficient 325 

agreement, especially at transect 2, so the overall applicability for the further investigation was considered reliable. 326 

As mentioned in Sect. 2.3.1, the 1D-model is operated only in a stationary mode, so each single run is only based 327 

on its single timestep input. Subsequently, the 1D-model transfers this data to the nearshore. To increase the 1D 328 

model reliability as well over longer periods, both models were compared in the following over a several days 329 

lasting storm event. 330 
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 331 

Figure 6: Wave heights and wave period at transect 1 and transect 2, taken from measurements, ERA5 reanalysis, as 332 
well as from SwanOne and Delft3D models. 333 

3.2 Applications 334 

3.2.1 Long-lasting extreme event 335 

Before focusing on mean and extreme ocean wave conditions based on a statistical analysis of ERA5 data in the 336 

next section, a quantitative comparison of results when applying 1D and 2D approaches to a historical, long-lasting 337 

extreme event in August 2000 is provided here. Since no long-term, in-situ measurements are available for the 338 

study region, ERA5 data was used for the selection of the event. The criteria for the selection of the historical 339 

extreme event are described in section 0. The long-lasting extreme wave conditions between 16th and 23rd of August 340 

2000 were related to enhanced westerly low-level winds. One factor favouring an enhanced monsoon flow was 341 

tropical storm Kaemi. According to best track data of IBTrACS (International Best Track Archive for Climate 342 

Stewardship; Knapp et al. 2010; Knapp et al. 2018) Kaemi formed on 18th August 2000 over the South China Sea 343 

and made landfall in central Vietnam on 22nd August 2000. In addition, the convectively active phase of the 344 

Madden–Julian Oscillation (MJO; Madden and Julian 1972) was located over the Maritime Continent at that time 345 

as indicated by the real-time multivariate MJO index (Wheeler and Hendon 2004). Since the convectively active 346 

phase of the MJO can lead to enhanced westerly winds during the rainy season over southern Vietnam (van der 347 

Linden et al. 2016) this might be another factor that contributed to the extreme wave conditions. According to the 348 

ERA5 reanalysis the highest significant wave heights during the event, reaching more than 2.5 m, occurred on 22nd 349 

and 21st of August at the offshore locations of transects 1 and 2, respectively (blue dashed lines in Figure 7 top 350 

left and top right). 351 

Figure 7 shows the comparison of Hs (top) and Tp (bottom) between ERA5 and Delft3D at the offshore locations 352 

(blue and green dashed lines) and SwanOne and Delft3D at the nearshore locations (blue symbols and green solid 353 

lines) of both transects. The output timesteps of Delft3D and ERA5 are hourly, while a 6-hourly output from 354 

SwanOne was used, which could lead to a misrepresentation of local minima or maxima. For the interpretation of 355 

the results it should also be noted that ERA5 served as input for both SwanOne and Delft3D, due to the non-356 

availability of in-situ measurements. 357 
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The agreement between Hs from ERA5 and Delft3D is overall good at the offshore locations of both transects 358 

(Figure 7 top, dashed green and blue lines). The agreement does not depend on the wave heights and small 359 

deviations of Delft3D with respect to ERA5 (biases not larger than ±20%, e.g. between 18th and 20rd August 2000 360 

at transect 2) seem not to be systematic. The overall good agreement does not come fully unexpected due to the 361 

calibration of Delft3D against ERA5 (see SM7) and due to the use of 10 m neutral winds from ERA5 over the 362 

entire domain (compare Figure 5). However, since ERA5 wave spectra were only used as input at the outer 363 

boundaries of the model domain (Figure 5), this demonstrates that the calibration of Delft3D worked well. When 364 

focusing on the nearshore locations, SwanOne and Delft3D show a good agreement at transect 1 (Figure 7, top 365 

left). At transect 2 (Figure 7, top right), Hs is almost constant over the entire period at the nearshore location, 366 

leading to larger differences to SwanOne, which shows more pronounced fluctuations that correspond to the ERA5 367 

input at the offshore location. Possible explanations of the differences of Hs are the very shallow bathymetry at 368 

transect 2 and differences between the bathymetries used in SwanOne and Delft3D (see supplementary materials, 369 

SM8). In SwanOne, higher waves and more pronounced fluctuations at the nearshore location are possible due to 370 

higher water levels. 371 

When focusing on the same comparisons for Tp (Figure 7, bottom row), larger differences can be observed 372 

between the two transects. At transect 1, almost no decrease of the Tp between the offshore and nearshore location 373 

occurs (Figure 7, bottom left). At both locations, Tp varies between approximately 4 and 7 seconds. Overall, Tp 374 

is up to approximately 1 second shorter in Delft3D. At transect 2, however, Tp at the nearshore location is only 375 

half of Tp at the offshore location, decreasing from approximately 6 seconds to 3 seconds (Figure 7, bottom right). 376 

The offset of Delft3D compared to ERA5 and SwanOne is comparable to that at transect 1. As could be seen for 377 

Hs at the nearshore location, the temporal variation of Tp at the nearshore location is very weak in Delft3D when 378 

compared to SwanOne. The differences in Hs as well replicate the results from the measurement campaign (see 379 

Figure 6) and are therefore most likely caused by the same bathymetry effects. 380 

 381 

Figure 7: Wave transferring from offshore to the coast at transect 1 and transect 2 in 2000 382 

In addition to the different bathymetries used in the two modelling approaches that could lead to differences in Hs 383 

and Tp, as discussed above, there are various other potential reasons. Particularly, it is expected that Delft3D could 384 

better represent the wave conditions since it considers important factors such as wind surge, wave diffraction, 385 
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wave–wave interactions and wave–current interactions. All of these factors are not considered in SwanOne. Swell, 386 

which was found to be essential in the correct simulation with Delft3D (cf. Sect. 2.4), is considered in both models 387 

through the use of ERA5 input. Despite the uncertainties due to the bathymetries being used in this shallow coastal 388 

area, Figure 8 illustrates the advantages of the 2D approach, where Hs and Tp at one timestep during the first 389 

period of enhanced wave heights (00:00 UTC on 17th August 2000) are shown as an example. Using Delft3D, 390 

wave conditions can easily be derived for any other location along the coast, therefore result extraction only 391 

depends on the grid resolution of the model. Simulating ocean waves over a larger domain also allows for 392 

interaction not only with other waves, currents, and the atmosphere but also with topographic features, which 393 

manifests, e.g., in wave attenuation and diffraction at islands in the Gulf of Thailand. On the contrary, SwanOne 394 

only considers a simple, one-way interaction with the atmosphere and strongly depends on the grid spacing of the 395 

input wave conditions. One major advantage of SwanOne thereby is its applicability to wave conditions derived 396 

from statistical extreme value analysis. 397 

 

Figure 8: Extreme period of oceanographic condition at 00:00 UTC on 17th August 2000) (left: wave height (m), right: 398 
Wave period (s)). 399 

3.2.2 Average and extreme conditions for different return periods 400 

According to local dyke regulations, the coastal protection for the MD needs to consider a return period of 20 to 401 

30 years, based on the agricultural use and the population density of the protected hinterland (MARD, 2012). 402 

However, within this study, the calculations were additionally done for longer return periods of 50 and 100 years 403 

(see Table 1). 404 

Table 1: Input parameters for the 1D wave transfer model along transects T1 and T2. 405 

Transect Variable Mean 
Return period [years] 

10 20 30 50 100 

T1 Wind speed [m s-1] 5.80 12.88 13.38 13.68 14.07 14.62 

Hs [m] 0.68 2.19 2.32 2.40 2.49 2.62 

HMAX [m] 1.28 4.18 4.42 4.57 4.74 4.98 

Wave period [s] 4.34 7.39 7.66 7.81 8.00 8.26 

T2 Wind speed [m s-1] 6.02 13.28 13.80 14.10 14.47 14.98 

Hs [m] 0.75 2.36 2.51 2.61 2.72 2.87 

HMAX [m] 1.41 4.51 4.81 4.99 5.20 5.49 
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Wave period [s] 4.61 7.50 7.76 7.91 8.10 8.36 

All Water level variation 

[cm]* 

– 96.15 104.84 109.84 116.10 124.53 

*water level refers to Song Doc (see Figure 2) 406 

The input parameters for the wave transfer calculation are given in Table 1. The wave and wind parameters were 407 

extracted and analysed based on the ERA5 data from 1979 to 2019. As described in Sect. 2.2, only waves from a 408 

western direction were considered within this evaluation, therefore comprising mostly waves during the southwest 409 

monsoon season. The water level variations for the different return periods are based on measurements of the Song 410 

Doc hydrological station (see Figure 2) from 1996 to 2019 following the same statistical evaluation as done for 411 

the wave height (see Sect. 2.2). Due to the lack of long-term local sea level data, average water levels at Song Doc 412 

were applied for both transects following the assumption that there is not much variance of water level along the 413 

western coast. Water level variations in Table 1 therefore comprise a combination of wind surge and tides. 414 

Results for Hs are presented in Figure 9 for return periods of 10 years (green), 20 years (blue) and 50 years (red). 415 

The left column shows the decrease in wave height while the wave is transferred from offshore (25 km) to 416 

nearshore (1 km), the right column gives a focus on the last 1000 m towards the coast. As expected, for the 417 

intermediate and shallow water conditions, the wave height mainly follows the bathymetry profile, featuring a 418 

slight, constant decrease along the slowly rising bathymetry of transect 1 and a sudden change at approx. 15 km 419 

distance to coast, where the shelf plateau drops steeply for transect 2. 420 

 421 

Figure 9: Design condition results for T1 and T2 calculated with SwanOne based on the input of Table 1. 422 

The long-term average wave heights along the last km, apart from the final 100 m, ranges around 0.5 m at transect 423 

1 and 0.2 m at transect 2. Maximum average wave heights at transect 1 are around 0.7 m while and are therefore 424 

substantially higher than the maximum average wave heights at transect 2. 425 
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These numbers are in good agreement to average nearshore significant wave heights from previous surveys with 426 

0.5 m up to 0.85 m at the western coast of the MD (Nguyen et al. 2020). Results at Soc Trang for wave 427 

transformation from offshore to nearshore using the XBeach model show as well comparable results reducing a 428 

2 m wave at 10 km down to 0.5 m at the beach for comparable bathymetry conditions like transect 1 (Phan et al. 429 

2015). 430 

Related to the coastal protection, e.g. by detached breakwaters, wave heights for return periods of 20 years in a 431 

realistic implementation distance between 100 m up to 300 m to the coast ranging from 1.1 m to 1.3 m at transect 432 

1 and 0.65 m at transect 2 (compare Figure 9). Maximum wave heights for the same return period and distance 433 

show negligibly higher values for both transects. This might be attributed to the fact, that the wave heights in 434 

shallow water near to the coast are already close to the physical limit. 435 

Tas (2016) followed a similar approach as presented in this study, calculating the wave transfer with SwanOne 436 

and SWASH for wave height conditions which were calculated based on NOAA wind data over a fetch over 437 

250 km assuming a water depth of 65 m. The model was applied as well over the last 25 km towards the coast. 438 

However, as to our own measurements the water depth is only approximately 20 m at this distance, the input wave 439 

height of up to 8 m are most likely overestimating the real conditions. 440 

As a well known fact, wave heights are significantly dependent on the water depth especially for the shallow 441 

nearshore zone. Increasing water levels therefore would directly increase the maximum possible wave height at 442 

the coast. Under extreme weather conditions, water levels could as well rise due to stable wind stress (wind surge). 443 

This phenomenon was demonstrated using Delft3D by coupling the two modules Wave and Flow and applying 444 

winds with constant high speeds and direction to the model over an extended period of time (see SM9). Within 445 

this test, the water depths are increased for approx. 1 m at a constant wind scale of 9 while they are up to 2 m at a 446 

wind scale of 11, therefore demonstrating a kind of worst case wind swell scenario. However it must be emphasized 447 

that increasing water depths on the one hand allow for higher waves but as well increase the submergence of any 448 

breakwater and the overtopping of waves. Therefore, extreme surge conditions would not inevitably lead to a 449 

adaption of the breakwater design regarding its stability, as the whole breakwater is most likely submerged. Under 450 

such conditions the waves can again hit the coastline without any prior reduction. 451 

3.3 Limitations of the study 452 

According to the different input sources, wave heights were available as Hs (calculation based on measured wave 453 

heights) and Hm0 (statistical analysis based on energy spectrum) from the sensors, while ERA5 only features 454 

Hm0. To remain consistent, all calculations were done based on Hm0. As a comparison of Hs and Hm0 for the 455 

measurements showed slightly higher values for Hm0 (around 5%), these results therefore might overestimate the 456 

significant wave height. 457 

While the AWAC at transect 1 showed reasonable data regarding the wave directions, the wave directions at T2 458 

where rather inconsistent. During launching the wave sensor in the field, the AWAC sensor at transect 2 was tilted 459 

by around 12°, which is slightly above the suggested operation range (10° according to Nortek). Nevertheless, it 460 

was still below the acceptable limit of 20°. Therefore, tilt effects were removed during the post-processing of the 461 

data. In addition, some of the measured wave frequencies were close to the range the sensors cut off which might 462 

be an additional source for inaccuracies.The wind direction from ERA5 was taken as input for the wave direction 463 

instead at transect 2 as both typically coincide if the wind comes from a constant direction over longer periods. 464 

As mentioned above, it must be noted that the measured data quality at transect 2 was rather inconsistent, hence 465 

results at this transect should be treated with caution. However, due to the fact of high agreement between the 1D 466 

and 2D numerical approaches, the selection of alternative boundary conditions in case of inadequate sensor 467 

measurements seems sufficient. Therefore, we decided to present these results within this study, as the availability 468 

of data and related studies is scarce within this area. Besides, transect 2 for practical reasons is of minor relevance, 469 

as it is located at the tip of the Ca Mau peninsula, an area of natural soil deposition process, with no need for 470 

coastal protection. 471 
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4 Conclusions 472 

Within the presented study, a stepwise approach for the determination of dimensioning conditions for breakwater 473 

design is presented based on a combination of measurements, long-term reanalysis data and numerical approaches. 474 

Within the first step, measured data and ERA5 offshore data could be successfully transferred to onshore locations 475 

with SwanOne and Delft3D, where they could be verified by onshore measurements. Within a several days lasting 476 

storm event, both numerical platforms were used to demonstrate the applicability of the wave transfer approach 477 

based on ERA5 reanalysis data as input in the Gulf of Thailand. Both stepos thereby showe consistent results. 478 

Afterwards, SwanOne was used to calculate nearshore wave heights and periods for mean, 10-, 20-, 50- and 100-479 

year return periods at the western coast of the MD, based on 40-year ERA5 data. Average wave heights here are 480 

in good accordance to previously published data. These results will further be used as dimensioning conditions 481 

within the design process of a breakwater to counteract the ongoing coastal erosion in the study area. 482 

Within the comparison, both numerical approaches underestimate the extreme conditions compared to the 483 

measured values as a result of insufficient representation of the storm by ERA5 due to spatio-temporal resolution. 484 

Local measured wind data with high temporal resolution might increase the accuracy of the results, as it was 485 

intentionally planned but could not be considered due to technical problems during the measurement 486 

campaign.However, a offshore storm does not necessarily have to pass the station as well or with the same 487 

intensity. 488 

Based on the investigations within this study, the models offer the following advantages and disadvantages: 489 

SwanOne: 490 

• The model is easily accessible and fast in simulation. 491 

• Input data is only needed for the investigated site, so the calculation is possible based on a few single point 492 

measurements. However the results of this 1D approach are as well only limited along the investigated 493 

transect. 494 

• Statistical numbers like wave heights and periods taken from return period analysis can easily be applied 495 

within this model. 496 

• Some factors like bottom friction or the wind surge are not implemented within the simulation software. The 497 

results therefore might have some inaccuracies. 498 

Delft3D: 499 

• Based on the spatial model setup, it is possible to extract simulation results at any location within the model 500 

domain. 501 

• Wave-current interaction is considered to complete the picture of hydrodynamics in the nearshore zone. 502 

Compared to SwanOne where the current needs to be defined as input parameter, Delft3D is calculating them 503 

based on the other input parameters like wind speed and wind direction. The feature of continuous wind input 504 

(e.g. storm surge effects) and bottom friction are included and lead to a higher accuracy of the results as well. 505 

• Due to its 2-dimensional character, a broad amount of input parameters (e.g. bathymetry, wind speed and 506 

directions) is required to set up the model. 507 

• Besides, only real events in terms of subsequent temporal data series make sense to serve as input. Input data 508 

for variable return periods is therefore difficult to generate on a spatial level as spatial input data e.g. for a 509 

100-year return period could not be generated from statistics. 510 

• Due to its complexity, the whole model generation, the definition of boundary conditions and calibration 511 

process is time consuming. 512 

As both numerical approaches proof their suitability to calculate nearshore wave heights and periods based on 513 

offshore reanalysis data, the simulation results in general can be recommended for determination of breakwater 514 

design conditions. However, a certain data quality and temporal resolution should be available. 515 

 516 

 517 

 518 
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