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ABSTRACT 

Five suspended sand concentration profile [C(z)] models, four existing formulations and one 1 

modified model, were evaluated against 119 laboratory tests from four large-scale datasets 2 

covering multiple cross-shore zones under regular and irregular breaking waves. Existing 3 

formulations were grouped into power-law and exponential models, producing mildly 4 

parabolic and quasi-linear profiles, respectively. The classical Rouse profile was found 5 

unsuitable near the bed and free surface, yielding unrealistic concentrations as z → 0 and z → 6 

d, and therefore recommended only when the local water depth greatly exceeds reference 7 

elevation. Power-law models derived from the Rouse formulation exhibited excessively steep 8 

profiles due to small mixing parameter values, leading to quasi-uniform concentrations 9 

throughout the water column. In contrast, measured profiles were consistently concave, with 10 

elevated near-bed concentrations and reduced values in the upper water column, resulting in 11 

substantial overprediction by power-law models aloft. To address this limitation, a physics-12 
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based correction factor was introduced to enhance the mixing parameter, producing a modified 13 

SR93-based formulation [L19 C(z)] that yields more realistic, smoothly varying profiles. The 14 

L19 model demonstrated superior agreement with observations across all cross-shore zones, 15 

with root-mean-square errors ranging from 0.03 to 2.3 kg m⁻³ (mean 0.56 kg m⁻³), 16 

outperforming existing models. Exponential formulations reproduced concentrations near the 17 

bed and surface but diverged in the mid-water column and were highly sensitive to reference 18 

concentration specification. Finally, the L19 model was validated within a process-based 19 

morphodynamic framework using field data from the Hasaki Oceanographic Research Station, 20 

achieving a Brier Skill Score of 0.72 under storm conditions. 21 

Keywords: reference concentration, suspended sand concentration, breaking waves, 

concentration profile, near-shore, turbulent kinetic energy  
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1. Introduction 22 

Coastal morphodynamics is a product of small- and large-scale processes that occur over long 23 

(decadal +) time scales. As these processes are non-linear, occur over large areas (in the 10 to 24 

100 km) over many years (10 to 100 years), they are difficult to predict. Process-based models 25 

(e.g. Delft3D) simulate waves, currents, sediment transport, and morphology together. By 26 

using tools such as MORFAC (morphological acceleration) and input reduction, modern 27 

models now simulate longer-term beach evolution. However, limitations in transport formulae 28 

remain (e.g. Wang et al., 2014; van der Wegen & Roelvink, 2008; Dastgheib, 2012; Sanchez 29 

et al., 2015; Dam et al., 2016; Luijendijk et al., 2019). Consequently, modellers are often 30 

forced to rely on arduous and time-consuming calibration efforts and practical models, which 31 

sometimes consist of (numerous) empirical tuning constants, to obtain favourable model 32 

results. Even state-of-the-art coastal area models such as Delft3D, MIKE21 and Telemac are 33 

comprised of relatively simple physics, relying instead on numerous (semi-) empirical 34 

parameterisations which are often not very well-founded in measured data nor on fundamental 35 

understanding of key hydrodynamic and sediment transport processes (van der Werf et al., 36 

2015). Of the models that are thoroughly validated against experimental data, many are only 37 

validated for their ability to predict bed changes, rather than individual bedload and suspended 38 

load components (Van der Zanden et al., 2017a) and their relative contributions to net transport. 39 

Such methods and models are therefore often quite crude and/or inefficient but somewhat 40 

unavoidable due to theoretical limitations of existing models. An essential first step in 41 

improving morphodynamic modelling capabilities is the development of more robust sediment 42 

transport formulae that are accurate, widely applicable (to a range of different conditions) and 43 

computationally efficient. There is therefore a need for the development of more improved 44 

(practical and process-based) sediment transport formulae that are well-validated against data 45 

from field and laboratory experiments (van Rijn et al., 2013). This is especially the case for the 46 
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breaking and swash zones where previous attempts at accurately modelling the suspended 47 

sediment transport have been most challenging due to the complex interaction between highly 48 

turbulent hydrodynamic processes and transported sediments that occur in these regions (c.f. 49 

Van der Zanden, 2016). Such processes include vertical (Van der Zanden et al., 2019) and 50 

cross-shore (van Rijn et al., 2013; Van der Zanden et al. 2017b) hydrodynamic non-uniformity, 51 

breaking induced turbulence and asymmetric oscillatory motion under shallow water waves 52 

(Sato et al., 1990). 53 

Lim et al. (2020) recently carried out an extensive evaluation study on the performance of six 54 

existing reference concentration formulae against state-of-the-art high-resolution datasets 55 

collected under prototype-scale regular and irregular breaking waves. It was reported that all 56 

tested C0 models produced large discrepancies particularly in the wave plunging region of the 57 

breaking zone where the Suspended Sand Concentration (SSC) levels were highest. This was 58 

attributed to the strong breaking-generated turbulent vortices which enhanced bed-shear 59 

stresses and induced increased sediment pickup and vertical mixing. High-resolution large-60 

scale datasets consisting of sediment concentration measurements (with co-located 61 

hydrodynamic and morphological data) carried out in numerous cross-shore locations were not 62 

widely available until recent years. As a result, many of the existing SSC models (like the C0 63 

models evaluated by Lim et al., 2020) were only validated under a limited number of measured 64 

cases in the breaking and shoaling zones, and often did not consider the effects of wave 65 

breaking at all (van Rijn et al., 2013; Van der Zanden, 2016). In other cases, the models were 66 

largely validated using data from small-scale wave flumes (e.g. Sato et al., 1990), where the 67 

extent of hydrodynamic forces/processes found under field-scale breaking waves could not be 68 

fully replicated. Hence, many of the existing formulations were derived and validated based on 69 

incomplete insights and limited measurements of the complex hydrodynamic forces found 70 

under breaking waves. This lack of process understanding resulting from a deficiency in 71 
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detailed measurements was reflected in the performance of the existing C0 models, as presented 72 

in the work of Lim et al. (2020).  73 

The present study follows on from the findings of Lim et al. (2020), which focused on 74 

evaluating the reference concentration, which in turn is used to determine the vertical 75 

concentration profile C(s). Despite their importance in modelling morphodynamic changes, 76 

how well existing concentration profile C(s) models perform under field-scale breaking wave 77 

conditions is yet uncertain, as are the resulting implications of their performance on subsequent 78 

computations of transport rates and morphodynamic changes. The present study focuses 79 

specifically on the vertical distribution of suspended sand concentration. Here C₀ is prescribed 80 

using the validated L19 formulation (Lim et al., 2020) at a fixed near-bed reference level (100 81 

* D50 above the bed), and attention is directed towards assessing and refining the profile models. 82 

In contrast to our previous work, which compared multiple reference concentration formulas, 83 

this study introduces a new approach to model the vertical SSC profile given a fixed C0. The 84 

key novelty lies in improving the vertical concentration profile shape once C0 is specified, 85 

rather than re-examining reference concentration formulas. Unlike Lim et al. (2020), which 86 

examined various C0 models, here we focus only on C(s) profile shape. It is therefore the aim 87 

of the present study to quantitatively and qualitatively evaluate the performance of existing 88 

concentration profile C(s) formulae developed for breaking wave conditions against high-89 

resolution (temporal and spatial) datasets collected under large-scale regular and irregular 90 

breaking waves in multiple cross-shore zones: the shoaling, breaking and inner surf zones.  91 

The different formulae (new and existing) used to model C(s) under breaking wave conditions 92 

are detailed in section 2. Details regarding the different datasets used in the validation of the 93 

new and existing models are provided in section 4. The validation of model performance 94 

against each other, and against measured data, is provided with relevant discussions in section 95 

5. Finally, section 6 summarises the key conclusions of this paper. 96 
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2. Process-Based Framework for Suspended Sediment Profiles 97 

The vertical distribution of suspended sediment concentration in coastal environments can be 98 

described using a balance between gravitational settling and turbulent mixing. Under steady 99 

conditions and neglecting horizontal advection, the vertical transport of suspended sediment 100 

can be expressed using the convection–diffusion equation: 101 

𝑤௦ܥ + ௦ߝ ௗ஼ௗ௭ = 0         (1) 102 

where C(s) is the time-averaged vertical concentration profile (kg/m3) – also known as 103 

suspended sand concentration (SSC) with respect to elevation above the bed (z); ws is the grain 104 

settling velocity (m/s), εs is the sediment diffusivity coefficient.  105 

This equation represents the balance between the downward settling of sediment particles and 106 

upward turbulent mixing. The resulting concentration profile therefore depends strongly on the 107 

assumed vertical structure of the sediment diffusivity εs (z). 108 

௦ߝ =  109 ݖ∗ݑߢ

Where u* is the bed shear velocity and ߢ is the von Kármán constant. 110 

However, under breaking wave conditions, turbulence generation is not confined to the bed 111 

boundary layer. Recent numerical investigations of wave–structure interactions have also 112 

highlighted the limitations of conventional turbulence modelling approaches in resolving 113 

complex flow-sediment interactions, particularly under highly unsteady conditions such as 114 

wave breaking and overtopping (Jayaratne et al., 2025). These studies emphasise that 115 

turbulence generation can extend throughout the water column, supporting the need for 116 

enhanced representations of sediment diffusivity beyond classical near-bed assumptions. In the 117 

surf zone, strong turbulence is generated by wave breaking processes including plunging jets, 118 
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surface rollers, and large-scale vortices (Svendsen, 1984; Ogston & Sternberg, 2002). These 119 

processes can inject turbulence into the mid and upper regions of the water column, resulting 120 

in vertical mixing structures that differ significantly from classical boundary layer assumptions. 121 

 122 

As a result, sediment diffusivity profiles under breaking waves may deviate substantially from 123 

the linear distribution assumed in the Rouse formulation. Several alternative concentration 124 

profile models have therefore been developed, each representing different assumptions 125 

regarding turbulence structure and sediment mixing processes. 126 

Table 1 summarizes the conceptual differences between the concentration profile models 127 

evaluated in this study, highlighting the underlying assumptions regarding sediment diffusivity 128 

and turbulence generation mechanisms. 129 

Table 1. Conceptual basis of concentration profile models 130 

Model Diffusivity assumption Turbulence source 

Rouse (1939) ε = κu_*z Bed-generated turbulence 

SR93 ε linked to wave energy dissipation Breaking-induced turbulence 

LK01 Constant ε Fully mixed water column 

JS07 Includes wave-current interaction Combined shear + wave motion 

W12 Includes orbital velocity effects Wave boundary layer 

 131 

This process-based framework provides a consistent basis for comparing different 132 

concentration profile formulations and evaluating their applicability under breaking wave 133 
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conditions. In the present study, these models are assessed against large-scale laboratory 134 

datasets to examine their ability to reproduce observed suspended sediment concentration 135 

profiles across different cross-shore regions. 136 

3. Overview of C(s) Models 137 

The vertical distribution of SSC has been expressed using several profile forms: 138 

 Rouse profile (Eq. 2): derived from a balance between gravitational settling and upward 139 

turbulent mixing. It predicts a power-law distribution in which concentration decreases 140 

with height, controlled by the Rouse number. 141 

 Power-law profiles (Eq. 6): empirical formulations (e.g., SR93; JS07) where 142 

concentration decays with elevation following an exponent that can be tuned to 143 

experimental data. These profiles often provide flexibility but lack a clear physical 144 

interpretation. 145 

 Exponential profiles (Eq. 11): assume concentration decreases exponentially with 146 

height above the bed, consistent with turbulence intensity decay. This form is less 147 

widely applied but provides a simple representation of rapid vertical decay. 148 

The choice of profile form strongly influences the implied reference concentration at a chosen 149 

elevation and therefore must be handled consistently when comparing models. 150 

Rouse (1939) – R39 151 

One of the most widely used concentration profile formulae are either variations of, or based 152 

on the simple power function referred to as the ‘Rouse profile’ equation, which can be 153 

expressed as (e.g. van Rijn, 2007): 154 

 155 

(ݖ)ܥ = 0ܥ  {[(ௗ−௭)௭ ] [ ௔
(ௗ−௔)

]}ெ
   (2) 156 
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 157 

where d is the local water depth (m), z is the distance above bed (m), a is the reference level 158 

(m), M is the dimensionless mixing parameter, based on the well-known Rouse number: 159 

= ܯ ௪ೞ఑௨∗  (3) 160 

where κ is the von Karmen constant (=0.4) and u* is the bed-shear velocity (m/s). Thus, M is 161 

the classic Rouse number (dimensionless mixing parameter). 162 

Shibayama & Rattanapitikon (1993) – SR93 163 

For non-breaking conditions, Shibayama & Rattanapitikon (1993), henceforth abbreviated to 164 

SR93) proposed an exponential formula derived from the steady diffusion equation to predict 165 

the time-averaged concentration profile. They predicted however that an exponential 166 

concentration profile or uniform value of the diffusion coefficient would not be suitable for 167 

breaking wave conditions. Based on experimental data and the assumption that the diffusion 168 

coefficient is proportional to the eddy viscosity of flow, Shibayama & Rattanapitikon (1993) 169 

adopted the concept of Okayasu (1989) who suggested that a linear distribution of the eddy 170 

viscosity (εv) was proportionate to the rate of wave energy dissipation due to wave breaking 171 

(DB). 172 

Larson & Kraus (2001) – LK01 173 

Larson & Kraus (2001, abbreviated to LK01) assumed that, under breaking waves, the time-174 

averaged turbulence intensity was homogenous throughout the water column and that the 175 

vertical distribution of suspended sediment concentration (C(s)) was proportional to exp[-176 

(ws/εs)z], where the εs is the sediment-mixing or diffusion coefficient. It should be noted that 177 

LK01 also implies an exponential concentration profile.  178 

 179 
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Jayaratne & Shibayama (2007) – JS07 180 

Jayaratne & Shibayama (2007, abbreviated to JS07) accounted for local TKE by including the 181 

shear velocity under the wave-current co-existent field (u*wc), and included the breaking energy 182 

dissipation model of Rattanapitikon & Shibayama (1998) to represent the external breaking-183 

generated TKE. Though elements of turbulent velocities induced by both waves (e.g. orbital 184 

velocity) and currents (e.g. shear velocity) were incorporated into the formulation, the high 185 

flow velocities induced by breaking-generated vortices were not explicitly accounted for in the 186 

JS07 model. 187 

Wang et al. (2012) – W12 188 

Having carried out some comprehensive analysis of the performance of the LK01 concentration 189 

profile model, and that of Nielsen (1986), Wang et al. (2012) proposed that the existing LK01 190 

model could be improved by incorporating the effects of wave orbital motion and bottom shear 191 

stress (as done by Nielsen, 1986 - henceforth referred to as N86) into a combined formula. This 192 

was because each of the existing models (LK01 and N86) incorporated different processes that 193 

induced sediment entrainment and vertical mixing. The LK01 model assumed that the wave 194 

breaking-induced turbulence and associated wave-energy dissipation was the sole cause of 195 

sediment suspension and the primary factor influencing the suspension patterns (Wang et al., 196 

2012). Wang et al. (2012) argued that although breaking-induced TKE is the dominant cause 197 

of sediment pickup and mixing in the surf zone, effects of near-bottom shear and wave orbital 198 

velocities do still contribute to the concentration profile and therefore should be incorporated 199 

into C(s) models for breaking wave conditions. 200 

3.1 Modified C(s) Model 201 

It should be noted that the modified C(s) model described herein was developed after the 202 

validation of existing C(s) models, which is presented in sections 5.2-5.6. The details of the 203 
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model development are however presented here, so that all information regarding model 204 

development/conditions can be seen in a single section.  205 

In section 5, existing C(s) models such as SR93 and JS07, which use the power function 206 

equation, are found to over-predict concentration in the upper water column (where z/d > 0.2), 207 

even when agreement is good in the lower water column. This is because the magnitude of the 208 

computed dimensionless mixing parameter (M) is too small (generally < 0.5), causing the 209 

resulting concentration profile curves to be steep and quasi-uniform/linear on the log-scale (i.e. 210 

almost perpendicular to the x-axis).  211 

To provide a more physically meaningful interpretation, the coefficient B can be related to the 212 

turbulent Schmidt number, which represents the ratio between the eddy viscosity of the flow 213 

and the sediment diffusivity: 214 

ܵ௖ =
௧߳௦ݒ  215 

or equivalently: 216 

ߚ =  ௧ 217ݒ௦ߝ

In classical sediment transport formulations, the Schmidt number is often assumed to be of 218 

order unity, implying that the turbulent mixing of sediment and momentum occur at similar 219 

rates. However, under breaking wave conditions, this assumption may not hold. 220 

Breaking waves generate strong turbulence not only near the bed but also in the mid and upper 221 

regions of the water column due to plunging jets, surface rollers, and large-scale vortical 222 

structures (Svendsen, 1984; Ogston & Sternberg, 2002). These processes enhance vertical 223 

sediment mixing beyond what is predicted by bed-generated turbulence alone. 224 
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As a result, the effective sediment diffusivity may differ significantly from the eddy viscosity, 225 

leading to Schmidt numbers greater than unity. Previous experimental studies have reported 226 

Schmidt numbers ranging between approximately 1 and 5 under energetic wave and surf zone 227 

conditions (van Rijn, 2007; Thorne et al., 2009). 228 

Within this context, the coefficient B introduced in the present study can be interpreted as an 229 

effective scaling factor accounting for enhanced turbulent mixing under breaking waves. The 230 

calibrated value of B=3.3 falls within the range of Schmidt numbers reported in the literature, 231 

suggesting that the modified formulation reflects physically realistic mixing conditions rather 232 

than purely empirical tuning. 233 

This interpretation provides a physical basis for the modification of the mixing parameter and 234 

supports its applicability across different breaking wave conditions. 235 

The implementation of a constant B is applicable to concentration profile formulations based 236 

on power-law relationships. It was tested on both the SR93 and JS07 models, but as described 237 

in section 5.7., of the two formulae, the JS07 model produces marginally higher values of C(s) 238 

in all cross-shore zones. As the initial issue was that the SR93 and JS07 models were 239 

overpredicting C(s) in the upper water column, it was logical to implement the B constant into 240 

the formula that produced lower values of C(s). Hence, the B constant was added to the SR93 241 

mixing parameter, forming a modified SR93 profile (denoted as the ‘L19 C(s)’, where L19 242 

refers to the Lim et al. 2020 model name). The same power function C(s) formula is used, but 243 

an alternative mixing parameter M is used as shown below: 244 

= ܯ ܤ (௪ೞఌ್ )  (4) 245 

Where B is a dimensionless coefficient representing the effective turbulent Schmidt number, 246 

accounting for the ratio between sediment diffusivity and eddy viscosity under breaking wave 247 



13 

 

conditions. Details of the implementation and calibration of the constant B are provided in 248 

section 5.7 under the ‘Proposed Modified C(s) Model’ sub-section. Further details on the 249 

constituent parameters and key assumptions made for the original SR93 C(s) formulae are 250 

provided in section 3 and are therefore not repeated here. This modification is therefore 251 

consistent with a process-based interpretation of sediment diffusivity under breaking waves. 252 

 253 

3.2 Reference Concentration Model (C0) 254 

A considerable number of studies have endeavoured to model the SSC at the near-bottom 255 

reference level, i.e. the reference concentration (C0). Some have related the reference 256 

concentration to the bed shear stress or bed shear velocity, or the dimensionless bed shear stress 257 

- i.e. Shields parameter (e.g. Van Rijn, 1984; 1993; 2007; Shibayama & Rattanapitikon 1993; 258 

Camenen & Larson, 2008), others to the local wave height, water depth or relative wave height 259 

(e.g. Mocke & Smith, 1992) or the wave height at the breaking point (e.g. Jayaratne & 260 

Shibayama, 2007), energy dissipation of the surface roller (e.g. Smith & Mocke, 1993; 261 

Spielmann et al., 2004) and inclusion of near-bed TKE to increase bed shear stress (e.g. Hsu & 262 

Liu, 2004; Okayasu et al., 2010; Van der Zanden et al. 2017c).  263 

As mentioned in earlier sections of this paper, Lim et al. (2020) carried out an extensive 264 

evaluation of existing reference concentration models, identifying key limitations and 265 

suggesting solutions to overcome them. The most common limitations found in the existing C0 266 

models were separated into two categories: 1) inapplicability of the model to multiple cross-267 

shore zones (e.g. to shoaling, breaking and inner surf zones), and 2) inability to account for the 268 

strong localised increases in suspended sand concentration found in the breaking zone (Lim, 269 

2021). Lim et al. (2020) developed a new practical reference concentration model for breaking 270 
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wave conditions to address these limitations, incorporating a novel relationship observed 271 

between the local water depth (d) and the cross-shore distribution of C0: 272 

C0 ∝ 1/d 273 

Under both regular and irregular prototype-scale breaking wave conditions, with and without 274 

the presence of a breaker bar, the inverse of the local water depth was found to correlate 275 

strongly with the cross-shore distribution of C0, indicating that as the depth decreased (from 276 

the shoaling to the breaking zone) the corresponding concentration increased. This trend was 277 

observed to be applicable in the shoaling and breaking zones, but not the inner surf zone. This 278 

relationship between C0 and d was utilised to empirically account for the increases in SSC 279 

observed between the shoaling and breaking zones. Additionally, key parameters representing 280 

the average grain diameter, gravitational (settling) forces on sand grains, wave energy 281 

dissipation and wave climate were incorporated to model the reference concentration in kg/m3 282 

at a reference level of 100×D50: 283 

0ܥ = 0.695−(∗ܦߛ)  ∙  ݃ [( ఆ஽ೝ)1.9] ∙  ௗ்  (5) 284 

where 285 

γ = dimensionless constant = 0.0464  286 

Ω = dimensionless constant related to cross-shore region  287 

 288 

 For erosive wave cases: 289 

Ω = 7.5-15.0 for shoaling and breaking regions 290 

Ω = 1.0-3.0 for inner surf zone  291 

 292 

 For accretive wave cases: 293 
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Ω = 1.5 for breaking and shoaling zones 294 

Ω = 0.6 for inner surf zone 295 

∗ܦ = 50ܦ [(௦−1)௚ఔ2 ]13
  (6) 296 

where, 297 

D* is the dimensionless grain diameter (van Rijn, 2007) 298 

D50 = average grain diameter (m) 299 

s = specific gravity (-) 300 

υ = kinematic viscosity (m2/s) 301 

௥ܦ 302   = ݃ߚ2  ாೝ௖    (7) 303 

where 304 

Dr = roller dissipation rate (kg/s3) 305 

β = coefficient related to the wave steepness = 0.1 306 

c = wave celerity (m/s) = √(g∙d)  307 

 308 

௥ܧ  = ௪ߩ  ஺௖22௅    (8) 309 

where 310 

Er = the roller energy (kg/s2) 311 

ρw = density of water (kg/m3) 312 

A = roller area estimated empirically as 0.9H2 by Svendsen (1984) (m2) 313 

L = wavelength estimated using linear wave theory (m) 314 

 315 
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Full details of the modelling philosophy, development and calibration can be found in Lim at 316 

al. (2021). 317 

4. Datasets 318 

Only key information required for the computation of C(s) and interpretation of findings are 319 

provided in this paper. For more details on the experiment conditions, profile evolution, test 320 

runs, instrumentation, etc. readers are directed to Lim et al. (2020). 321 

4.1. LIP Experiments – Roelvink & Reniers (1995) 322 

The Large Installation Plan (LIP) experiments were carried out in the Delta Flume (225×5×7 323 

m- L×W×D) at Delft Hydraulics. Note: the LIP experiments consisted of two different types 324 

of irregular breaking waves: 1) erosive conditions and 2) accretive conditions. Both were run 325 

using the same test conditions except for the wave period and target significant wave height. 326 

For the erosive (accretive) case, the target peak wave period was 5 s (8 s), and the target 327 

significant wave height was 1.4 m (0.6 m). More details are available in Roelvink and Reniers 328 

(1995).  329 

4.2. CROSSTEX Experiments – Yoon & Cox (2010) 330 

The CROSSTEX dataset was measured in the O H Hinsdale Laboratory of Oregon State 331 

University, USA. Note: similar to the LIP dataset, the CROSSTEX experiments consisted of 332 

two different types of irregular breaking waves: 1) erosive conditions and 2) accretive 333 

conditions. Both were run using the same conditions except for the wave period and target 334 

significant wave height. For the erosive (accretive) case, the target peak wave period was 4 s 335 

(7 s) and the target significant wave height was 0.6 m (0.4 m). 336 
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For the erosive case and accretive case, 11 runs (E1-E11) and 9 runs (A1-A9) were carried out 337 

respectively. Both spilling and plunging breakers were observed in the erosive and accretive 338 

cases, but spilling breakers were prevalent in the erosive case and plunging breakers prevalent 339 

in the accretive case. Each experimental run lasted approximately 15 minutes, with only a few 340 

runs in the accretive case running for 45 minutes. The total run time for the erosive and 341 

accretive cases were 180 and 300 minutes respectively. More details are available in Yoon and 342 

Cox (2010).  343 

 344 

4.3. SandT-Pro Experiments – Ribberink et al. (2014) 345 

The Sand Transport Process measurements under Breaking and Irregular Waves (SandT-Pro) 346 

dataset was measured in the Canal d'Investigació i Experimentació Marítima (CIEM) Flume in 347 

the Polytechnic University of Catalunya (UPC), Barcelona. Two different experiments were 348 

run: Regular Breaking 1 (RB1) and Regular Breaking 2 (RB2). Only the RB1 experiments are 349 

covered in this paper, and henceforth all reference to the SandT-Pro dataset is referring to the 350 

RB1 experiments. A mobile bed (with offshore bed slope was 1:10) was made in the flume 351 

consisting of sand with an average grain diameter D50 = 0.246 mm. More details are available 352 

in Ribberink et al. (2014). 353 

4.4. SINBAD Experiments – Van der Zanden et al. (2016) 354 

Like the SandT-Pro dataset, the SINBAD dataset (Van der Zanden et al., 2016) was also 355 

measured in the CIEM Flume in the Polytechnic University of Catalunya (UPC), Barcelona. A 356 

mobile bed (with offshore bed slope of 1:10) was made in the flume consisting of sand with an 357 

average grain diameter D50 = 0.246 mm (D10 = 0.15 mm and D90 = 0.37 mm). More details are 358 

available in Van der Zanden et al. (2016). 359 
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5. Validation & Discussion 360 

The measured concentration profiles presented in this section consistently exhibit concave 361 

shapes, characterised by elevated near-bed concentrations and reduced values towards the 362 

water surface. From a process-based perspective, such profiles indicate enhanced turbulent 363 

mixing extending beyond the near-bed region. 364 

Under breaking wave conditions, turbulence generated by plunging jets, surface rollers, and 365 

large-scale vortices can inject energy into the mid and upper water column. This leads to 366 

sediment diffusivity profiles that differ significantly from classical bed-generated turbulence 367 

assumptions. 368 

The improved performance of the modified model can therefore be interpreted as a 369 

consequence of incorporating enhanced effective sediment diffusivity, represented through the 370 

parameter B, which accounts for increased turbulent mixing under breaking waves. 371 

The concentration profile C(s) simply refers to the vertical distribution (as a function of 372 

elevation above bed, z) of the suspended sand concentration. In order to focus only on the 373 

differences in performance resulting from the variations in concentration profile C(s) 374 

formulations used, all analysis carried out in this section was done using the same reference 375 

concentration C0 model. The reference concentration (C0) is one of the major parameters in 376 

computing the C(s), and therefore it is essential that C0 is accurately modelled in order to obtain 377 

accurate computed concentration profiles. As the C0 formula of L19 (Eq. 5, section 3.2) showed 378 

very good agreement in the validation presented in the work of Lim et al. (2020), it is used to 379 

compute C0 for all cases shown herein, and the various concentration profile formulae are used 380 

to compute C(s).  381 

The Rouse, power-law, and exponential profiles each define the reference concentration at 382 

different elevations above the bed (za), leading to different implied C₀ values even under 383 
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identical forcing conditions. As a result, earlier comparisons may have conflated differences in 384 

profile shape with differences in C₀ definition. In the present work, this issue is addressed by 385 

adopting a consistent C₀ (from L19) across all cases and evaluating only the vertical distribution 386 

prescribed by each profile form. We note that this approach fixes the near-bed concentration 387 

for all models (using L19) rather than fitting each profile’s own optimal C0, this controlled 388 

comparison highlights differences in profile shape alone. While using measured Ca at a known 389 

reference height for each model would be ideal, such data were limited, so a common C0 was 390 

chosen for consistency. 391 

In all plots presented in this paper, the left column of plots shows C(s) in the shoaling zone 392 

(pre-breaking), the centre column of plots shows C(s) in the breaking zone (around the 393 

plunging/spilling point), and the right column of plots shows C(s) in the inner surf zone (post-394 

plunging). The plots in this section follow the same design, showing the measured against 395 

computed concentration profiles. The measured profile is named after the dataset used in each 396 

plot, and the computed profile is named after the formulae used to compute it (e.g. 397 

concentration profile computed using the formulae of Shibayama and Rattanapitikon, 1993, is 398 

referred to as ‘SR93’ in plots). The y-axis has been normalised to allow for inter-comparison 399 

of trends between multiple datasets and transport models. 400 

5.1. Measured Concentration Profiles 401 

The different measured concentration profiles shown in Fig. 1 indicate a similar pattern over 402 

the cross-shore regions. Generally, prior to plunging (left column of plots: shoaling zone), 403 

concentration levels are relatively low, in the order of 10-1 kg/m3. The magnitude of sediment 404 

concentration declines substantially from the breaking to the inner surf zone, where in most 405 

cases the measured SSC is less than 1 kg/m3. Even still, the concentration profiles are quite 406 
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steep (almost perpendicular to x-axis), indicating that concentration levels are quasi-uniform 407 

throughout the water column.  408 

Under spilling breakers (erosive cases), the measured concentration profile changes very little 409 

between shoaling, breaking and inner surf zones, with the shape of the profile of concentration 410 

remaining relatively constant throughout the whole water column (see Fig. 1a-c, g-i). Under 411 

spilling/weakly-plunging waves (e.g. Fig. 1b, e, h), the measured concentration profile 412 

indicates a quasi-uniform level of concentration (i.e. almost perpendicular to x-axis), but under 413 

strong plunging breakers (e.g. Fig. 1k, n, q) the near-bed concentration is seen to rise drastically. 414 

Near the bottom, concentration reached almost 10 kg/m3 under strong plunging waves. At this 415 

point, the measured profile increases exponentially near the bed (z/d < 0.2) but SSC in the 416 

upper water column (outer region) increases at a slower rate (i.e. the curve is more gradual). 417 

5.2. Rouse (1939) – R39 418 

Unlike other C(s) models covered in this paper, the performance of the R39 model seems to be 419 

unaffected by the cross-shore region, or even the breaker type, but highly sensitive to the 420 

elevation above bed (z) at which the measurement is taken. Predicted C(s) is generally in the 421 

correct order of magnitude in the near-bed region (z/d < 0.1), but there are very large 422 

discrepancies in the upper water column. This is the case, even when there is good agreement 423 

in the near-bed region (e.g. Fig. 1a, c, p, q), with discrepancies getting increasingly larger as z 424 

approaches the surface (i.e. where z = d). In the upper water column, the magnitude of 425 

computed C(s) is frequently seen to be smaller than measured C(s) by two orders of magnitude 426 

and in some cases even more. Assuming that all computed concentration values lower than 427 

0.01 kg/m3 in Fig. 1 are negligible (=0), the guidelines provided by van Rijn (2007), which 428 

classify M < 0.7 as indicating near-bed confinement, for the Rouse number (M) can be 429 

compared against modelled results.  430 
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Most of the plots shown in Fig. 1 indicate that the dimensionless Rouse Number (mixing 431 

parameter) has a value between 1-3, with a few cases being marginally larger or smaller. Figs. 432 

6a-b for example have values of M = 1.57 and 1.70, respectively. Thus, they fall between the 433 

second and third categories from the van Rijn (2007) guidelines, indicating that they should 434 

have suspended sediment going up to a level between the water surface and the middle of the 435 

water depth.   436 

Evaluating the performance of the R39 model quantitatively, the RMSE values shown in Tables 437 

12 and 13 at the end of section 4.7. indicate that the discrepancies between computed and 438 

measured concentration seem to be marginal in terms of magnitude. This is seen to be the case 439 

even in plots where performance is clearly poor from a qualitative standpoint. For example, in 440 

Figs. 6a-c, despite the large disparity between measured and computed points seen in the upper 441 

water column, the RMSE ranges between 0.29-1.89 kg/m3, which is relatively small.  442 

 443 
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Figure 1 - Concentration profile (C(z)) of Measured (red circles) vs. computed (Rouse 

(1939)-R39, black circles) concentration. 
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5.3. Shibayama & Rattanapitikon (1993) – SR93 445 

In the shoaling zone, SR93 largely shows reasonable-good agreement with measured data 446 

throughout the whole water column (e.g. see Fig. 2a, d, g). This is also the case in the breaking 447 

zone, under spilling wave conditions and even under some weaker plunging waves (e.g. Fig. 448 

2b, e), indicating that the C(s) formulae of SR93 are fairly adept in replicating the concentration 449 

profile under breaking wave conditions. SR93 however does sometimes over-predict 450 

concentration in the upper water column (z/d > 0.2), despite agreement in the near-bed region 451 

being good. This indicates that the discrepancy between measured and computed profiles is not 452 

resulting from the reference concentration model, but the concentration profile model of SR93.  453 

Throughout Fig. 2, the SR93 concentration profile is quite steep (almost perpendicular to the 454 

x-axis, particularly in the outer region, z/d > 0.1) indicating a quasi-uniform distribution of SSC 455 

in the whole water column. This steep curve is reasonably suitable for the shoaling zone where 456 

there is a constant, relatively low level of measured SSC in the whole water column. Even in 457 

the breaking zone, under spilling/irregular plunging breakers, the SR93 model is seen to 458 

perform reasonably well. Under the regular plunging breakers however discrepancies are found 459 

in the upper water column, indicating overprediction.  460 
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Figure 2 - Concentration profile (C(z)) of Measured (red circles) vs. computed (Shibayama 

& Rattanapitikon (1993)-SR93, green circles) concentration. 
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5.4. Larson & Kraus (2001) – LK01 462 

Wang et al. (2012) reported that for the spilling breaker case, the value of kd = 0.03 463 

(recommended by Larson & Kraus, 2001) resulted in concentration profiles that were too steep 464 

at most cross-shore locations, and that a value of kd = 0.01 produced more gradual profiles that 465 

better fit the measured values. The only exceptions were reported at the secondary breaker line, 466 

where kd = 0.03 produced a closer fit to measured concentration. For the plunging breaker case, 467 

Wang et al. (2012) reported that kd = 0.01 produced better agreement in the mid-surf zone but 468 

kd = 0.03 produced better agreement near the plunging point and near the secondary breaker 469 

line. These findings differ slightly from those of Wang et al. (2012), which may be attributed 470 

to scale effects. Our large-scale experiments exhibited stronger turbulent mixing and higher 471 

SSC throughout the water column than the smaller-scale LSTF experiments. The greater 472 

turbulence in our tests (rather than sediment grain size differences) can explain why a higher 473 

diffusion coefficient (kd = 0.03) consistently fit our data better. 474 

The measured concentration profiles in this study were generally steeper than those from the 475 

LSTF dataset (c.f. Wang et al., 2002; Wang et al., 2012), in both the spilling and plunging cases. 476 

This indicates that there were high levels of SSC not only near the bed, but in the upper water 477 

column also. Assuming that the high concentration in the upper water column indicates 478 

enhanced vertical sediment mixing, this suggests that vertical sediment mixing was more 479 

prominent in the datasets used in this paper than in the LSTF dataset (Fig. 3).  Comparing the 480 

wave conditions from the LSTF dataset against those used in the present paper indicate that the 481 

wave heights, wavelength, wave period and water depth were considerably smaller in the LSTF 482 

experiments (a brief summary of the LSTF test conditions can be found in Table 2).  483 

Furthermore, the average grain diameter from the LSTF dataset was 0.15 mm, which is much 484 

smaller (finer) than that used in this paper, where D50 ranged between 0.22-0.25 mm. The grain 485 
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settling velocity of 0.018 m/s for LSTF was also much lower than those presented in section 3 486 

which ranged between 0.030-0.034 m/s. Finer sediment generally takes longer to settle, hence 487 

the lower settling velocity, and also less resistance to entraining forces. One would therefore 488 

predict higher levels of SSC under the LSTF experiments, but this is contrary to what is seen 489 

in the data. Therefore, it is suggested that the difference was not due to the sand characteristics, 490 

but due to variations in turbulence structure observed under the relatively smaller-scale LSTF 491 

experiments.  492 

Table 2 - Summary of LSTF dataset (c.f. Wang et al. 2002) 493 

Mobile sand bed Yes: D50 = 0.15 mm 

Computed settling velocity 0.018 m/s 

Regular or Irregular waves Irregular (erosive and accretive) 

Breaker types Spilling and plunging 

Offshore wave height (H0) Spilling case: 0.25 m, Plunging case: 

0.23 m 

Offshore wave period (T) Erosive case: 1.5 s, Plunging case: 3.0 s  

 494 
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Figure 3 - Concentration profile (C(z)) of Measured (red circles) vs. computed (Larson & 

Kraus (2001)-LK01, orange circles) concentration. 
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5.5. Jayaratne & Shibayama (2007) – JS07 496 

The performance of the JS07 model is almost identical to that of the SR93 model – the shape 497 

of the profile is almost the same in all three cross-shore zones, with the computed values of 498 

JS07 being marginally greater than those of SR93. The two models were essentially modelled 499 

in the same way, with both using the same power function C(s) model. The main differences 500 

between the two formulations however were the minor differences in values used for constants 501 

k1 and k2 in the computation of diffusion coefficient (εb), the use of the shear velocity under 502 

wave-current coexistent field instead of the shear velocity parameter (refer to sections 2.1.2. 503 

and 2.1.4. to see differences between these parameters), and the different formulations 504 

implemented for computing the rate of wave energy dissipation (DB). Of these, the difference 505 

in DB formulation is the most major, with SR93 using the formulae of Thornton & Guza (1983), 506 

and JS07 using the formulae of Rattanapitikon and Shibayama (1998). Despite these noticeable 507 

differences however, the effects on the resulting concentration profiles could be considered 508 

negligible. 509 

Just like the performance of the SR93 C(s) model indicated over-prediction to varying extents 510 

in all three cross-shore zones, the same is seen of the JS07 C(s) formulae, with relatively large 511 

over-prediction found in the upper water column (e.g. Fig. 24 k, n, q, where RMSE ranges 512 

between 1.5-4.71 kg/m3). Discrepancies in the upper water column between JS07 and measured 513 

concentration were as large as 5.2 kg/m3, which is almost 5 times larger than the corresponding 514 

measured concentration at that cross-shore location. This large disparity in the upper water 515 

column is largely related to the mixing parameter (M) which ranges between 0.1-0.2. Though 516 

the mixing parameter of JS07 is formulated differently to the Rouse profile, it can still be 517 

compared against the guidelines provided by van Rijn (2007) mentioned in section 4.2. 518 

According to the guidelines of van Rijn, M = 0.1 results in suspended sediment being almost 519 
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uniformly distributed over the whole water depth. This is consistent with what can be observed 520 

in Fig. 4, in which JS07 predicts quasi-uniform concentration in the whole water column in all 521 

tested cases, regardless of cross-shore region. Therefore, it does not well-represent the 522 

commonly seen concave shape of the measured profiles, which indicate higher concentration 523 

near the bed and gradually lower concentration towards the surface. It is suggested that the 524 

introduction of a new constant or parameter to increase the magnitude of M will result in a 525 

more gradual and parabolic concentration profile that more closely mirrors the measured 526 

profile. This is further discussed under the “Proposed Modified C(s) Model” subsection later 527 

in this paper. 528 
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Figure 4 - Concentration profile (C(z)) of Measured (red circles) vs. computed (Jayaratne & 

Shibayama (2007)-JS07, blue circles) concentration. 
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Plots a-c show LIP erosive, and d-f show LIP accretive cases respectively; plots g-i show 530 

CROSSTEX erosive and j-l show CROSSTEX accretive cases respectively; plots m-o show 531 

SandT-Pro and plots p-r are SINBAD. Each row of plots shows three different cross-shore 532 

locations: before the breaking point (left plots), at the breaking or plunging point (central plots) 533 

and onshore of the breaking point (right plots). 534 

 535 

5.6. Wang et al. (2012) – W12 536 

As mentioned in section 2.1.5., the Larson-Kraus-Nielsen model is referred to here as Wang et 537 

al. (2012) or W12 for short, as Wang et al. (2012) integrated the Larson-Kraus (LK01) model 538 

with the model of Nielsen to produce an improved C(s) model for breaking wave conditions. 539 

Despite the implementation of the intensity and length scale of wave orbital motion into the 540 

original formula of LK01, the resulting differences in performance appear to be quite small in 541 

Fig. 5.  542 

Unlike the SR93 and JS07 concentration profile models, which produce (mildly) parabolic 543 

profiles, the models of LK01 and W12 produce profiles which appear to be linear on the log- 544 

scale. As such, the parabolic shape of the measured profiles is often not well-mirrored, with 545 

computed profiles appearing more like a ‘line of best-fit’ through the measured concentration 546 

points (e.g. Fig. 5k). This means that the performance of these formulae is relatively more 547 

dependent on the accurate prediction of the reference concentration, as the reference 548 

concentration practically serves as the starting point on the best-fit line. Regardless however 549 

the model of W12 generally performs well, with relatively good agreement with measured data 550 

in all three zones, throughout the whole water column. 551 
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Figure 5 - Concentration profile (C(z)) of Measured (red circles) vs. computed (Wang et al. 

(2012)-W12, light blue circles) concentration. 
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5.7. Proposed Modified C(s) Model 553 

As the L19 C(s) model is a modification of the SR93 formula (as described in section 2.2.), a 554 

new value for the constant B is applied and results are compared herein against the original 555 

plots from SR93. Agreement between measured and computed C(s) shown in Fig. 2f (from the 556 

subsection “Shibayama & Rattanapitikon, 1993”; where essentially B = 1 (unit less)) is 557 

improved significantly by multiplying the mixing parameter (M) by a constant B = 3.3. This 558 

value of B was tuned to minimise RSME across cases and was determined based on some 559 

empirical analysis which was carried out on a couple of test cases. The test plots from the 560 

calibration analysis are shown in Fig. 6. 561 

 562 

 563 

Left plots show original SR93 plots: top left plot from Fig. 2f (i.e. where constant B = 1) and 564 

bottom left plot from Fig. 2n. Right plots show the new L19 concentration profiles with 565 

constant B = 3.3, top right plot shows Fig. 2f with new B value and bottom right plot shows 566 

Fig. 2n with new B value. 567 
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Figure 6 - Concentration profile (C(z)) of Measured vs. 

computed (SR93, green circles on left plots) vs. computed 

(L19, purple circles on right plots) concentration. 
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Figure 6 shows that the simple incorporation of a constant (>1) changes the shape of the 568 

resulting concentration profiles and also deals with the overprediction found throughout the 569 

whole water column. Based on the improved predictions of the concentration profile observed 570 

in Fig. 6, the constant value of B = 3.3 was applied to all plots. The new profiles (with B = 3.3) 571 

are shown in Figure 7. 572 

Upon comparison between Figs. 2 and 7, it can clearly be seen that the incorporation of the 573 

dimensionless constant B = 3.3 has resulted in improved agreement between measured and 574 

computed C(s) in most plots, particularly in the breaking and inner surf zones (centre and right 575 

columns of Fig. 7 respectively). Just as it was seen in Fig. 6, the over-prediction seen in every 576 

plot of Fig. 2 (original SR93 formula) has been resolved, and the shape of the concentration 577 

profile has been made more parabolic, better mirroring the measured profile. The improved 578 

performance of the modified (L19) C(s) model can also be seen in the RMSE values presented 579 

in Table 2, where L19 produces substantially smaller RMSE than the SR93 model in 14/18 580 

cases over all 4 datasets (RMSE for SR93 ranged between 0.08-3.62 kg/m3 with an average of 581 

1.04 kg/m3; RMSE for L19 ranged between 0.03-2.13 kg/m3 with an average of 0.56 kg/m3).  582 

As the modification of the mixing parameter was aimed at reducing the magnitude of the 583 

suspended sand concentration overall (as well as modifying the profile shape), there are now a 584 

couple of instances of under prediction seen in Fig. 7d and e. Considering however that these 585 

discrepancies are not very large (within in the same order of magnitude, with RMSE = 0.13 586 

and 0.27 kg/m3 for Figs 7d and e respectively), and the vast improvements seen in the majority 587 

of the plots in Fig. 7, it would seem that the implementation of the constant B was effective in 588 

improving the concentration profile formulae of SR93. As the JS07 concentration profile model 589 

uses the same formula as SR93 to compute the concentration profile (Eq. 6), it suffers the same 590 

limitations as the original SR93 formula. Analysis (not shown) indicate that the implementation 591 

of the constant B can be used as a solution for the JS07 formula also. 592 
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 593 

Table 3 - RMSE for individual test cases of C(s) models (kg/m3).  594 

    R39 SR93 LK01 JS07 W12 L19 

SINBAD Shoaling 0.14 0.39 0.32 0.38 0.24 0.19 

 

Breaking 1.64 3.62 3.47 4.71 2.47 0.61 

  Inner surf 0.25 0.51 0.60 0.69 0.41 0.06 

SandT-Pro Shoaling 0.58 0.28 0.20 0.20 0.23 0.16 

 

Breaking 1.90 2.78 2.03 2.88 1.02 0.40 

  Inner surf 1.16 1.22 1.63 1.71 1.11 0.89 

CROSSTEX Shoaling 1.07 0.55 0.52 0.56 0.58 0.47 

EROSIVE Breaking 2.66 2.55 2.09 2.71 1.74 2.13 

  Inner surf 0.29 0.13 0.17 0.09 0.20 0.25 

CROSSTEX Shoaling 0.92 0.68 0.60 0.72 0.51 0.58 

ACCRETIVE Breaking 1.09 1.33 1.57 1.65 1.40 0.39 

  Inner surf 3.03 2.48 2.11 2.79 1.81 2.30 

LIP Shoaling 0.29 0.24 0.24 0.29 0.16 0.05 

EROSIVE Breaking 1.89 0.49 0.26 0.67 0.47 0.85 

  Inner surf 0.67 1.03 1.02 1.25 0.76 0.35 

LIP Shoaling 0.15 0.08 0.07 0.07 0.08 0.13 

ACCRETIVE Breaking 0.33 0.18 0.17 0.16 0.20 0.27 

 

Inner surf 0.11 0.10 0.14 0.14 0.10 0.03 

Note: RMSE is averaged for each cross-shore location, shown in Figs. 1-5, 7. The lowest 595 

RMSE values are in bold and underlined for convenience. 596 

 597 
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Table 4 - RMSE for each model over all cross-shore regions for each dataset (kg/m3). 598 

   
EROSIVE ACCRETIVE    EROSIVE ACCRETIVE 

 

SINBAD SandT-Pro CROSSTEX CROSSTEX LIP LIP 

R39 0.99 1.33 1.66 1.93 1.15 0.22 

SR93 2.18 1.76 1.51 1.67 0.66 0.13 

LK01 2.10 1.51 1.25 1.56 0.61 0.13 

JS07 2.83 1.93 1.60 1.92 0.82 0.13 

W12 1.49 0.88 1.07 1.35 0.52 0.13 

L19 0.38 0.57 1.27 1.39 0.52 0.17 

Note: RMSE was taken for all data points (regardless of test case or cross-shore location of 599 

measurement) for each dataset in Table, as opposed to taking RMSE for individual test 600 

cases/cross-shore locations in Table 2. The lowest RMSE values are highlighted in bold and 601 

underlined for convenience. 602 
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Figure 7 - Concentration profile (C(z)) of Measured vs. computed (L19) concentration with 

new constant B = 3.3. 
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Plots a-c show LIP erosive, and d-f show LIP accretive cases, respectively. Plots g-i show 604 

CROSSTEX erosive and j-l show CROSSTEX accretive cases, respectively. Plots m-o show 605 

SandT-Pro and plots p-r are SINBAD. Each row of plots shows three different cross-shore 606 

locations: before the breaking point (left plots), at the breaking or plunging point (central plots) 607 

and onshore of the breaking point (right plots). 608 

Reviewing the performance of all the models tested in this section, the L19 model produces the 609 

best results of the power function C(s) models and the W12 model produces the best results of 610 

the exponential C(s) formulae. Comparing the performance of the parabolic L19 concentration 611 

profile against the exponential C(s) model of W12 in Fig. 8 shows that both models perform 612 

very well in almost all cases, with each of the models indicating some small discrepancies in 613 

different regions. When analysed qualitatively, the parabolic L19 model generally better 614 

mirrors the curved measured concentration profile throughout the whole water column than the 615 

W12 model. This is also supported by the RMSE values shown in Table 2, where the L19 616 

model has lower (better) RMSE values than the W12 model in 11/18 test cases (RMSE for 617 

W12 ranged between 0.08-2.47 kg/m3, with an average of 0.75 kg/m3).  618 

The W12 model also generally models the measured profile well, but there are some instances 619 

where the SSC at the top of the water column and nearest the bed is well-modelled, but not in 620 

the mid-water column – this is best demonstrated in Figs. 8f, o, r. This is a result of the quasi-621 

linear concentration profile that essentially serves as a line of best-fit, as discussed under the 622 

Larson & Kraus (2001) and Wang et al. (2012) subsections (section 5.4. and 5.6. respectively). 623 

Though these discrepancies in the mid-water column are found in most plots, the discrepancies 624 

are often negligible. Overall, however, the L19 model is relatively simpler (computationally) 625 

and produces slightly better agreement with measured data based on the tests covered in this 626 

paper. The implications of the better agreement in C(s) on the resulting computed suspended 627 

sand transport rates are investigated in a separate related study by the authors. 628 
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Figure 8 - Concentration profile (C[z]) of Measured (red circles) vs. computed (L19, purple 

circles; W12 grey squares). 
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Plots a-c show LIP erosive and d-f show LIP accretive cases respectively; plots g-i show 630 

CROSSTEX erosive and j-l show CROSSTEX accretive cases respectively; plots m-o show 631 

are SandT-Pro and plots p-r are SINBAD. Each row of plots shows three different cross-shore 632 

locations: before the breaking point (left plots), at the breaking or plunging point (central plots) 633 

and onshore of the breaking point (right plots). 634 

The results highlight the limitations of existing profile models under breaking-wave conditions. 635 

While none of the tested formulations perfectly captured the vertical distribution across all 636 

datasets, the analysis demonstrates where particular approaches succeed or fail: Rouse-type 637 

profiles provide reasonable near-bed fits, exponential profiles capture rapid upper decay, and 638 

power-law forms offer flexibility but tend to overpredict higher in the water column. The 639 

proposed modification in this study represents a first step in this direction. Therefore, the 640 

proposed C(s) model has been used in a cross-shore beach profile evolution model described 641 

in section 5.8. 642 

5.8. Application of Proposed Modified C(s) Model 643 

The applicability of the proposed C(s) model was verified through a process-based cross-shore 644 

beach profile model, as described in the following subsection. The cross-shore beach profile 645 

model was validated using field data collected at the Hasaki Oceanographic Research Station 646 

(HORS), Japan. HORS has a long history of coastal measurements (Tabasi et al., 2024), 647 

including cross-shore beach profile surveys. The station is equipped with a 427 m-long pier, 648 

which has been used for cross-shore beach profile measurements since 1986. From 1986 to 649 

March 2011, measurements were conducted daily, while from April 2011 to the present, they 650 

have been carried out on a weekly basis. 651 

In this study, beach profiles measured during a storm event from November 5 to 12, 2024 were 652 

selected for numerical simulation. Wave data for the simulation were obtained from the 653 
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NOWPHAS system, specifically from the Kashima Port buoy, which is the closest available 654 

wave measurement station to HORS. 655 

5.8.1. Model Description 656 

The process-based cross-shore beach profile model consists of hydrodynamic, sediment 657 

transport, and bed evolution modules, similar to other morphological models. The 658 

hydrodynamic calculations, including wave height transformation, were performed using Airy 659 

wave theory and the shallow water equations, covering wave propagation from offshore to the 660 

swash zone. Since different formulations are required before and after wave breaking, the 661 

accurate estimation of the breaking point is crucial and was treated as a calibration parameter. 662 

In this study, a breaker index of 0.78, as suggested in several previous studies, was found to be 663 

appropriate. 664 

To estimate sediment concentration, the L19 model was employed, and the sediment transport 665 

rate was determined accordingly. The diffusion coefficient was computed using diffusion 666 

equation given in Lim et al. (2020). The suspended sediment transport rate was estimated as 667 

the product of the L19 sediment concentration and the time-averaged current velocity. The total 668 

sediment transport rate was obtained as the sum of the suspended sediment transport rate and 669 

the bed load transport rate, calculated using an equation proposed by Watanabe (1982). Finally, 670 

the bed level change was estimated based on the mass conservation equation as follows: 671 

డ௭್డ௧ +
11−௣ (డ௤ೣడ௫ ) = 0       (9) 672 

where ݖ௕  is the bed level, ݐ߲   the time step for simulation, ݌   the porosity, ݍ௫  the sediment 673 

transport rate, and ݔ the cross-shore distance. 674 

5.8.2. Model Performance 675 
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The model performance was evaluated using the Brier Skill Score (BSS) (similar to Tabasi et 676 

al., 2020). 677 

ܵܵܤ = 1 − ∑(|௓೘−௓ೞ|)2∑(|௓೘−௓೔|)2         (10) 678 

where ܼ௠ is the bed elevation after erosion and formation, ܼ௦ the final simulated bed elevation, 679 

and ܼ௜ the initial bed level. Figure 9 presents the simulation results. The initial beach profile, 680 

measured on November 5, 2024, corresponded to storm conditions, with a significant wave 681 

height of 2.5 m and a wave period of 8 s. Using the L19 concentration model, a BSS of 0.72 682 

was achieved, indicating that the model performance falls within the "good" range. 683 

 684 

Figure 9 – Comparison between simulated and measured cross-shore beach profiles.  685 

6. Conclusions 686 

In this study, five existing concentration profile (C(s)) models were validated against four state-687 

of-the-art laboratory datasets collected under large-scale regular and irregular breaking wave 688 

conditions. Existing C(s) models were generally separated into two categories: exponential and 689 

power-law models. The exponential C(s) models produced quasi-linear profiles on the log-690 

scale, practically serving as a line-of-best-fit through the measured concentration profile. As 691 
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measured profiles were generally parabolic (concave upward shaped), the quasi-linear profiles 692 

of the exponential models often did not accurately replicate the shape of the measured 693 

concentration profile, instead indicating relatively good agreement in the upper and lower water 694 

columns (top and bottom of concentration profile respectively) but showing significant 695 

discrepancies in the mid-water column. As suspended flux and transport rate computations are 696 

depth-averaged, large discrepancies in the mid-water column can lead to inaccurate estimations 697 

of the flux and transport rates. Although all C(s) forms depend on C0, the exponential profiles 698 

are especially sensitive since C0 sets their baseline. Analysis of the various existing C(s) 699 

formulations were carried out with the base C0 estimation being made using the L19 C0 model, 700 

which indicated best agreement with measured data. Consequently, the aforementioned 701 

discrepancies found in the mid-water column for the exponential C(s) models were relatively 702 

small. Unlike the previous study by Lim et al. (2020) that focused on reference concentration 703 

models, the present work zeroes in on the vertical concentration profile itself and introduces a 704 

modified profile formula (with constant B) to better capture SSC distributions. 705 

The power function C(s) formulae produced parabolic concentration profiles that better 706 

reflected the measured profiles. However, the power function formulae were found to be 707 

especially sensitive to the magnitude of the dimensionless mixing parameter M, which is a 708 

function of the balance between sediment entraining and settling forces. Both power function 709 

C(s) models tested in this paper produced very steep (quasi-linear; vertical) concentration 710 

profiles, indicating good agreement in the lower water column (where near-bed agreement was 711 

dependent on the reference concentration estimation) but poor agreement in the upper water 712 

column. The steep profiles produced by the power function formulae were attributed to the 713 

magnitude of M being too small. It was proposed that by increasing the overall magnitude of 714 

the mixing parameter, a smoother parabolic concentration profile shape could be obtained to 715 

better represent the measured profile. This hypothesis was tested in the modified C(s) model 716 
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(referred to as L19 C(s) model), by increasing the magnitude of M. The modified L19 profile 717 

(with increased M) consistently gave the best fit to observed profiles across zones. 718 

The existing SR93 model was modified to increase the magnitude of the dimensionless mixing 719 

parameter (M) by incorporating a constant (B) to it. The constant B was calibrated against a 720 

few test cases from the aforementioned datasets. The small addition of the constant improved 721 

the performance of the C(s) model drastically, indicating that the concentration profile was 722 

highly sensitive to mixing parameter (which is usually modelled after the well-known Rouse 723 

Number). The modified C(s) formula produced significantly improved predictions of the 724 

concentration profile, compared to both the original (unmodified) SR93 C(s) model and also 725 

the alternative existing C(s) models. The L19 concentration profile was more gradual than the 726 

original (unmodified) SR93 C(s) model, showing good agreement with measured C(s) 727 

throughout the whole water column in all cross-shore zones. The drastic improvement and 728 

consistency of good agreement over the majority of test cases suggests that the physical 729 

processes accounted for in the power function formulae well-represent the forces in nature. The 730 

validation of the proposed C(s) model using a process-based cross-shore beach profile model 731 

demonstrated its capability to reproduce beach profile changes under storm conditions. 732 

Comparison with field measurements from HORS, Japan, showed good agreement, with a Brier 733 

Skill Score (BSS) of 0.72, confirming the model’s reliability in simulating sediment transport 734 

and morphological evolution. The integration of the L19 sediment concentration model and an 735 

appropriate breaker index improved the model's predictive accuracy. These findings highlight 736 

the potential of the C(s) model for coastal engineering applications, particularly in forecasting 737 

beach profile evolution under extreme wave conditions. 738 

 739 
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