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Abstract 

 
This paper investiagates the effects of bore-generated turbulence on sediment entrainment in a single swash event and 

therefore the beachface evolution. We augment the model developed by Zhu and Dodd (2015), which includes bed- and 

suspended load transport, with a term specifically representing sediment entrainment at a bore (shock). The Hibberd 

and Peregrine (1979) swash event, which describes a uniform bore approaching the shore, is simulated. The results 

show that the incoming bore entrains a substantial amount of sediment into water column, and is transported in the 

uprush. This contributes to the relatively greater deposition in the uprush. The backwash bore generated turbulence is 

much smller than that of the incoming bore, and therefore has less effect on the bed change.  
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1. Introduction 

 

The swash zone is a very dynamic region in which the beachface is repeatedly submerged and then dried, 

and in which considerable sediment is also transported, as both bed and suspended load. On steeper 

beaches, waves collapse forming incoming bores and backwash bores (Hibberd and Peregrine 1979; Zhu et 

al. 2012; Zhu and Dodd 2015). There must be energy loss across the bore front (Stoker 1957), which causes 

vorticity and turbulence.  

Bore turbulence has been recognised as being important for sediment suspension by many researchers 

(Jackson et al. 2004; Butt et al. 2004; Alsina et al. 2009), and particularly in the early stages of uprush. The 

field measurements carried out by Butt et al. (2004) show that the high suspended sediment concentration 

and high turbulent kinetic energy values were associated with the bore front where the near-bed flow 

undergoes rapid onshore acceleration. The correlation tests suggested a significant effect of turbulent 

kinetic energy on sediment transport across the bore, and the inclusion of bore turbulence improved 

significantly the sediment transport model results. 

The usual approach to simulating hydro- and morphodynamics is to use a Nonlinear Shallow Water 

Equation description (e.g., Kelly and Dodd 2010). Sediment suspended at the bore front has been included 

in some modelling approaches (Kobayashi and Johnson 2001; Alsina et al. 2009) with some success. In 

both approaches it was assumed that energy dissipation was translated into sediment stirring, and that the 

turbulent kinetic energy was related to local wave energy dissipation rate. These approaches make use of 

algebraic or differential equations to represent turbulence production at the bore. 

In this paper, we take a different approach to estimate the bore turbulence. We assume the bore 

turbulence is proportional to the energy loss across a shock. In order to investigate the effect of bore 

turbulence, we choose the swash event described by Hibberd and Peregrine (1979) (hereinafter HP79) to 

look at, which is a uniform bore approaching a sloping beach. We focus on the effect of bore turbulence on 

the suspended sediment concentration and swash zone bed evolution.    

In § 2 we present the model equations. We then simulate the HP79 event to examine bore turbulence in § 

3. In § 4, we draw our conclusions.  
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2. Model development 

 

We augment the NSWE model by Zhu and Dodd (2015), which includes bed- and suspended load transport 

and sedimentation / erosion, with a term specifically representing sediment entrainment at a bore (shock). 

The sediment entrainment due to energy loss across a bore occurs only at the bore, and this is achieved by 

utilising a Dirac delta function. Thus, the dimensional governing equations are 

 

ℎ̂𝑡̂ + (ℎ̂𝑢̂)𝑥 = 0,                                                               (1) 

𝑢̂𝑡̂ + 𝑢̂𝑢̂𝑥 + ℎ̂𝑥 + 𝐵̂𝑥 = −
𝑐𝑑|𝑢|𝑢

ℎ̂
,                                                               (2) 

𝐵̂𝑡̂ + 𝜉𝑞̂𝑥 = 𝜉(𝐷̂ − 𝐸̂) − 𝜉𝒢̂(𝑥̂)δ̂(𝑥̂ − 𝜁),                                                               (3) 

(ℎ̂𝑐̂)𝑡̂ + (ℎ̂𝑢̂𝑐̂)
𝑥

= −(𝐷̂ − 𝐸̂) + 𝒢̂(𝑥̂)δ̂(𝑥̂ − 𝜁),                                                               (4) 

where 𝑥̂ represents cross-shore distance (m), 𝑡̂ is time (s), ℎ̂ represents the water depth (m), 𝑢̂ is a depth 

averaged horizontal velocity (ms−1), 𝐵̂ is the bed level (m), g is the acceleration due to gravity (ms−2) and 

𝑐𝑑 is a dimensionless drag coefficient. 𝑞̂ is sediment flux due to bed load (m2s−1), 𝐷̂ is the dimensional 

deposition rate (ms−1) and 𝐸̂ is the dimensional erosion (or entrainment) rate (ms−1). Here, 𝜉 = 1/(1 −

𝑝), where 𝑝 is the bed porosity. 𝒢̂(𝑥̂) = −𝑘̂
𝑑𝐸̂

𝑑𝑡̂
 and 𝒢̂(𝑥̂) ≥ 0, which represents the entrainment of sediment 

at a shock by turbulence. 𝑘̂ is a dimensional parameter. 𝑐𝑑  is a dimensionless drag coefficient. 𝜁 (m) is 

shock position. The calculation of 
𝑑𝐸̂

𝑑𝑡̂
 across a morphodynamic shock is detailed in Zhu (2012). 

In figure 1 we illustrate the situation that is considered. 

 

Figure1. Schematic diagram for a swash event. 

 

We use the following forms for 𝑞̂, 𝐸̂ and 𝐷̂ (Zhu and Dodd 2015): 

𝑞̂ = 𝐴̂ (
𝑢2

𝑢0
2)

3/2
|𝑢|

𝑢
, 

𝐸̂ = 𝑚̂𝑒

𝑢̂2
 

û0
2 , 

𝐷̂ = 𝑤̂𝑠𝑐̂, 

where 𝐴̂ is dimensional bed-load sediment transport rate (m2s−1), 𝑚̂𝑒 is the parameter of the sediment 

entrainment rate (ms−1) of suspended load, 𝑤̂𝑠 is the effective settling velocity of suspended sediment 

(ms−1), and 𝑢̂0 is a representative velocity scale.  
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Therefore, equations (2.3) and (2.4) become 

𝐵̂𝑡̂ + 3𝜉
𝐴

𝑢0
3 𝑢̂2𝑢̂𝑥 = 𝜉 (𝑤̂𝑠𝑐̂ − 𝑚̂𝑒

𝑢2
 

û0
2) − 𝜉𝒢̂(𝑥̂)δ(𝑥̂ − 𝑥̂𝑠),                                                              (5) 

(ℎ̂𝑐̂)𝑡̂ + (ℎ̂𝑢̂𝑐̂)
𝑥

= − (𝑚̂𝑒
𝑢2

 

û0
2 − 𝑤̂𝑠𝑐̂) + 𝒢̂(𝑥̂)δ(𝑥̂ − 𝑥̂𝑠),                                                              (6) 

We follow the non-dimensionalisation in Zhu and Dodd (2015). The non-dimensional variables are 

𝑥 =
𝑥

ℎ̂0
, 𝑡 =

𝑡̂

ℎ̂0
1/2

𝑔−1/2
, ℎ =

ℎ̂

ℎ̂0
, 𝑢 =

𝑢

𝑢0
, 𝐵 =

𝑥

ℎ̂0
, 𝑐 =

𝑐̂

𝑐0̂
 and 𝑘 =

𝑘̂

𝑘̂0
, 

where ℎ̂0 is a length scale, 𝑐̂0 =
𝑚̂𝑒

𝑤̂𝑠
 is a reference concentration and 𝑢̂0 = (𝑔ℎ0)1/2. 𝑘̂0 is selected so that 

1

(𝑔ℎ̂0)1/2 𝑘̂
𝑑𝐸̂

𝑑𝑡̂
= 𝑘

𝑑𝐸

𝑑𝑡
. 

The governing equations are solved by the specified time interval method of characteristics (STI MOC) 

simultaneously.  

 

 

3. Swash simulation 

 

We investigate the swash event of a uniform bore approaching a sloping beach, which was described by the 

swash event of Hibberd and Peregrine (1979); the effects of bore turbulence are clearly illustrated using 

this case. We focus on an individual bore to see effect of bore turbulence on sediment suspension and thus 

beach evolution. 

 

3.1. Initial conditions 

 

The initial conditions of a HP79 swash event are shown in figure 2. The uniform bore is in the region of 

𝑥 ≤ −10 where the bed is flat, while for 𝑥 ≥ −10 the beach is of a uniform slope, with the beach slope 

𝛼 = 0.1. At 𝑡 = 0, there is a bore of height 0.6 propagating towards the beach and located at 𝑥 = −10; 

there is therefore a discontinuity in ℎ, 𝑢 and B at 𝑥 = −10, separating left (𝐿) and right (𝑅) regions. For 

𝑥 ≥ −10, ℎ(𝑥) = 1 −  𝛼(𝑥 + 10), 𝑢(𝑥) = 0, 𝐵(𝑥) = 𝛼(𝑥 + 10) and 𝑐(𝑥) = 0. For 𝑥 ≤ −10, ℎ(𝑥) = ℎ𝑅, 

𝑢(𝑥) = 𝑢𝑅, and 𝐵(𝑥) = 𝐵𝑅  For the suspended sediment in the 𝑥 ≤ −10 region, we assume it is steady 

state and therefore 𝑐(𝑥) = 𝑢𝑅
2 . 

 

Figure 2. The initial conditions of a HP79 swash event. 

 

3.2. Simulation results 

 
The inclusion of bore turbulence is indicated by the 𝑘  value. When 𝑘 = 0, it means that there is no 

sediment entrainment due to bore turbulence. When 𝑘 increases, the process of sediment suspension by 

bore turbulence is assumed to be activated and progressively enhanced. The HP79 swash is simulated using 

the model developed to examine the effect of bore turbulence. The contour plots for different k values 

(𝜎 = 0.01, 𝑀 = 0.001, 𝐸̃ = 0.01, 𝑐𝑑 = 0.01) are shown in figure 3.  

The uniform bore approaches the shore, and collapses at 𝑥 = 0 at 𝑡 = 7.47, causing a large amount of 
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sediment entrainment. The water runs up the beach and reaches the maximum run-up 𝑥 ≈ 18 at 𝑡 ≈ 35. 

The shoreline remains static during the backwash (Zhu and Dodd, 2013), but we can see that the water 

moves seawards leaving a very thin film of water in the upper swash (figure 3 (a)-(b)). The backwash flow 

is slow due to the existence of bed shear stress and the continuous incoming flow, and the suspended 

sediment concentration is generally low. A backwash bore develops in simulations with all 𝑘 values, and 

this backwash bore is less pronounced compared to that in Zhu et al. (2012). This is because a much 

smaller 𝜎 value is used and bed shear stress in considered in this simulation. As in the solitary wave swash 

event (Zhu and Dodd, 2015), the backwash bore disappears as the backwash flow gradually slows down 

and changes its direction. From the backwash bore path in figure 4, we can see the backwash bore develops 

slightly further seawards when 𝑘 increases. The bore paths are, however, very close. 

 

 

 
Figure 3. The mobile bed HP79 event (𝜎 = 0.01, 𝑀 = 0.001, 𝐸̃ = 0.01, 𝑐𝑑 = 0.01). (a) ℎ; (b) 𝑢; (c) change in bed 

elevation, 𝛥𝐵 = 𝐵(𝑥, 𝑡) − 𝐵(𝑥, 𝑡 = 0); (d) 𝑐. 
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Figure 4. The backwash bore path for simulations with various 𝑘 values. 

 

We can see clearly from figure 3 (c) and (d) that the pattern of contour plots of suspended sediment 

concentration 𝑐  and bed change 𝛥𝐵  varies for different 𝑘  values. When 𝑘  increases, the suspended 

sediment concentration is larger and there is more erosion in the lower swash as the uniform bore 

approaches the beach. There is more deposition in the upper swash and also larger sediment concentration. 

With a larger 𝑘 value, more sediment is suspended by the incoming bore, and it is transported to the upper 

swash, and deposited. This is consistent with the finding of Pritchard and Hogg (2005) that pre-suspended 

sediment contributes to the deposition in the upper swash. This illustrates the effect of bore turbulence, and 

the effects become more significant as 𝑘 increases. 

However, figure 3 (a) and (b) show that the inclusion of sediment entrainment due to bore turbulence 

has little effect on the water depth and velocity. It is consistent with the finding of Zhu and Dodd (2015) 

that suspended sediment has little effect on the swash hydrodynamics. 

Figures 5 and 6 show more closely the bed change and sediment concentration as time varies. When 

𝑡 = 10, there is a decrease in bed level in the region −10 < 𝑥 < 0 as 𝑘 increases, where the uniform bore 

travels (figure 5 (a)). The bed change in the region 𝑥 > 0 is barely noticeable. However, we can see high 

suspended concentration 𝑐 values in the 𝑥 > 0 region (figure 6 (a)). We start to see the increase in bed 

change at 𝑡 = 20 (figure 5 (b)) because of the high suspended sediment concentration at earlier times 

(figure 6 (a)). The suspended sediment concentration decreases as sediment settles down (figure 6 (a)-(b)). 

Sediment continues to settle (figure 6 (b)-(d)), and consequently, the larger deposition in the 𝑥 > 0 region 

is more pronounced as time increases (figure 5 (b)-(e)).  

In the backwash, there is no large increase in the suspended sediment concentration because of the 

slower water velocity and therefore reduced sediment entrainment. At 𝑡 = 60, we can see the development 

of a bed step due to the backwash bore, and it further develops. We can see the sediment concentration at 

the backwash bore is increased (figure 6(h)). However, this increase is much smaller than that of the 

incoming bore. This is because the strength of this backwash bore is much smaller than that of the 

incoming uniform bore. Furthermore, this increase is very confined to the backwash bore, as the flow is 

slow and thin, and sediment advection is weak. Therefore the difference in bed change due to bore 

turbulence is very localised and not so significant. The bore turbulence has greater effect in the lower 

swash than in the upper swash. This is because the strength of the incoming bore is much larger than that of 

the backwash bore.   
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Figure 5. Beach changes 𝛥𝐵 at different time series. 
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Figure 6. Suspended sediment concentration 𝑐 at different time series. 

 

3.3. Incoming uniform bore 
 

We further examine the bed evolution and sediment suspension across the incoming uniform bore. Figure 7 

shows the comparison of bed changes and suspended sediment concentrations on the left and right side of 

the bore. It should be noted that there is no bed change on the right side of the bore and there is no 
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suspended sediment. On the left side, there is a bed step for 𝑘 = 0, and the bed change is a positive value. 

However, when 𝑘 increases, sediment is entrained and there is much more erosion on the left side. We can 

see from figure 8 that the bed discontinuity associated with the incoming bore changes its direction from 

shoreward to seaward when 𝑘 = 0.05 and 𝑘 = 0.1. Consequently, there is a large sediment concentration 

on the left side (figure 7(b)). 

 

 
 

Figure 7. Bed difference (a) and suspended sediment concentration different (b) across the incoming bore at different 

positions.  

 

  
 

Figure 8. Bed step at the incoming bore. 

 

3.4. Backwash bore 
 

The bed steps when the backwash bores become stationary are shown in figure 9. The bed step size 

𝐵𝑅 − 𝐵𝐿  and difference in concentration across the backwash bore at different positions are shown in figure 

10. The bed step is further seawards for a larger 𝑘 value. The sizes of the bed step are generally very close. 

The sediment concentration on the left side is larger than that on the right side although the velocity is 

higher on the right side. This is because the entrainment due to bore turbulence travels to the left side. The 

difference increases as the bore develops, and gradually decreases when the backwash bore strength is 

smaller. When the backwash bore becomes static there is no difference in the sediment concentration. The 

sediment concentration is greatly increased when 𝑘 is increased to 0.1. 
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Figure 9. Bed steps when the backwash bores become stationary.  

 

 
 

Figure 10. Bed difference (a) and suspended sediment concentration different (b) across the backwash bore at different 

positions. 

 

 

4. Conclusions 

 

This work has proposed a new approach of estimating the bore turbulence; bore turbulence is assumed to 

be proportional to the energy loss at the bore. Furthermore, a single HP79 swash event has been simulated, 

and the beach change and sediment concentration for different 𝑘 values are presented. The results show that 

bore generated turbulence enhances the suspension of sediment in the uprush, which is transported to the 

uprush and is deposited. This contributes to the relatively more deposition in the uprush. The turbulence of 

the backwash bore is much smaller than the incoming bore, and has less significant effects on the bed 

change. 
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