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Abstract 

EXPERIMENTAL STUDY OF SOLITARY WAVE RUNUP REDUCTION BY 

COASTAL LAGOON, CORAL REEF AND FOREST 

The 2004 Indian Ocean Tsunami and the 2011 Great East Japan Tsunami emphasise the 

importance of Ecosystem-based Disaster Risk Reduction (Eco-DRR) to minimise the 

incredibly challenging impact of future tsunamis, to protect the living community, 

environment, and infrastructure. 

As a preliminary study, a statistical and geospatial analysis was conducted for coastal 

lagoons in Sri Lanka that affected by tsunami using collected field surveying data, 

statistical data, DEM data and land use GIS data. The spatial variability of the settlement, 

forest and lagoon mouth was discussed. Influence by existing coast protective structures, 

drainage structures and the connection to the sea was investigated. The physical dimensions 

such as beach slope, dune height, barrier length, lagoon length in cross-shore and longshore 

direction and the area were investigated and how such parameters affect the damage ratio 

was illustrated. 

Based on the statistical and geospatial analysis, it was found that the building located close 

to the lagoon mouth and on barrier land were found to be extremely vulnerable to tsunami 

wave. The presence of a narrow channel connecting to a lagoon observed high tsunami 

damage ratio. The lagoons with the closed mouth also exhibited more severe damage in 

the east part of Sri Lanka. The location of the forest does not make much difference in 

tsunami damage, but the dense mangrove could reduce the damage, whereas patchy, 

scattered and swamps did not reduce the tsunami damage. Existence of coast protective 

structures and the drainage structures did not exhibit an effect on impact to tsunami damage. 

The offshore bathymetry (i.e., fringing reef or reef lagoon) did not influence on tsunami 

damage ratios. When the length of barrier length in opening direction was less than 650 m, 

cause extensive damage, and the effectiveness of lagoon could not be observed. When the 

summation of lagoon length and barrier length reached beyond 750 m the damage in the 

upstream of the lagoon was minimised which implies that the distance to the coast is a 

major governing factor in evaluating damage ratio. The beach slope, barrier height and area 

of a lagoon is found to be less influence on the damage ratio. 
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Limitations of the statistical and geospatial analysis were presented. Hence the laboratory 

experiments were conducted at Saitama University to understand how a tsunami-like 

solitary wave vertical runup can be reduced in one horizontal dimension against the effects 

of the beach slope, dune height, depth and length of the lagoon in the cross-shore direction 

and also with and without forest. The rigid emergent circular cylinders in a staggered 

arrangement were used as the forest model for all wave conditions. The maximum runup 

of a compound slope was measured to investigate the influence of onshore slope and 

offshore slope. Besides, the solitary wave runup on coral reef system has been tested. The 

bathymetry of reef profile was tested as reef-flat, reef-lagoon and reef-crest. The 

rectangular strips at regular intervals representing the roughness of a more simplified coral 

reef system, along the cross-shore direction were tested for the case of reef-flat with 

roughness. 

The solitary wave runup on a plane beach having the slopes of 1/4, 1/7 and 1/10 were tested. 

The compound slopes consist of 1/7 and 1/10 as the foreshore slopes and 1/4 as the onshore 

slopes were tested. The forest model on a sloping beach having slopes of 1/4 and 1/7 were 

investigated. The maximum runup of a lagoon by changing the foreshore slopes as 1/1, 1/2, 

1/4, 1/7 and 1/10, dune height and lagoon inside depths, was measured. Also, the forest 

model was placed on a sand dune by changing the position (front, middle and back of sand 

dune) and investigated. A coral reef platform consists of the fore-reef slope of 1/7 and 

landward slope of 1/4 were tested.  

The plunging breaking, surging breaking and nonbreaking type of waves were observed on 

the beach slope and the fore reef slope. The undulations with no breaking and leading wave 

breaking and turbulent bores were observed inside lagoon with the change of wave 

transmission height to lagoon water depth ratios. The multiple wave reflection and 

backwater rise could be observed with the introduction of forest model. The progressive 

and growing, progressive and dissipative, and resonant waves could be observed in coral 

reef platforms. The turbulent bores and spilling breaking on the reef flat, surging breaking 

(bore type) on the landward slope and nonbreaking waves were observed.  

The resultant wave transmission height and maximum runup were measured varying 

incident wave characteristics as well as the dimensional physical properties of each model. 
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The wave height to depth ratio from 0.1 to 0.4 was used. The breaking criterion was 

discussed. The dimensional analysis was employed to pick up essential parameters for 

comparing the maximum runup effect. The present laboratory data and the previous 

researchers’ work were also employed in the study. Hence the results of maximum runup 

were used in conjunction with previous research works to derive empirical formulas for 

solitary wave runup on a plane beach, forest on a sloping beach, sand dune coastal lagoon, 

reef flat and reef lagoon, individually. 

The maximum runup found to be most sensitive to the bathymetry profile change and the 

location of wave breaking and then to the wave formation inside of the sand dune coastal 

lagoon or reef platform. At the near-breaking condition, the highest runup was observed. 

The runup effect corresponded to change of physical dimension was discussed in detail. In 

the case of the coral reef system, the length of reef-flat was found to be a dominant factor 

when it equals the one-fourth of the incident wavelength of a solitary gives the highest 

runup. The incident wave height to reef water depth ratio also found to be a determining 

parameter for estimating runup as it describes the breaking limit.  

The forest on a sloping beach effectively reduces solitary wave runup from 4% to 28%. 

The higher runup reduction occurred on mild slopes with highly nonlinear waves. By 

increasing the forest width by twice, the runup reduction can be further increased from 6% 

to 27%. The runup on a sand dune coastal lagoon with a forest of finite width is reduced 

effectively by 17% to 45% depending on the slope parameter of front beach slope which is 

associated with the breaking phenomenon. At near-breaking condition, the effectiveness of 

coastal trees is found to be comparatively less. However, by introducing a larger forest 

width, the runup can be further reduced by 55% to 81%. The runup reduction by reef crest 

as compared to the reef flat was observed up to 31% and higher runup reduction was seen 

in shallow depths. In reef flat with dense roughness (‘d’ type) and shallow depths, runup 

was reduced up to 66%.  In deep reef water depths, there was no reduction could be 

observed, and some cases runup with reef crest and reef flat with dense roughness was 

higher than in the case of the reef flat due to the resonance factor. For immediate roughness 

case (‘k’ type), the runup reduction was recorded between 3% to 81%. The highest runup 

reduction was observed in shallow water depths. However, the difference in the runup 

reduction by changing the ratio of spacing to roughness height (pitch ratio) among 
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intermediate roughness (‘k’ type) cases was not significant. The effect of runup reduction 

by the roughness of coral reef roughness was found to be less significant than the forest of 

finite width. The maximum runup on a reef lagoon was 5% to 59% higher than the reef flat 

case except for weakly nonlinear waves on deep water. 

Thus, a coastal lagoon having larger dune and more considerable length in the cross-shore 

distance with a forest width helps to increase more resilience against tsunami attack even 

when energy reduction at the beach slope is not sufficient enough. A coral reef platform 

with wide width, shallow reef water depth and intermediate roughness can be considered 

as useful in tsunami energy dissipation but found to be not so effective compare to the sand 

dune coastal lagoon with coastal forest. 

The most critical parameters which can be used to evaluate tsunami damage is highlighted 

in this study to design coastal landscapes based on Eco-DRR concept. 

Keywords: solitary wave, runup, wave breaking, coastal lagoon, coral reef, forest  
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RFR1.3 – reef-flat with w/K of 1.3, RFR4 – reef-flat with w/K of 4, RFR6 – 

reef-flat with w/K of 6, RFR7 – reef-flat with w/K of 7 and RFR9 – reef-flat 

with w/K of 9. 
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Figure 7-6  The non-dimensionalised runup (R/Ho) against the incident wave height to 

reef water depth ratio (Ho/hr) for hr > 0, BP- breaking point, BS – breaking at 

final slope, NB – nonbreaking, RT – breaking at reef top, RC – reef-crest, RF 

– reef-flat without roughness, RFR1.3 – reef-flat with w/K of 1.3, RFR4 – 

reef-flat with w/K of 4, RFR6 – reef-flat with w/K of 6, RFR7 – reef-flat with 

w/K of 7 and RFR9 – reef-flat with w/K of 9. 

Figure 7-7  The non-dimensionalised runup (R/Ho) against the incident wave height to 

offshore water depth ratio (Ho/ho) for all reef water depths, hr. RC – reef-crest, 

RF – reef-flat without roughness, RFR1.3 – reef-flat with w/K of 1.3, RFR4 

– reef-flat with w/K of 4, RFR6 – reef-flat with w/K of 6, RFR7 – reef-flat 

with w/K of 7 and RFR9 – reef-flat with w/K of 9. 

Figure 7-8  The non-dimensionalised runup (R/Ho) against the incident wavelength to 

reef-flat width ratio (Lo/Lr) for all reef water depths, hr. RC – reef-crest, RF – 

reef-flat without roughness, RFR1.3 – reef-flat with w/K of 1.3, RFR4 – reef-

flat with w/K of 4, RFR6 – reef-flat with w/K of 6, RFR7 – reef-flat with w/K 

of 7 and RFR9 – reef-flat with w/K of 9 in the aspect of; (a) reef water depth, 

(b) breaking point (BP). BS – breaking at final slope, FR – breaking at fore-

reef slope, NB – nonbreaking, RT – breaking at reef top. 

Figure 7-9  The non-dimensionalised runup (R/hr) against the surf-similarity parameter, ξ 

= s2/(Ho/hr) for reef water depths, hr>0. RC – reef-crest, RF – reef-flat without 

roughness, RFR1.3 – reef-flat with w/K of 1.3, RFR4 – reef-flat with w/K of 

4, RFR6 – reef-flat with w/K of 6, RFR7 – reef-flat with w/K of 7 and RFR9 

– reef-flat with w/K of 9. 

Figure 7-10  Comparison of measured values and calculated values by Eq. (7-2) for the 

maximum runup (R/hr) and reef water depth hr>0. RFhr2, RFhr3 and RFhr7 

are present experimental results for reef-flat with reef water depth, 2, 3 and 7 

cm, respectively. YRFhr2.5, YRFhr5, YRFhr7.5 and YRFhr10 are results 

from Yao et al. (2018) for reef-flat with reef water depth 2.5, 5, 7.5 and 10 

cm, respectively. 
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Figure 7-11  The transmitted wave height at toe of beach slope over water depth ratio 

(Hbst/ho) against the incident wave height to water depth ratio (Ho/ho) for all 

lagoon depths hL (in cm). BP - breaking point, BS – breaking at final slope, 

FR – breaking at fore-reef slope, LG – breaking at lagoon, NB – nonbreaking, 

RT – breaking at reef top. 

Figure 7-12  The transmitted wave height at reef edge over lagoon depth ratio (Hcr/hL) 

against the incident wave height to lagoon depth ratio (Ho/hL) for all lagoon 

depths hL (in cm). BP - breaking point, BS – breaking at final slope, FR – 

breaking at fore-reef slope, LG – breaking at lagoon, NB – nonbreaking, RT 

– breaking at reef top. 

Figure 7-13  The transmitted wave height at toe of final slope over lagoon depth ratio 

(HT/hL) against the incident wave height to lagoon depth ratio (Ho/hL) for all 

lagoon depths hL (in cm). BP - breaking point, BS – breaking at final slope, 

FR – breaking at fore-reef slope, LG – breaking at lagoon, NB – nonbreaking, 

RT – breaking at reef-top. 

Figure 7-14  The non-dimensionalised runup height (R/Ho) against the incident wave 

height to lagoon depth ratio (Ho/hL) for all lagoon depths hL (in cm). BP - 

breaking point, BS – breaking at final slope, FR – breaking at fore-reef slope, 

LG – breaking at lagoon, NB – nonbreaking, RT – breaking at reef. 

Figure 7-15  The non-dimensionalised runup height (R/Ho) against the incident wavelength 

to cross-shore distance of reef-lagoon (Lo/Lr) for all lagoon depths hL (in cm). 

BP - breaking point, BS – breaking at final slope, FR – breaking at fore-reef 

slope, LG – breaking at lagoon, NB – nonbreaking, RT – breaking at reef. 

Figure 7-16  The non-dimensionalised runup height (R/hL) against the the surf-similarity 

parameter, ξ = s2/(Ho/hL) for reef lagoon depths, hL. BP - breaking point, BS 

– breaking at final slope, FR – breaking at fore-reef slope, LG – breaking at 

lagoon, NB – nonbreaking, RT – breaking at reef. 
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Figure 7-17  The comparison of non-dimensionalised runup height (R/hL) between the 

measured values and calculated values by Eq. (7-3) for breaking waves on 

reef lagoon. Open plots denote present experimental results and closed plots 

denote experimental results of Yao et al. (2018). Solid line shows the prefect 

agreement, and the broken line shows the 20% error range. The parameters, 

ho, LL, hL, s1 and s2 define offshore water depth, cross-shore distance of lagoon, 

lagoon depth, fore reef slope and final slope, respectively. 

Figure 7-18  Comparison of maximum runup (R/Ho) against the wave height to depth ratio 

(Ho/ho) for the cases; reef crest (RC), reef flat without roughness (RF), reef-

flat with w/K of 1.3 (RFR1.3),  reef-flat with w/K of 4 (RFR4), reef-flat with 

w/K of 6 (RFR6), reef-flat with w/K of 7 (RFR7), reef-flat with w/K of 9 
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K empirical coefficient (Chapter 3) 
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LL length of the lagoon 
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Lr cross-shore distance of reef-flat 

MF maximum momentum flux parameter (Hughes, 2004) 

MS empirical coefficients (Hughes, 2004) 
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NS empirical coefficients (Hughes, 2004) 
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Re Reynolds number 

Recr critical Reynolds number of transition to turbulence in the boundary layer of solitary 
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Rup maximum runup as per Madsen and Schaffer (2010) 
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s2 onshore slope/landside slope 

So surf-similarity parameter refer to Grilli et al. (1997) 

t time 

T wave period 

T entire time of the movement of the paddle in solitary wave generation 

Uo maximum orbital velocity in open water 

VX video camera X(X=1,2,3) 

w spacing of rectangular strips 

W width of forest 

x  horizontal coordinate 
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ξ surf-similarity parameter 

ξir Irribaren number (Battjes, 1974) 

ξKK surf-similarity parameter (Kobayashi and Karjadi, 1994) 

ξLo surf-similarity parameter (Lo et al., 2013) 

ξMS surf-similarity parameter (Madsen and Schaffer, 2010) 

ξs surf-similarity parameter (Synolakis, 1987, Lo et al., 2013) 

π 3.142 

ρ density of water 
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σ dimensional number concerning frequency (Kajiura, 1984) 
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χbreak parameter refers Madsen and Schaffer (2010) 

χelev parameter refers Madsen and Schaffer (2010) 
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N/A  not applicable 
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RMSE  root-mean-square error 
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Chapter 1  

Introduction 

Part of this chapter has been published as: 

Vinodh, T. L. C., Tanaka, N., Review of existing coastal defence system in Sri Lanka against 

tsunami, Proceedings of the special session on Coastal and Lagoon Environment, 7th ACEPS2019, 

pp.84-91, 17th October 2019, Galle, Sri Lanka, 2019. 

1.1 Background 

The 2004 Indian Ocean Tsunami (IOT) has brought to the attention of the issue of coastal 

frontline protection in Sri Lanka (Pomonis et al., 2006; Vinodh and Tanaka, 2019). 

Conventional coastal engineering, such as sea walls, breakwaters and embankments, is 

widely recognised as the ultimate solution to tsunami risks. However, the structures 

including breakwaters, sea walls and tidewater control forests were not designed for the 

massive tsunami like the 2011 Great East Japan Tsunami (GEJT) resulting many were 

destroyed and could not mitigate the tsunami as expected (Raby et al., 2015; Suppasri et 

al., 2013). The hard structural defences are seriously questioned in many locations as their 

repetitive and costly maintenance, as well as their reinforcing and widening to keep up with 

the increasing tsunami risk, are becoming unsustainable (Temmerman et al., 2013). 

Although often effective in lowering tsunami damage, these costly hard structural solutions 

have some significant shortcomings, including negative habitat changes (Martin et al., 

2005) and degraded beaches and increased downdrift erosion (Basco, 2006). 

Ecosystem-based Disaster Risk Reduction (Eco-DRR) is so vital and becoming a more 

widespread trend as it is sustainable, conservation and restoration of ecosystems to reduce 

disaster risk, to achieve sustainable and resilient development (Renaud et al., 2013).  The 

schematic figure of the concept of Eco-DRR is shown in Fig. 1-1. In contrast to 

conventional engineering solutions such as sea walls or embankments, Eco-DRR provides 

numerous benefits for humankind regardless of a disaster event. Eco-DRR involves 

comparatively low-cost construction and maintenance where ecosystems are healthful and 

adequately managed. In this regard, Eco-DRR is a cost-effective and no disappointment in 

investing (Barbier, 2016). 
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The protective role of coastal forests and mangroves in the tsunami mitigation 

unexpectedly became a questioned topic in the aftermath of the 2004 IOT. It could be 

observed that nearby the lagoon the tsunami impact was low during the post-tsunami field 

surveys of 2004 IOT (Dahdouh-Guebas et al., 2005a) and 2015 Chile Tsunami (Contreras-

López et al., 2016), and behind the dune (Mascarenhas and Jayakumar, 2008; Tanaka et al., 

2007). Gedan et al. (2011) explained that the evidence that coastal lagoons can mitigate 

tsunami impacts is more questionable because, due to the sudden and catastrophic nature 

of tsunami events, the testimony tends to be unreliable. Kerr and Baird (2007) showed that 

the significance of coastal vegetation in mitigating tsunami remains an open-ended 

question because of the lack of proper studies, and more data and more potent approaches 

may well find a link. 

It is essential to recognise that ecosystems also have limits in protecting against 

hazards (Alongi, 2008; Cochard et al., 2008; Shuto, 1987; Tanaka, 2009). Chatenoux and 

Peduzzi (2007) suggested that the potential protective role of vegetation was determined 

by its spatial arrangement and should be considered as an essential consideration. Many 

projects around the world were invested in an ecosystem without any systematic and 

scientific collection of evidence on the role of vegetation and coral reef in protecting 

populations against the tsunami waves, ended with disappointing results (Cochard, 2011). 

Besides the loss of human victims and properties, severe beach erosion, coastal water 

bodies filled with debris and driftwood, and destroyed agricultural lands were some of the 

aftershock environmental consequence. Thorough knowledge of wave phenomena 

Figure 1-1 Ecosystem-based disaster risk reduction (Modified after Vinodh and 
Tanaka, 2019). 
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occurred nearby coastal ecosystems is essential in effective coastal landscape planning by 

considering the scarcity of resources (Tanaka et al., 2011). 

Hybrid defence system which consists of structural solutions like embankments, moats 

and natural solutions like forests have been studied in mitigating tsunami impact (Igarashi 

and Tanaka, 2018; Kimiwada et al., 2020; Zaha et al., 2019). 

The developing countries like Sri Lanka consist of lagoons, sand dunes, coral reefs 

and mangroves at the oceanfront and hardly seen any hard structural solutions to cater to 

the tsunami mitigation problem primarily. The application of new hard structural solutions 

for Sri Lanka seems complicated due to allocating enough budgets for their high capital 

cost and the technology incurred. Hence Eco-DRR concept can be recommended to adapt 

for tsunami mitigation with other precautionary measures like an early warning and 

evacuation strategies (Vinodh and Tanaka, 2019). Investing in ecosystems cannot be 

viewed as a single solution to risk reduction. Ecosystem-based precautions could be part 

of a broader disaster risk management strategy, and it would always be paired to other 

essential risk management measures, such as early warning systems and evacuation plans 

(Dengler and Preuss, 2003). Eco-DRR, like all disaster risk reduction activities, diminishes 

the risk but does not remove the risk comprehensively. 

When a tsunami wave reaches the coast, the bathymetry influence tsunami behaviour 

and shoaling, reflection and combined refraction and diffraction could cause both 

converging and diverging of tsunami energy. Due to the shoaling effect, the tsunami wave 

height can be increased up to several meters. During all the tsunami cases, the detailed 

shape of the incoming tsunami wave remains unknown. Tsunami characteristics (i.e., wave 

height and wavelength or wave period) are either pre-computed using different 

hydrodynamic models or estimated from the captured satellite images or detected wave 

measurements by DART buoys. Due to the time-consuming nature of tsunami simulation, 

timely processing is unfeasible if calculation is started after an earthquake occurs. Tsunami 

runups based on empirical models, numerical models and analytical models, therefore, 

need to be used to analyse in advance with a variety of earthquake scenarios, locations, and 

magnitudes to determine arrival times and wave heights for particular coastal areas. Based 

on the past field surveys (Pomonis et al., 2006), satellite images analysis (Hayashi, 2008), 
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tide gauge measurements in the ocean (Rabinovich and Thomson, 2007) and seismic 

inversion models (Ammon et al., 2005), the tsunami wave propagation characteristics and 

tsunami heights have been studied for tsunamis in the past. Nevertheless, the features of 

the tsunami wave nearshore were found to be challenging to forecast because it is being 

affected by the bathymetry, coastal topography, large roughness effect caused by 

vegetation and buildings, amount of entrained debris and density of habitation in its path. 

The most challenging phase of the dynamics of tsunami flows to deal with breaking 

as they close to the shore. This stage depends significantly on the bottom bathymetry and 

the coastal topography. At the transition of breaking severe damages may occur. Then the 

tsunami inundation is progressed slowly and can last for several minutes, causing structural 

damages. The path of these currents and their velocity is quite unpredictable in the final 

stages as they are changed with abrupt changes in the topography, the collapse of buildings, 

and accumulation of driftwoods.  

The hydrostatic forces like lateral fluid pressure, vertical buoyancy effects; 

hydrodynamic forces like bore impact, drag force, impact from large water-borne objects 

(e.g., vehicles, driftwoods, building fragments), increase in flow viscosity/density due to 

accumulated debris and sediment, damming, foundation effects like scouring, overturning 

and sliding, can be identified as the primary cause of failure modes (Applied Technology 

Council and Federal Emergency Management Agency (FEMA), 2012; Shuto, 2019). 

However, it is difficult to predict or conduct real-time simulations as the tsunami may form 

in different scale and shapes, and the phenomena are complicated. Under these 

circumstances, as an approximation to the reality and initial estimate, it will be still useful 

to conduct physical modelling tests to identify the basic knowledge of maximum runup. 

The runup is defined as the maximum elevation attained by seawater (on/along the 

beach) above the still water level, and as such defines the extent of wave action. The 

estimation of solitary wave runup on plane beaches has been studied in the study of 

tsunamis generated by rockfalls, landslides, snow and ice avalanches, caving of glaciers 

and earthquakes (Fuchs and Hager, 2015; Li and Raichlen, 2001; Synolakis, 1987). Solitary 

wave runup solutions are useful for experimental investigations and calibration of runup 

modules in numerical models. Despite being widely used to represent tsunamis, Madsen et 



5 
 

al. (2008) showed that both the length and time scales of an actual tsunami could not be 

tied with solitary waves. Larsen and Fuhrman (2019) demonstrated that undular bores with 

several shorter waves developed at the front of the tsunami did not influence the overall 

runup of the tsunamis. Therefore, they concluded that solitary wave runup solutions could 

not be used to evaluate the tsunami impact. Although solitary waves cannot be viewed as 

representative of tsunamis, the research performed is still valid for the physics of solitary 

waves, and the methods developed have also, to some degree, been used as an inspiration 

in more recent tsunami research. Furthermore, solitary waves can also be beneficial in 

terms of model validation. 

1.2 Objective of the thesis 

During 2004 IOT, Sri Lanka was vastly affected, resulting in many victims and structural 

damages. This research is mainly focused on Sri Lanka and the experience related to 

tsunamis by Japan and other countries.  

This research aims to study how a tsunami-like solitary wave transformation occurs 

based on the physical characteristics of a sand dune coastal lagoon, coral reef and forest in 

one horizontal dimension (1HD) to identify the optimum mitigation measure on the 

surrounding area. 

1.3 Outline of thesis 

The Dissertation analyses the tsunami behaviour in coastal areas. Experimental results are 

reported in view of solitary wave transmission and the maximum runup on the slope. It 

improves the understanding of the main variables which affect tsunami runup by using 

solitary wave transformations. The adverse effects caused by the 2004 IOT and the 2011 

GEJT along the coastline motivated the author to study on tsunami mitigation as his future 

career relies on coastal engineering field. The present thesis consists of 8 chapters. The 

first chapter gives a brief overview of the tsunami research after the events in 2004 and 

2011. The analysis of the bathymetry effect and the different roughness aspects of tsunami 

propagation and runup is the main study of this thesis. The statistical and geospatial 

analysis was carried out to evaluate the vulnerability of tsunami-affected lagoons in Sri 

Lanka, and the findings and the limitations of the study are elaborated in the second chapter. 

To overcome the limitations from the statistical and geospatial analysis, the laboratory 
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experiments were conducted for further investigations. Chapter 3 has been published in a 

journal Ocean Engineering, which was based on solitary wave runup on plane beaches. 

Chapter 4 discusses the runup on compound slopes and the applicability of derived 

empirical runup equation on solitary wave runup on plane beaches to the case of runup on 

compound slopes. Chapter 5 illustrates the solitary wave runup behaviour concerning the 

forest of finite width on a sloping beach. Chapter 6 examines solitary wave runup along 

sand dune lagoon against the variation of physical dimensions. How solitary wave interact 

with different roughness and coral reef bathymetry profiles which can be categorised as 

reef flat, reef lagoon and reef crest are considered in Chapter 7. Finally, conclusions drawn 

from each chapter are summarised, and future direction has been explained in Chapter 8. 
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Chapter 2  

Vulnerability analysis for coastal lagoons in Sri Lanka 

2.1 Introduction 

Coastal lagoons can be considered as transitional zones between land and sea, and it is 

characterised by shallow depths typically detached from the sea by a barrier. It may be 

connected to the sea by one or more channels which remain open or closed occasionally 

(Kjerfve, 1994). Coastal lagoons are driven to a significant extent by the high density of 

hard structures such as buildings, sluice gates and breakwaters and mass exchanged with 

the surrounding ecosystems. The coastal lagoons have complex morphological variations 

and highly diverse. The effectiveness of such coastal lagoon in dissipating tsunami energy 

is debated after 2004 IOT based on past field surveys and laboratory experiments 

(Dahdouh-Guebas et al., 2005b; Inoue et al., 2007; Vinodh and Tanaka, 2019; Wijetunge, 

2006). There are many kinds of research conducted to derive vulnerability functions and 

fragility curves. The investigations regard to Sri Lanka is discussed here. 

Choi et al. (2006) investigated on the measured tsunami runup heights in the region of 

Indian Ocean, and they derived a lognormal distribution (i.e., density distribution function) 

confirming the theoretical model based on the randomness character of the coastal 

topography. 

Peiris and Pomonis (2005) derived vulnerability functions for the building damage in 

relationship with the distance to the coast for the south and west coast of Sri Lanka. They 

found that the total damage ratio shows a reduction with distance from the coast. Miura et 

al. (2005) by using high-resolution satellite IKONOS images captured after tsunami event 

occurred in Batticaloa, have identified the damage distribution near the coastline by visual 

detection method. Leelawat et al.(2016) carried out a statistical analysis to investigate the 

influential parameters in tsunami-damaged areas and found that the inundation depth and 

the structural materials were the significant parameters in the evaluation of tsunami impact 

to the building. Dias et al. (2009) derived vulnerability curves for completely damaged 

houses using statistical data based on Divisional Secretariat divisions in Sri Lanka and 

Monte Carlo simulations to replicate the curves obtained from field observations. They 

found that the percentage of houses with permanent walling materials has a significant 
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effect on the vulnerability curves. Rosetto et al. (2007) based on the water level measured 

during field survey conducted by Pomonis et al. (2006), derived a tsunami intensity scale 

and emphasised the importance of acceptable engineering practices in the construction 

sector. 

Chatenoux and Peduzzi (2007) conducted a spatial and statistical analysis to 

investigate the effect of morphological and ecosystem configurations such as mangroves 

forest, seagrass and coral and found that the inundation influenced by the distance to fault 

lines as well as inclination and length of the proximal slope. Furthermore, they have found 

that areas behind seagrass beds were less impacted, whereas areas behind coral reefs were 

severely affected. Satyanarayana et al. (2017) used ground-truth data and remote sensing 

analyses and based on the professional judgement; they derived vulnerability index maps 

for the all-around coastline of Sri Lanka. They found that among the coastal sites, 

Trincomalee, Yala and Puttalam are less vulnerable and the Kaluvanchikudy to Komari 

area and Jaffna are vulnerable areas. The reason for the less vulnerable areas was found as 

sand dunes, and multi-species mangrove and dense vegetation are suggested to tsunami 

mitigation. 

Wijetunge (2009a) found that the measured inundation distance along the south coast 

of Sri Lanka can be expressed in terms of the ground slope. Wijetunge (2014) conducted a 

multi-scenario deterministic analysis using four seismic zones capable of generating 

tsunamis which can affect to the southwest coast of Sri Lanka and found that event similar 

to 2004 IOT can be considered as the worst-case scenario.  

Dahdouh-Guebas et al. (2005b) evaluated the characteristics of the pre-tsunami extent 

of the first 500 m front mangrove, the extent of mangroves already destroyed before the 

tsunami, the mangrove status in terms of the presence or absence of cutting activities and 

of cryptic ecological degradation, tsunami damage to the front mangrove, and tsunami 

damage to lives and properties behind the mangroves. They classified the coastal lagoons 

based on a cluster analysis of the 24 mangrove sites in Sri Lanka that they have investigated, 

signifying the status of the mangroves and the impact of the tsunami. They concluded that 

the status of mangroves is the crucial factor in disaster risk reduction by a coastal lagoon. 
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 Vinodh and Tanaka (2018a, 2018b, 2018c) conducted laboratory experiments using 

solitary waves to investigate the runup reduction by a sand dune coastal lagoon and found 

that a lagoon of a large sand dune, considerable lagoon length in cross-shore direction with 

a finite forest width can effectively reduce the runup. 

Mizoguchi et al. (2018) discussed the importance of categorising coastal lagoons in 

terms of its potential on Eco-DRR based on the morphological and hydraulic properties in 

and around lagoons.  

The research mentioned above is mainly focused on a limited area and either they are 

based on building materials or ecosystem configurations and or morphological variations 

only. However, the concept of Eco-DRR of lagoons is often either not clearly understood 

or not appropriately applied. As tsunami is in high energetic form and subjected to many 

morphodynamically changes and combined refraction, diffraction and reflection, a 

comprehensive study to evaluate major influential parameters is necessary. In this study, 

the statistical and geospatial analysis is employed to the field data as well as existing data 

in the literature to identify the main drivers in the tsunami energy dissipation in a coastal 

lagoon. 

2.2 Materials and Methods 

A typical coastal lagoon generally consists of complex morphological form, the various 

spatial distribution of buildings and coastal protective structures in and around lagoon 

mouth. For simplicity in this study, a coastal lagoon can be classified concerning opening 

of lagoon mouth (i.e., centre (OpCe), not centre (OpNoCe) and closed (Cl)), the position 

of forest patch (i.e., front (FoFro) and far (FoFar)), location settlements (i.e., front (BuFro), 

far (BuFar) and all-around (BuAll)), link to the sea by channel (i.e., connected by channel 

(Ca) and directly opened to the sea (CaNo) and coastal structures nearby lagoon (i.e., bridge, 

causeway, groyne, breakwaters and natural condition, etc.), as illustrated in Fig. 2-1. The 

critical parameters that affect tsunami mitigation can be identified as land/barrier length in 

opening direction (LLn-OD), length of the lagoon in opening direction (LLg-OD) and 

width of the lagoon in the longshore direction/perpendicular to opening direction (WLg-

CD), as shown in Fig. 2-2. 
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Figure 2-1 Classification of coastal lagoons based on (a) forest and opening, (b) 
settlement area and (c) coastal structures. 
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Besides, physical dimensions of beach slope (Slope), sand dune height (hD), area of a 

coastal lagoon (Area) and the condition of the offshore bathymetry (i.e., fringing reef or 

reef lagoon) were investigated. The classification of mangrove forest can be identified as 

dense, few, fringe, patchy, scattered and swamps and the data were obtained from Silva et 

al. (2013). 

Field surveying was conducted in lagoons around the tsunami-affected area to obtain 

the lagoon bathymetry data, to observe the current situation of lagoon opening and the 

existing drainage structures, the coastal structures nearby them and other relevant data 

which are supposed to be considered as essential to propose modifications for lagoon 

surroundings. Bathymetry data were collected using a handheld Global Positioning System 

(GPS) and a sonar depth meter. Tsunami heights along the coastline during 2004 IOT were 

obtained from NOAA tsunami historical database. Data on tsunami damaged houses, 

collected and compiled by the Department of Census and Statistics (DCS), Sri Lanka and 

Geographic Information System (GIS) data obtained from Surveying Department, Sri 

Lanka, were used to analyse the vulnerability of Sri Lankan lagoons.  

Eighty-seven lagoons (see Figure 2-3) that experienced tsunami inundation were 

tested. The numbering of the lagoon is as per Table 2-1.  

Figure 2-2 Dimensions of coastal lagoons. LLn-OD is land/barrier length in opening 
direction, LLg-OD is length of the lagoon in opening direction and WLg-CD is width 
of the lagoon in longshore direction /perpendicular to opening direction. 
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Table 2-1 – Tsunami affected lagoons in Sri Lanka 

1. Negombo 
2. Lunawa 
3. Bolgoda 
4. Katukurunda/Ingrilli Ganga 
5. Thalan/Silliya Ganga 
6. Madu Ganga 
7. Madampa 
8. Telwatte Ganga 
9. Hikkaduwa 
10. Rathgama 
11. Koggala 
12. Garanduwa 
13. Dondra 
14. Mawell 
15. Rekawa 
16. Kahandamodara 
17. Ranna/Tillawatana 
18. Kunukalliya 
19. Lunama-Kalametiya 
20. Mahasittarakala 
21. Hambantota harbor/Karagan 

Lewaya 
22. Koholanka Maha Lewaya 
23. Malala Ambilikala 
24. Bundala 
25. Kirinda Lewaya 
26. Kirinda 
27. Palatupana Maha Lewaya 
28. Gode 
29. Yala 
30. Butawa 
31. Gonalabbe 
32. Uda Potana 
33. Pahal Potana Lewaya 
34. Etheliwela 
35. Uda Gajaba Eliya 
36. Yakkala 
37. Kumana/Itikala 
38. Andaraka 
39. Barura/Bagura 
40. Okanda 
41. Tillanwala 
42. Uvanthai 
43. Okandawara/Helawa 

 

44. Kunukala 
45. Solambe 
46. Panakala 
47. Panama 
48. Arugam 
49. Urani/Potuvil-Ureni 
50. Hidayapuram 
51. Paladi/Murugetena 
52. Komari 
53. Sangamankanda/Thimbutu 
54. Thirukkovil/Korai complex 
55. Periya 
56. Pulputti 
57. Arasady 
58. Sainthamatuthu 
59. Kalmunai 
60. Kaluvanchikudy 
61. Batticaola 
62. Valachchennai 
63. Nasiwanthieve 
64. Pasikuda 
65. Uppar 
66. Lanka Patuna/Ullakkalie 
67. Tiruconamalai 
68. Tiruconamalai 2 
69. Tiruconamalai 1 
70. Mutur/Illakkantai 
71. Thambalagamuwa 
72. Uppuveli 
73. Irrakkakandi/Sinnakarachchi 
74. Kumburupiddi/Kuchchaveli 
75. Puduwa-kattu 
76. Arisimale/Pulmudai 
77. Pilmoddai 
78. Kokkilai 
79. Nayaru 
80. Vannakukam 
81. Nanthikadal 
82. Vadduvakallu 
83. Chalai 
84. Chundikulam 
85. Thalayadi/Thondamannaru 
86. Nithanapuri/Uppu Aru 
87. Palali/Jaffna complex 
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Some lagoons have many names, and all are mentioned in Table 2-1. It also should be 

noted that Karagan Lewaya (No. 21) in the list has now been converted to a harbour. 

Therefore, the pre-tsunami status of the lagoon was considered in the damage analysis.  

Digital Elevation Model (DEM) data obtained from SRTM (Shuttle Radar Topography 

Mission) with 30 m resolution for the land in conjunction with GEBCO (General 

bathymetric Chart of the Oceans) bathymetry data with 500 m resolution for the ocean were 

also analysed to obtain the beach slope. The barrier height (hD) was estimated by Google 

Earth image analysis. The dimensions of the coastal lagoons (i.e., LLn-OD, LLg-OD and 

WLg-CD) were found by both GIS data and Google Earth image analysis. Identification of 

land use pattern was extracted from the GIS data obtained from the Surveying Department. 

The land-use GIS data and the damaged house data were compiled in QGIS software to 

analyse geospatially for the vulnerability analysis of the coastal lagoons. 

Figure 2-3 Tsunami affected lagoons in Sri Lanka. The numbering refers to Table 2-1. 
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The study focused on completely damaged (ComDam), partial damaged which were 

usable (ParDamU) and unusable (ParDamUn) in Sri Lanka for the vulnerability analysis. 

The damage ratio was calculated from the collected data from DCS for Grama Niladhari 

(GN) division which is the smallest administrative division, and the data covered all 

tsunami-affected area in Sri Lanka. The damaged location along the cross-shore direction 

was not identified in DCS data. Hence, the damage ratio was defined in this study as 

completely damaged houses over a summation of all damaged housing units. The damaged 

data for a lagoon was obtained from summing up all the damaged data in GN divisions 

which were close to the lagoon. The extent of all damaged housing units implies the extent 

of the dangerous zone of a tsunami. On the other hand, the number of total damaged houses 

indicate the severity of the incoming tsunami. Hence the damage ratio calculated as above 

provides a good indicator of vulnerability. The categorised data were plotted in graphs for 

each parameter mentioned above. 

2.3 Results and Discussion 

The overview of field data collection in the present study can be seen as in Fig. 2-4. During 

the bathymetry survey conducted in both Rekawa lagoon (No.15) and Malala Ambilikala 

lagoon (No.23), it was found that the lagoon inside depth varied between 1 m to 3 m. Near 

to the lagoon mouth, the depths were gradually becoming more in-depth and then suddenly 

become shallower due to natural closure by accumulated sand that transported from the sea. 

In SRTM DEM data, the depth of water bodies was not captured perfectly and found that 

it was difficult to obtain. Since the variation of the lagoon inside depths was found minor 

in Sri Lanka and they are shallow, the effect of the lagoon inside depth was not taken into 

the present study. The land use pattern and the damaged ratio were analysed for all the 

lagoons. A typical sample of the analysis done for Rekawa lagoon (No. 15) is shown in 

Fig. 2-5. The lagoons of number 17, 20, 23, 24, 26 to 46, 50, 52, 56 to 61, 63, 64, 67 to 71 

and 75 were found as undamaged area. Aforementioned lagoons are situated in either with 

low settlement area or located in the forest reserve area. The lagoons from 76 to 87 which 

are in the Northern province of Sri Lanka were found to be difficult to compare as the data 

obtained from DCS were missing in some GN divisions. 
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2.3.1 Effect of settlement area in the lagoons from West to South 

In this section, the effect of opening, the location of settlement area and forest area, links 

to the coast and the existence of structures is explained for the lagoons from Negombo 

lagoon (No. 1) to Dondra lagoon (No. 13). The results of the damage ratio were plotted in 

Figure 2-4 Identified features of the coastal lagoons during the field survey. 

 

Figure 2-5 Damage ratio and the land use pattern in Rekawa lagoon (No.15). 
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the aspect of building location and the condition of lagoon mouth in Fig. 2-6. The definition 

of the symbols is as per Section 2.2. 

It can be seen that building located at the front are subjected to higher damage ratio 

than in the case of the building area located at far from lagoon mouth. The buildings in the 

barrier land face the direct impact of the tsunami wave, and it can be expected severe 

damage in the frontline of building area. Even the damage ratio indicates the severity of 

the incoming tsunami; there are some instances, such as a zone with a smaller number of 

buildings, the defined damage ratio may become ineffective. The houses in low settlement 

area may become vulnerable to be destroyed entirely for comparatively less energetic 

tsunami waves than in the case of dense settlement. Better detail regarding damaged houses 

along a cross-shore direction by either satellite image analysis of captured image after the 

event of tsunami occurred, or post field surveying may provide better confident results. 

The opening condition of the lagoon mouth does not show much effect in reducing 

tsunami damage. This may be that in the west and south coast are generally subjected to 

river flood and in need of mouth to be opened when a flood occurred. Therefore, the sand 

accumulation at the lagoon mouth is restricted, and as a result, the difference between a 

closed mouth and opened mouth is harshly identifiable as an obstruction to the inflow of 

tsunami.  
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Figure 2-7 shows the effect of the link to the lagoon from the sea. The data were 

appeared as scattered and could not be separated into distinct zones. Nevertheless, based 

on the majority of plots lying in the graph, it can be found that the lagoons that have a link 

to the sea by channel cause greater damage than the lagoons that are directly open to the 

sea. When there is a narrow channel, it causes a funnelling effect which enables a tsunami 

inflow to converge energy and produce severe damage near the lagoon mouth. The lagoons 

that are directly opened to the sea managed to absorb the tsunami energy causing less 

energy transfer to the adjacent area.  

Figure 2-6 The effect of the condition of lagoon mouth and the settlement area. The 
colours indicate the opening condition and the shapes indicate the location of the 
building area. The definition of symbols is referred to as Section 2.2. Lagoon names 
are in order from North to South. 
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The effect of the forest area in a lagoon in tsunami mitigation can be found from the 

Fig. 2-8. There is no clear evidence of the damage reduction by the existence of coastal 

forest in a lagoon. This may be due to the west and south part of Sri Lanka is urbanised 

and hardly found a coastal forest belt that may cause a significant impact in tsunami energy 

dissipation. Mostly, the coastal trees and mangroves can be found as either patchy, or they 

exist in the sheltered area towards further inland. Since the damage ratio used in this study, 

did not interpret the location of damage along a cross-shore direction, it was hard to find 

the connection of the mitigation effect by the forest, with the available data. 

 

Figure 2-7 The effect of the condition of link to the lagoon from the sea and the 
settlement area. The colours indicate the link type and the shapes indicate the location 
of the building area. The definition of symbols is referred to as Section 2.2. Lagoon 
names are in order from North to South. 
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There are no hard structures designed in Sri Lanka to mitigate tsunami energy as in 

Japan. Instead, they are designed to protect the coastline from erosion, for ports and 

harbours. The bridges, causeways and sluice gates can be found nearby the lagoon mouths 

to function the drainage facility. It can be found from Fig. 2-9 that the existence of coastal 

structure regardless of the structure type, showed higher damage ratios. When there are no 

hard structures that are naturally operated, the damage ratio is appeared to be less. This 

implies that the existence of a coastal protective structure nearby a lagoon in west and south 

part of Sri Lanka does not affect reducing the tsunami damage. 

The offshore bathymetry of Sri Lanka in west and south part generally exhibit a 

fringing reef type. Therefore, the effect of fringing reef and reef lagoon in tsunami 

mitigation cannot be distinguished in this region, as seen in Fig. 2-10. A better-detailed 

analysis regarding high-resolution bathymetry incorporating numerical analysis might 

provide confident results in damage analysis with respect to offshore bathymetry. 

Figure 2-8 The effect of the location of the forest area in a lagoon. The colours indicate 
the location of the forest and the shapes indicate the location of the building area. The 
definition of symbols is referred to as Section 2.2. Lagoon names are in order from 
North to South. 
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Figure 2-9 The effect of the hard structures in a lagoon. The colours indicate the 
structure type and the shapes indicate the location of the building area. The definition 
of symbols is referred to as Section 2.2. Lagoon names are in order from North to 
South. 

Figure 2-10 The effect of the offshore bathymetry in a lagoon. The colours indicate 
the reef type (i.e., fringing reef or reef lagoon) and the shapes indicate the location of 
the building area. The definition of symbols is referred to as Section 2.2. Lagoon 
names are in order from North to South. 



21 
 

2.3.2 Effect of settlement area in the lagoons from South to East 

The effect of opening, the location of settlement area and forest area, link to the coast and 

the existence of structures is explained for the lagoons from Mawella lagoon (No. 14) to 

Arisimale lagoon (No. 76). The results of the damage ratio were plotted in the aspect of 

building location and the condition of lagoon mouth in Fig. 2-11. The definition of the 

symbols is as per Section 2.2. The results showed that the lagoons which have closed mouth, 

cause high damage ratio. Most of the lagoons in the south to north via east are found as 

closed mouth lagoon. This area is in the dry zone, and the expected rain is comparatively 

lesser than in the west and south part of Sri Lanka. The accumulated sand nearby the lagoon 

mouth is found to be higher than west and south. Due to the closed mouth, there is a 

restriction of incoming tsunami energy and the energy absorption capability of a lagoon 

may reduce. It is hard to distinguish the difference between a lagoon with an opened mouth 

at the centre and a lagoon with an opened mouth not located at the centre. However, unlike 

the lagoons in the west and south part, in this region, there is clear evidence of opened 

lagoon will reduce the damage ratio. The location of the building area did not exhibit a 

clear trend. Due to the existence of low lying lands in the east part of Sri Lanka, tsunami 

energy penetrated farther than west and south part (see (Wijetunge, 2009b, 2009a). 

Therefore, the houses were damaged irrespective of the location in a lagoon. The variation 

of damage ratio along a cross-section with either inundation depths might provide better 

analysis and produce confident results. 

Almost all the lagoons existed in the south to north via east section, consist of a forest 

at front. There are lagoons with the forest at front experienced higher damage ratios as seen 

by Fig. 2-12. Even the coastal forests protected the houses behind them; the energy may 

convey from open gap among forest causing the damage. In this study, it was found 

difficult to compare the effectiveness of the forest width in mitigating tsunami impact, as 

the damage ratio was compared based on GN division as the data were compiled to a 

particular larger area. The present results provide an overall effect on the damaged area 

and not specific to a location where forest existed or not. Detail investigations like Miura 

et al. (2005) may help in damage analysis in relationship with a coastal forest belt. 
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Figure 2-11 The effect of the condition of a lagoon mouth. The colours indicate the 
condition of the lagoon mouth and the shapes indicate the location of the building 
area. The definition of symbols is referred to as Section 2.2. Lagoon names are in 
order from South to North. 

Figure 2-12 The effect of the location of the forest area in a lagoon. The colours 
indicate the forest condition and the shapes indicate the location of the building area. 
The definition of symbols is referred to as Section 2.2. Lagoon names are in order 
from South to North. 
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The effect of structures was investigated as detailed in Fig. 2-13. From the south to 

north via east, there were no coast protective structures near the lagoon mouths except the 

breakwaters constructed in Hambantota harbour (i.e., Karagan Lewaya (No. 21). The 

conversion to harbour occurred after the tsunami. Hence in this study, the pre-tsunami 

status was considered in the analysis. During the field survey up to Nilaweli, it was 

observed that many drainage structures were damaged and replaced in the tsunami 

rehabilitation projects. The data appeared to be mixed, and there was no clear evidence to 

express the effect of bridge or causeway in tsunami mitigation. 

 

Unlike the west and south part of Sri Lanka, the south and east part exhibited no 

significant difference in tsunami damage reduction regarding the link connected to the sea, 

as observed in Fig. 2-14. As seen by Wijetunge (2009b), due to low lying area, the tsunami 

penetrated farther into the land in the east of Sri Lanka. Onshore topography in the east, 

appeared to the dominant factor in the estimation of damage to the building. The offshore 

topography was found to be less significant in evaluating damage ratio as witnessed by Fig. 

2-15. 

Figure 2-13 The effect of the structures nearby a lagoon. The colours indicate the 
structure type and the shapes indicate the location of the building area. The definition 
of symbols is referred to as Section 2.2. Lagoon names are in order from South to 
North. 
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Figure 2-14 The effect of the link from a lagoon to the sea. The colours indicate the 
condition of the link, and the shapes indicate the location of the building area. The 
definition of symbols is referred to as Section 2.2. Lagoon names are in order from 
South to North. 

Figure 2-15 The effect of the offshore bathymetry near a lagoon. The colours indicate 
the reef type (i.e., fringing reef or reef lagoon) and the shapes indicate the location of 
the building area. The definition of symbols is referred to as Section 2.2. Lagoon names 
are in order from South to North. 



25 
 

2.3.3 Effect of mangrove 

According to the classification made by Silva et al. (2013), the lagoons around Sri Lanka 

were investigated as depicted by Fig. 2-16. In general, dense mangrove showed less 

damage ratio. Scattered and Patchy mangroves and swamps showed higher damage ratio. 

Besides, there are instances where the existence of dense forest could not mitigate tsunami 

energy. However, tsunami waves can overwhelm the attenuation effect of vegetation as a 

sufficiently large width of forest in need to reduce the tsunami energy (Mazda et al., 1997). 

In this study, the mangrove area was not taken into consideration, and the location of 

damage along the cross-shore direction was not investigated. The results may deviate from 

the present study if both mangrove condition as well as area together are taken into account 

for evaluating the effect of damage ratio. 

 

2.3.4 Effect of land/barrier length in the opening direction 

As seen in Fig. 2-17, the scatterplot of damage ratio against the barrier length in opening 

direction (LLn-OD) is with much noise; it is hard to see a dominant pattern. Each plot is 

Figure 2-16 The effect of the mangroves in a lagoon. The colours indicate the 
mangrove condition and the shapes indicate the location of the building area. The 
definition of symbols is referred to as Section 2.2. Lagoon names are in order from 
South to North. 
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labelled with its lagoon number regarding Table 2-1. When barrier length (LLn-OD) < 650 

m, damage ratio decrease with decreasing LLn-OD. When LLn-OD < 150 m, the damage 

ratio was extremely high for many lagoons in both east and south of Sri Lanka. However, 

in the west part, there was no clear trend that can be identified. The results showed that the 

distance to the coast is important as many damaged houses can be found in the barrier area 

and close to the shoreline. Nevertheless, the increment of barrier length induces the energy 

dissipation by a lagoon to be less effective. 

 

Few lagoons exposed damage at the upstream of the lagoon by failing the energy 

absorption entirely within the lagoon water body, as shown in Fig. 2-18. The safe limit of 

LLn-OD that did not transmit a powerful tsunami wave to cause damage at the upstream 

of a lagoon was found as 450 m. It can be identified that when LLn-OD < 450 m there is a 

possibility of causing damage at the upstream of a lagoon. It should be noted that there 

existed some lagoons regardless of LLn-OD < 450 m, the damage has not been observed 

at the upstream. 

Figure 2-17 The effect of the barrier length in opening direction (LLn-OD) on the 
damage ratio for all lagoons in west, south and east. Numbers show the plots of lagoon 
refer to Table 2-1. 
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As observed by Wijetunge (2009b) that the inundation distance in the east of Sri Lanka 

was much higher than the south, caused higher damage ratio in the upstream of lagoons in 

the east. 

2.3.5 Effect of lagoon length in the opening direction 

Figure 2-19 demonstrates the effect of lagoon length in opening direction (LLg-OD) on the 

damage ratio. Except a few lagoons most of the damage occurred within the barrier length. 

Therefore, the effect of LLg-OD on the damage ratio can not be identified. Instead, for the 

lagoons that affected the upstream can be used to investigate the effect of LLg-OD as 

depicted in Fig. 2-20. The larger value of LLn-OD caused many damages (DTotalT = 

ComDam + ParDamUn + ParDamU). When the summation of LLn-OD and LLg-OD near 

to 750 m and beyond, the total number of damages appeared to be less. However, the larger 

value of LLg-OD caused a smaller number of total damages, implies that the distance to 

the coast is an important parameter in evaluating the total number of damages. 

 

Figure 2-18 The effect of the barrier length in opening direction (LLn-OD) on the 
damage at the upstream for lagoons in west, south and east. Numbers show the plots 
of lagoon refer to Table 2-1. The colours categorized the region. 
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Figure 2-19 The effect of the lagoon length in opening direction (LLg-OD) on the 
damage ratio for all lagoons in west, south and east. Numbers show the plots of lagoon 
refer to Table 2-1. 

Figure 2-20 The effect of the summation of the barrier length (LLn-OD) and the lagoon 
length (LLg-OD) on the damage ratio in the opening direction for all lagoons in west, 
south and east. The size of the red colour plot indicates the largeness of the value of 
the barrier length in a lagoon. 
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2.3.6 Effect of lagoon width in the longshore direction/perpendicular to opening 

direction 

The damage ratio was plotted against the width of the lagoon in longshore direction (or 

perpendicular to opening direction) for west, south and east part of Sri Lanka, as explained 

in Fig. 2-21. No trend could be observed concerning damage ratio and WLg-CD. Tsunami 

flows are high energetic surface gravity waves and cause less energy dissipation in the 

lateral direction. As seen in this study, the width of the lagoon was found as not an essential 

parameter in evaluating damages. 

 

2.3.7 Effect of the area of the lagoon 

The area of the lagoon was investigated, as shown in Fig. 2-22. The data appeared to more 

scattered, and no trend could be observed. Due to sudden and catastrophic nature of a 

tsunami, the wave may transmit through lagoon water body rather than gradually fill in the 

lagoon basin as seen in the case of river floods.  

Figure 2-21 The effect of the width of a lagoon in longshore direction/perpendicular to 
opening direction (WLg-CD) for all lagoons in west, south and east. Numbers show the 
plots of lagoon refer to Table 2-1. 
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2.3.8 Effect of beach slope 

The final beach slope can be considered as the main factor of estimating the long wave 

runup as theoretically derived by Kânoǧlu and Synolakis (1998). This phenomenon was 

also verified by experimentally in this study, as explained in Chapter 4 by applying the 

empirical equation (Eq. 4-4) derived for the runup of solitary waves on a plane beach. The 

beach slope was estimated as the slope of the final segment above the mean sea water level. 

The GEBCO DEM data was used to obtain an approximate slope as SRTM DEM data was 

found to be spikier even though it has a higher resolution. Wijetunge (2009a) found that 

the measured direct inundation distance (only if tsunami travels along with dry land and in 

no contact with a water body) can be expressed in terms of average ground slope in the 

south part of Sri Lanka. Nevertheless, in this study, the damage ratio is analysed with the 

slope given by vertical height to horizontal height ratio showed no correlation, as seen in 

Fig. 2-23. 

Figure 2-22 The effect of lagoon water body area for all lagoons in west, south and 
east. Numbers show the plots of lagoon refer to Table 2-1. 
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The large scattering may cause due to breaking condition based on the surf-similarity 

parameter (ξ, see Chapter 4 for more details) and the combined refraction, diffraction, and 

reflection as explained in Madsen et al. (2008). The presence of roughness may cause the 

change in energy dissipation of a tsunami (see Chapter 5, 6 and 7). The errors can be 

occurred due to the accuracy of GEBCO DEM data as the grid resolution was 

approximately 500 m. Better detail damage analysis by numerical simulation for offshore 

bathymetry and onshore topography with higher resolution may provide convincing results. 

2.3.9 Effect of sand dune/barrier height 

In some of the lagoons instead of a sand dune, the cliffs and revetments were found in front 

of a lagoon. The height of cliff or the crest level of the front barrier section was taken into 

consideration as the sand dune height as in this study, the reflection caused by obstruction 

height was investigated rather than focusing on the erosion. The sand dune height was 

investigated with regard to tsunami damage ratio instead of the runup as illustrated in Fig. 

2-24. The data showed scattered, and no trend between the damage ratio and barrier height 

Figure 2-23 The effect of onshore slope for all lagoons in west, south and east. 
Numbers show the plots of lagoon refer to Table 2-1. 
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could be seen. Possibly with the increment of sand dune height, energy may convey 

through less obstructed direction as seen by Liu et al. (2005) and cause severe damage in 

nearby areas. Also, the height of sand dune may accelerate tsunami inflow after passing 

over dune as discussed in Tanaka et al. (2007), causing extensive damage behind the sand 

dune. Since the sand dune heights were estimated by Google Earth image analysis, the error 

in grid resolution may cause an effect. However, it is worth to have a better-detailed 

damage analysis behind the sand dune with susceptible to erosion is recommended to 

obtain confident conclusions. 

 

2.3.10 Effect of tsunami height 

The damage ratio against the measured tsunami heights obtained from NOAA historical 

tsunami database was analysed, as shown in Fig. 2-25. In the west part of Sri Lanka, with 

the increment of tsunami wave heights, the damage rato has been increased. Nevertheless, 

all other regions, a trend could not be observed. Dias et al. (2009) have produced 

vulnerability curves based on tsunami heights and the completely damaged house data for 

Divisional Secretariat divisions. Since it was based on a larger administrative division, it 

Figure 2-24 The effect of sand dune/barrier height for all lagoons in west, south and 
east. Numbers show the plots of lagoon refer to Table 2-1. 
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was found difficult to apply in the case of damage analysis in the lagoon scale. The 

estimation of tsunami heights during a field survey may cause errors in tracing and may 

not be reliable to treat as the most massive tsunami height along the direction of a tsunami 

inflow. The reliability of measurement values needs to be confirmed by the calculated 

values in numerical simulation. Moreover, the inundation depths along the direction of 

tsunami inflow may provide better results in comparison of tsunami mitigation by lagoons 

as compared by Inoue et al. (2007) for Palatupana lagoon and Tanaka et al. (2007) for the 

lagoon near Medilla. In order to acquire a better knowledge regarding the impact of the 

incident wave characteristics on the lagoons, the experimental study on solitary wave runup 

reduction by a sand dune coastal lagoon, a coral reef system and a forest was conducted as 

illustrated from Chapter 3 to Chapter 7. 

 

2.4 Conclusion 

The statistical and geospatial analyses were carried out for eighty-seven lagoons in Sri 

Lanka which were affected during 2004 IOT. Even though the lagoons show complex 

morphological variations, for simplicity in this study, a coastal lagoon was classified 

Figure 2-25 The effect of tsunami wave heights for all lagoons in west, south and east. 
Numbers show the plots of lagoon refer to Table 2-1. 
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concerning the opening of lagoon mouth, the position of forest patch, location settlements, 

link to the sea by channel and coastal structures nearby lagoon. The critical parameters that 

could affect tsunami damage such as land/barrier length in the opening direction, length of 

the lagoon in opening direction and width of the lagoon in the longshore 

direction/perpendicular to opening direction were investigated. Physical dimensions of a 

lagoon, that is, a beach slope, sand dune height, area of a coastal lagoon and the condition 

of the offshore bathymetry (i.e., Fringing reef or Reef lagoon) were investigated. The 

classification of mangrove forest based on previous research findings were investigated. 

Field surveying was conducted in lagoons around the tsunami-affected area to obtain the 

lagoon bathymetry data, the condition of lagoon opening and the existing hard structures 

near them and other relevant data which were supposed to be considered as essential to 

propose modifications for lagoon surrounding in the future. In addition, data on tsunami 

damaged houses of Sri Lanka, tsunami wave heights and land use GIS data, were used to 

analyse the vulnerability of Sri Lankan lagoons. The study focused on completely damaged, 

partial damaged which are usable and unusable in Sri Lanka to evaluate the damage ratio. 

The results of the damage ratio showed complex trends with the parameters studied, 

and it was varied based on west, south and east part of Sri Lanka. In general, the building 

located close to the lagoon mouth and on barrier land were found to be extremely 

vulnerable to tsunami wave. The presence of a narrow channel connecting to a lagoon 

observed high tsunami damage ratio. The lagoons with the closed mouth also exhibited 

more severe damage in the east part of Sri Lanka. The location of the forest does not make 

much difference in tsunami damage, but the dense mangrove could reduce the damage, 

whereas patchy, scattered and swamps did not reduce the tsunami damage. Existence of 

coast protective structures and the drainage structures did not exhibit an effect on impact 

to tsunami damage. The offshore bathymetry (i.e., fringing reef or reef lagoon) did not 

influence on tsunami damage ratio. When the length of barrier length in opening direction 

was less than 650 m, cause extensive damage, and the effectiveness of lagoon could not be 

observed. When the summation of lagoon length and barrier length reached beyond 750 m 

the damage in the upstream of the lagoon was minimized which implies that the distance 

to the coast is a major governing factor in evaluating damage ratio. the beach slope, barrier 

height and the area of a lagoon were found to be no effective in estimating the damage ratio 
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for a particular area in the scale of GN division in Sri Lanka. Better detail concerning the 

damage analysis with inundation depths along a cross-shore direction is recommended to 

investigate the real mitigation impact of a tsunami with the parameters mentioned above. 

The evidence by laboratory experiments that coastal lagoons can protect against 

tsunami impacts is more questionable because due to the disastrous nature of tsunami 

events and the experimental findings tend to be anecdotal. Therefore, a comprehensive 

study considering all the influential parameters will help in understanding the overall 

picture of the energy reduction capability of a tsunami. The forests, sand dune and coral 

reefs certainly reduce the tsunami energy by dissipation over their roughness. However, 

such coastal feature generally situated in mild sloping beaches which are vulnerable to the 

tsunami. Therefore, sufficiently large enough width of a forest or continuos large sand dune 

may help to mitigate the tsunami efficiently.  

It is essential to understand the limitations of this study. As this study applied on the 

available statistics to estimate the damage ratio, some additional variables such as damage 

type with respect to distance from the coast might influence the housing damage ratio. The 

accuracy of damage estimations is recommended to be improved in future studies by 

accompanying such methods. It is worthy of mentioning that all this analysis was made on 

a single event of 2004 IOT. Different scale and the earthquake source of a tsunami could 

result in considerably various waveforms thereby might induce different impact. The 

construction materials and the adapted engineering practice in the construction could also 

deviate the damage ratio. However, the identification of the most critical parameters is 

highlighted in this study to design coastal landscapes based on Eco-DRR concept. In order 

to investigate the effect of offshore wave conditions with different roughness, the series of 

laboratory experiments were conducted with varying roughness to model trees and coral 

reefs.  
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Chapter 3  

Runup on a plane beach 

This chapter has been published as: 

Vinodh, T.L.C., Tanaka, N., 2020. A unified runup formula for solitary waves on a plane beach. 

Ocean Engineering. 216, 108038. https://doi.org/10.1016/j.oceaneng.2020.108038 

3.1 Introduction 

The estimation of solitary wave runup on plane beaches has been studied in the study of 

tsunamis generated by rockfalls, landslides, snow and ice avalanches, caving of glaciers 

and earthquakes (Fuchs and Hager, 2015; Li and Raichlen, 2001; Synolakis, 1987). The 

runup is defined as the maximum elevation attained by seawater (on/along the beach) above 

the still water level, and as such defines the extent of wave action. Solitary wave runup 

solutions are useful for experimental investigations and calibration of runup modules in 

numerical models. Despite being widely used to represent tsunamis, Madsen et al. (2008) 

showed that both the length and time scales of an actual tsunami could not be tied with 

solitary waves. Larsen and Fuhrman (2019) demonstrated that undular bores with several 

shorter waves developed at the front of the tsunami did not influence the overall runup of 

the tsunamis. Therefore, they concluded that solitary wave runup solutions could not be 

used to evaluate the tsunami impact. 

In the present study, an approximate solution for estimating solitary wave runup is 

presented covering slopes from 1/1 to 1/60 (noting that the bathymetry consists of a 

constant depth region and a planar beach). It is demonstrated that the newly defined 

empirical equation can estimate the runup heights regardless of whether the waves are 

breaking or non-breaking. At first, the existing solitary wave runup solutions and their 

limitations of applicability are discussed. Additional laboratory experiments for breaking 

and non-breaking solitary waves on 1/4, 1/7 and 1/10 slopes were performed to enrich the 

database of runup height data from previously published works. Then the relationship 

between the runup heights of solitary waves and corresponding surf similarity parameters 

is used to derive a unified empirical formula. The proposed empirical method is shown to 
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give similar expressions to existing empirical models in the literature. Finally, the 

conclusions obtained from this study are shown. 

3.2 Literature review 

The solitary waves are nonlinear shallow water waveforms which propagate without 

change of form on constant water depth. A solitary wave is characterised by a single crest 

of height, H, with an essentially undefined period T and wavelength L as both are infinite. 

The free surface displacement of a solitary wave, η for the horizontal coordinate, x and 

time, t is given by 

 𝜂 = 𝐻 sechଶ[𝑘(𝑥 − 𝑐𝑡)] (3-1) 

The wavenumber, k and wave celerity, c can be expressed: 

 𝑘 = ට
ଷு

ସ௛య
  and 𝑐 = ඥ𝑔(ℎ + 𝐻) (3-2)  

Here, h and g denote the water depth and gravity acceleration, respectively. The above 

expressions correspond to the first-order solitary wave solution (Boussinesq, 1872). The 

solitary wave solutions which relate to higher orders can be referred to in the literature (see, 

e.g., Fenton, 1972; Laitone, 1960). The effective wavelength and wave period of a solitary 

wave are: 

 𝐿 =
ଶగ

௞
  and 𝑇 =

ଶగ

௞௖
 (3-3)  

In the literature, there are numerous relationships for solitary wave runup based on 

physical, analytical and numerical studies. Table 3-1 summarises the existing formulae to 

estimate solitary wave runups where s is the slope, β is the angle of the sloping beach in 

degrees, and g is the gravity acceleration. H, h, L, and T are the wave height, water depth, 

wavelength and wave period respectively at the toe of a sloping beach. R, is the maximum 

vertical runup, as shown in Fig. 3- 1. Previous studies have used either R/h (runup over 

water depth) or R/H (runup over wave height) as the non-dimensional parameter to develop 

solitary wave runup expressions. 
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Table 3-1 Overview of published formulas for prediction of solitary wave runup 

Reference Formulae Applicability 

Hall & Watts 
(1953) 

𝑅

ℎ
= 11𝑠଴.଺଻ ൬

𝐻

ℎ
൰

ଵ.ଽ௦బ.యఱ

 1/11.43 < s < 1/4.76 

𝑅

ℎ
= 3.05𝑠ି଴.ଵଷ ൬

𝐻

ℎ
൰

ଵ.ଵହ௦బ.బమ

 1/4.76 < s < 1/1 

Kaplan 
(1955) 

𝑅

𝐻
= 0.381 ൬

𝐻

𝐿
൰

ି଴.ଷଵ଺

 s = 1/30 

𝑅

𝐻
= 0.206 ൬

𝐻

𝐿
൰

ି଴.ଷଵହ

 s = 1/60 

Saeki et al. 
(1971)1 

𝑅

ℎ
= 𝐾 ൬

𝐻

ℎ
൰

ఋ

 s = 1/1 to 1/150 

Kajiura 
(1984) 

𝑅

𝐻
= ቀ

𝜎

𝑠
ቁ

ଵ/ଷ

 
1 ≤ σ/s ≤ 5 

Non-breaking 

𝑅

𝐻
= ቀ

𝜎

𝑠
ቁ

ି଴.଼ହ

 10 ≤ σ/s ≤ 100 Breaking 

𝜎 = ൬
2𝜋

𝑇
൰ ඨ

ℎ

𝑔
  

Synolakis 
(1987) 

𝑅

ℎ
= 2.831 cot 𝛽଴.ହ ൬

𝐻

ℎ
൰

ଵ.ଶହ

 

ு

௛
< 0.818𝑠ଵ଴ ଽ⁄   

Non-breaking 

𝑅

ℎ
= 1.109 ൬

𝐻

ℎ
൰

଴.ହ଼ଶ

 s = 1/19.85 Breaking 

Kobayashi & 
Karjadi 
(1994)1 

𝑅

𝐻
= 2.955𝜉௄௄

଴.ଷଽହ 
0.125≤ξKK≤1.757 

Breaking 

Li & 
Raichlen 
(2001) 

𝑅

ℎ
= 2.831 cot 𝛽଴.ହ ൬

𝐻

ℎ
൰

ଵ.ଶହ

+ 0.293(cot 𝛽)ଵ.ହ ൬
𝐻

ℎ
൰

ଶ.ଶହ

 

1/2.08 < s < 1/19.85  

Hughes 
(2004) 

𝑅

ℎ
= 1.82 cot 𝛽଴.ଶ ൬

𝑀ி

𝜌𝑔ℎଶ
൰ Non-breaking 

𝑅

ℎ
= (1.39 − 0.027 cot 𝛽) ൬

𝑀ி

𝜌𝑔ℎଶ
൰

଴.ହ

 Breaking 
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൬
𝑀ி

𝜌𝑔ℎଶ
൰

௠௔௫

=
1

2
ቈ൬

𝐻

ℎ
൰

ଶ

+ 2 ൬
𝐻

ℎ
൰቉

+
𝑁௦

ଶ

2𝑀௦
൬

𝐻

ℎ

+ 1൰ ൜tan ൤
𝑀௦

2
൬

𝐻

ℎ
+ 1൰൨

+
1

3
tanଷ ൤

𝑀௦

2
൬

𝐻

ℎ
+ 1൰൨ൠ 

𝑀௦ = 0.98 ቄtanh ቂ2.24 ቀ
ு

௛
ቁቃቅ

଴.ସସ
   

𝑁௦ = 0.69 tanh ቂ2.38 ቀ
ு

௛
ቁቃ   

 

Hsiao et al. 
(2008) 

𝑅

ℎ
= 7.712(cot 𝛽)ି଴.଺ଷଶ ൤sin ൬

𝐻

ℎ
൰൨

଴.଺ଵ଼

 
1/15 < s < 1/60 

Breaking 

Fuhrman & 
Madsen 
(2008) 

𝑅

𝐻
= 3.9𝜉଴.ସଶ Breaking 

𝑅

𝐻
= 2.831𝜉ି଴.ହ ൬

𝐻

ℎ
൰

ି଴.ଶହ

 Non-breaking 

𝜉 =
𝑠

(𝐻 ℎ⁄ )
  

Madsen & 
Schaffer 
(2010)1 

𝑅௨௣

𝐻
= 𝜒௘௟௘௩𝜋଴.ଶହ ൬

𝐻

ℎ
൰

ି଴.ଶହ

𝜉ெௌ
ି଴.ହ 

𝑅௨௣
௟௜௠௜௧

𝐻
=

𝜒௘௟௘௩ ∙ 𝜒௕௥௘௔௞

𝜋
𝜉ெௌ

ଶ  

Non-breaking 

𝜉ெௌ = √𝜋 ൬
𝐻

ℎ
൰

ି଴.ହ

ቆ
Ωଶℎ

𝑔𝑠ଶ ቇ

ି଴.ହ

  

Lo et al. 
(2013)1 

𝑅

𝐻
= 4.5𝜉௅ை

଴.ହ Breaking 

Fuchs & 
Hager (2015) 

𝑅

ℎ
= 3(tan 𝛽)ି଴.଴ହ ൬

𝐻

ℎ
൰ 1/1.5 < s < 1/5.0 

Wu et al. 
(2018) 

𝑅

𝐻
=

4.5𝜉௦
ଵ.ହଶ

0.04 + 𝜉௦
ଵ.ଵଽ Breaking 

𝜉௦ =
𝑠

(𝐻 ℎ⁄ )଴.ଽ
  

𝑅

𝐻
=

4.04𝜉ଵ.ସଽ

0.05 + 𝜉ଵ.ଶ଴
  

Note: 1. Please refer to original authors’ work to clarify the definition of the mentioned parameters. 
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The empirical relationships for solitary wave runup as a function of wave height, 

wavelength, water depth and beach slope have been established in the series of laboratory 

investigations of Hall and Watts (1953), Kaplan (1955), Kishi and Saeki (1967), Saeki et 

al. (1971), Synolakis (1987), Hsiao et al. (2008), Lo et al. (2013), Fuchs and Hager (2015), 

Pujara et al. (2015) and Wu et al. (2018). In the study of Hall and Watts (1953), the runup 

on the sloping angles (β) of 5 o, 10 o, 15 o, 25 o and 45 o corresponding slope (s) to 1/11.43, 

1/5.67, 1/3.73, 1/2.14 and 1/1 respectively was investigated. They found relationship for 

R/h concerning H/h in correlation with s as functions for two ranges for 5 to 12-degree 

slopes (1/11.43 < s < 1/4.76) and 12 to 45-degree slopes (1/4.76 < s < 1/1). Furthermore, 

they expressed relationships for R/h versus H/h by finding empirical coefficients, K and δ.  

 
ோ

௛
= 𝐾 ቀ

ு

௛
ቁ

ఋ

   (3-4) 

The values of K are 2.15, 3.43, 3.75, 3.35 and 3.1, and the values of δ are 0.81, 1.04, 

1.12, 1.12 and 1.15, for beach slopes of 1/11.43, 1/5.67, 1/3.73, 1/2.14 and 1/1 respectively. 

Kaplan (1955) used non-dimensionalised runup (R/H) and wave steepness (H/L) to develop 

the empirical relationships for plane slopes of 1/30 and 1/60. Kishi and Saeki (1967) and 

Saeki et al. (1971) expressed the non-dimensionalised runup R/h as a function of wave 

height to water depth ratio H/h for the slopes of 1/10, 1/15, 1/20, 1/30, 1/50, 1/100 and 

1/150 including the work of Hall and Watts (1953) and Kaplan (1955). They plotted the 

Figure 3-1  A definition sketch for a solitary wave climbing up a sloping beach 
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empirical coefficients, K and δ against the slope (s) in a graph as illustrated in the figures 

which can be found in Kishi and Saeki (1967) and Saeki et al. (1971). Kajiura (1984) 

correlated the solitary wave runups on the various slopes with a single parameter denoted 

by σ/s where s is the slope, and σ is a dimensionless number. He defined σ by non-

dimensionalising with T, wave period, h, constant depth and g, gravity acceleration: 

 𝜎 =
ଶగ

்
ට

௛

௚
   (3-5) 

Hsiao et al. (2008) conducted large scale laboratory experiments for breaking solitary 

waves. They used their experimental data to re-examine existing formulae and proposed a 

different formula by regression analysis to predict the maximum non-dimensionalised 

runup (R/h) on a plane beach with slopes ranging from 1/15 to 1/60. They found that the 

discrepancies of the runup data correlated with similar wave height to depth ratio (H/h) are 

not significant based on their experimental work on the slope of 1/60. Fuchs and Hager 

(2015) conducted experiments for rather steep beach slopes. The proposed empirical 

formula shows the dependency of runup against the beach slope (s) is very low and higher 

correlation with the wave height to depth ratio (H/h). 

The analytical work of non-breaking solitary wave runup has been extensively studied 

by Carrier and Greenspan (1958), Keller and Keller (1964), Shuto (1967), Synolakis (1987), 

Pelinovsky and Mazova (1992), Li and Raichlen (2001), Didenkulova et al. (2007) and 

Madsen and Schaffer (2010). The theoretical work by Synolakis (1987) represents a 

significant achievement by deriving an analytical runup solution for non-breaking solitary 

waves on a bathymetry consisting of a constant depth region and a plane beach. 

 
ோ

௛
= 2.831𝑠ି଴.ହ ቀ

ு

௛
ቁ

ଵ.ଶହ

   (3-6) 

Various extensions for Synolakis (1987)’s expression can be found in the literature (see, 

e.g., Didenkulova et al., 2007; Fuentes et al., 2013; Madsen and Fuhrman, 2008; Madsen 

and Schäffer, 2010; Pujara et al., 2015; Sriram et al., 2016). Li and Raichlen (2001) 

improved the Synolakis (1987) runup law by adding a correction term based on nonlinear 

runup. 
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Hughes (2004) explored wave runup data for solitary waves on plane slopes and 

presented a different wave runup equation for both breaking and non-breaking types by 

introducing the maximum depth-integrated wave momentum flux parameter. He derived 

an expression for wave momentum flux parameter, MF where ρ is the density of water, g 

is the gravity acceleration, and H is the wave height at a constant water depth, h. 

ቀ
ெಷ

ఘ௚௛మ
ቁ

௠௔௫
=

ଵ

ଶ
൤ቀ

ு

௛
ቁ

ଶ

+ 2 ቀ
ு

௛
ቁ൨ +

ேೞ
మ

ଶெೞ
ቀ

ு

௛
+ 1ቁ ቄtan ቂ

ெೞ

ଶ
ቀ

ு

௛
+ 1ቁቃ +

ଵ

ଷ
tanଷ ቂ

ெೞ

ଶ
ቀ

ு

௛
+ 1ቁቃቅ

  (3-7) 

The empirical coefficients, Ms and Ns, are given by 

 𝑀௦ = 0.98 ቄtanh ቂ2.24 ቀ
ு

௛
ቁቃቅ

଴.ସସ

   (3-8) 

 𝑁௦ = 0.69 tanh ቂ2.38 ቀ
ு

௛
ቁቃ   (3-9) 

Hughes (2004), therefore illustrated the utility of the wave momentum flux parameter 

for nonperiodic waves such as solitary waves. 

Pedersen et al. (2013) compared the theoretical and experimental results of maximum 

runup and concluded that the difference between the theoretical values and experimental 

values is because of the boundary-layer. Wu et al. (2018) compared the maximum runup 

results obtained by using different slope material (wood, Aluminum, plastic, Plexiglas, 

Perspex and concrete) and observed that there is no significant influence from the used 

slope material. Instead, they explained that the major difference between the experimental 

results of runup might occur due to the size of wave flume. In the small-scale experiments, 

the boundary-layer flows are likely to be laminar. In contrast, some of the boundary-layer 

flows in the large-scale experiments might be in the transition regime according to Sumer 

et al. (2010). 

Significant improvements in the modelling of runup have appeared as a result of 

advancements in both computational techniques and theoretical understandings (see review 

by Kirby, 2017). Some of them are extended to capture the large roughness effect on runup 

by forests, mangroves, coral reefs and buildings. They have used either a constant 

roughness model, equivalent roughness model, drag and inertia forces using Morison-type 
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equations or macro-scale (wavelength) equations (see, e.g., Mei et al., 2014; Tanaka et al., 

2018). 

Synolakis (1987) and Borthwick et al. (2006) found non-dimensionalised maximum 

runup (R/h) follows two different regimes for breaking and non-breaking solitary waves. 

Synolakis (1987) proposed an empirical formula for estimating breaking wave runup by 

only using (H/h) for the slope of 1/19.85, which appears different from his analytical 

equation for non-breaking solitary waves. 

 
ோ

௛
= 1.109 ቀ

ு

௛
ቁ

଴.ହ଼ଶ

   (3-10) 

It is obvious that obtaining a relationship, as mentioned in Eq. (3-4) for the maximum 

runup by only considering (H/h) for a given beach slope may provide different values for 

K and δ as it depends on the data chosen for the estimation. For example, following Eq. (3-

4) the results of Synolakis (1987) for non-breaking wave runup show empirical coefficients 

K and δ as 12.613 and 1.25; for breaking waves (i.e., relatively highly nonlinear waves) 

show empirical coefficients K and δ as 1.109 and 0.582 for the slope of 1/19.85. It is not 

feasible to find a theoretical solution for the runup of breaking solitary waves over a plane 

slope because of its complexity. The breaking criterion is useful for distinguishing breaking 

and non-breaking regimes as well as identifying the maximum runup limit (Grilli et al., 

1997; Madsen and Fuhrman, 2008; Madsen and Schäffer, 2010; Synolakis, 1987). 

Synolakis (1987) derived an expression for the breaking criterion of solitary waves which 

is known as the theoretical breaking point. 

 
ு

௛
= 0.818𝑠ଵ଴ ଽ⁄    (3-11) 

Synolakis (1987) observed that waves which were expected to break according to the 

theoretical breaking criterion deduced by nonlinear shallow water equation theory, did not 

break during the runup of solitary waves in his laboratory experiments. This phenomenon 

was also observed and different wave breaking criteria were proposed, by Grilli et al. 

(1997) using fully nonlinear potential flow wave model, and by Pujara et al. (2015) 

analysing previous experimental works. Grilli et al. (1997) introduced the slope parameter 

(So). 
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 𝑆௢ = 1.521𝑠 ቀ
ு

௛
ቁ

ି଴.ହ

 (3-12) 

Grilli et al. (1997)’s guidelines can be used to distinguish breaking types as Spilling 

breaking (So < 0.025), Plunging breaking (0.025 < So < 0.3), Surging breaking (0.3 < So < 

0.37) and Non-breaking (So < 0.37). Pujara et al. (2015) suggested that the breaking 

criterion of Grilli et al. (1997), So should be 0.4 to 0.5 by observing higher runups in the 

vicinity of that range. The definitions for the wave breaking criterion used by the previous 

researchers in history can be found from the reviews by Peregrine (1983) and Robertson et 

al. (2013). 

The surf similarity parameter (Battjes, 1974) or the Iribarren number (Iribarren and 

Nogales, 1949) ξir is defined as the slope, s over the square root of wave height to 

wavelength ratio, H/L. ξir have been extensively used to express the relationships of the 

runup heights for regular and random waves on a sloping beach. 

 𝜉௜௥ =
௦

ඥு ௅⁄
 (3-13) 

Similarly, by introducing an effective wave period (T) or an effective wavelength (L) 

of a solitary wave into the Iribarren number (ξir), Kobayashi and Karjadi (1994), Fuhrman 

and Madsen (2008), Lo et al. (2013) and Wu et al. (2018) proposed different surf similarity 

parameters and correlated with breaking solitary wave runups. Fuhrman and Madsen 

(2008) expressed a simplified expression for the surf similarity parameter of solitary waves. 

 𝜉 =
௦

ு ௛⁄
 (3-14) 

Those mentioned above empirical and analytical formulae provide useful knowledge 

for practical applications. But they are mostly limited to either breaking or non-breaking 

waves or to a relatively small number of slopes. 

The same surf similarity parameter, ξ = s / (H/h) was chosen in both analytical solutions 

proposed by Fuhrman and Madsen (2008) for non-breaking waves and breaking waves. 

Hence the surf similarity parameter, ξ was utilised in this study to derive a unified formula 

for the estimation of solitary wave runup over a wide range of sloping beaches regardless 

of whether the waves were breaking or non-breaking. 
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3.3 Laboratory experiments 

A series of experiments were conducted in a wave flume at Hydraulic Research Laboratory 

of Saitama University to investigate the solitary wave runup. The experiments were 

performed in the flume of length 25 m, width 0.3 m and depth 0.6 m equipped with a piston-

type wavemaker installed at one end of the flume and testing the plane beach of slopes (s) 

of 1/4, 1/7 and 1/10 at the other end. The one sidewall of the flume was glass, and other 

sidewall and floor were made of smooth painted steel. The sloping beach was made of 

marine plywood painted with water-resistant paint. A schematic figure of the experimental 

setup is shown in Fig. 3-2. 

 

The solitary waves were generated in the constant water depth region and were incident 

upon a plane beach of the uniform slope where it created a runup event. The target solitary 

waves were generated by a programmable wavemaker, and the algorithm of the generation 

was calculated using the Goring (1979) method. The water surface elevation was measured 

using capacitance-type wave gauges with a frequency of 100Hz. The calibration of wave 

gauges was done by the standard method of lowering systematically into the water and 

recording the output voltage accordingly. To establish the desired wave heights, H of the 

incident wave and to estimate the wave reflection, a preliminary run without any slope was 

conducted in the wave flume for all combinations of H and h values considered in this 

study. The reference wave gauge G1 was placed at 6 m from the piston. The horizontal 

Figure 3-2 Experimental setup 
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distance from the wave gauge G1 to the toe of the beach slope was kept more than 5 m. 

The results ensured that there was no significant peak reduction caused by the sloping 

beach. The input value to the wavemaker and the measured wave heights by reference wave 

gauge G1 were slightly different for all H values. Therefore, the measured wave heights by 

wave gauge G1 were used to define the offshore wave heights (H). Additional 

measurements of the water surface elevation were taken at the toe of the sloping beach and 

further onshore, as shown in Fig. 3-2. The water depths (h) were changed from 0.20 to 0.30 

m, as shown in Table 3-2. 

Table 3-2 Laboratory experimental wave conditions of solitary wave runups 

s h (m) H (m) 

1/4 

0.20 0.028 – 0.078 

0.22 0.025 – 0.082 

0.30 0.028 – 0.082 

1/7 
0.20 0.028 – 0.080 

0.30 0.029 – 0.083 

1/10 

0.20 0.029 – 0.079 

0.23 0.028 – 0.081 

0.25 0.029 – 0.080 

0.26 0.028 – 0.079 

0.30 0.028 – 0.080 

 

Seven different solitary wave heights, ranging from 0.03 m to 0.09 m for a water depth 

of h, was used as the input wave height values to the wavemaker program. The measured 

offshore wave heights (H) ranged between 0.025 m and 0.083 m. The wave height to depth 

ratio (H/h) was varied from 0.1 to 0.4. The surf similarity parameter (ξ) was altered in the 

range of 0.252 to 2.685. The Grilli et al. (1997)’s slope parameter (So) was varied between 

0.241 and 1.246. The present experimental database includes 73 tests for the estimation of 

runup changing the settings of h, H and s. The maximum runup was tracked by an overhead 
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camera based on the marker lines on the runup board with an accuracy of 5 mm. The 

geometric form of the breaking type was observed using the side video camera recordings. 

Some tests were randomly repeated and found that the results of maximum runup showed 

consistency within 5 mm range for an input value of offshore wave height (H) to the 

wavemaker program. The measured data were employed to analyse the wave breaking and 

the runup height. 

3.4 Model derivation 

The relationship of non-dimensionalised runup of R/h against the surf similarity parameter, 

ξ for various slopes was investigated using the form of Eq. (3-15) for both present 

experimental results and the published works of Hall and Watts (1953), Synolakis (1987) 

and Hsiao et al. (2008). R/h was used as the non-dimensionalised runup parameter instead 

of R/H in this study to develop the empirical relationship. The disadvantage of using R/H, 

for small waves particularly, is that experimental error can be greatly increased as both 

runup height, R and wave height, H are measured values with greater ambiguity compared 

to the water depth, h. 

 
ோ

௛
= 𝑎𝜉௕ (3-15) 

Here the empirical coefficients a and b can be determined by the linear regression 

analysis for a given beach slope (s). The experimental dataset contains the slopes of 1/1, 

1/2.14, 1/3.73, 1/4, 1/5.67, 1/7, 1/10, 1/11.43, 1/19.85 and 1/60 altogether. The database 

which was used to derive the empirical equation consists of 381 observations (N = 381). It 

included water depths (h) ranging from 0.0625 to 2.9 m and wave heights (H) ranging from 

0.002 to 0.406 m, resulting in wave height to depth ratios (H/h) from 0.005 to 0.633 and 

surf similarity parameter (ξ) from 0.05 to 18.44.  The relationship between the bathymetry 

slope (s) and the parameters a and b, was derived. 

 
ோ

௛
= 𝑓ଵ(𝑠)𝜉௙మ(௦) (3-16) 

Here a and b can be viewed as the functions of a beach slope, s, as f1(s) and f2(s) 

respectively. The results of the analysis were used to derive a unified formula covering 

beach slopes from 1/1 to 1/60. 



48 
 

3.5 Results and discussion 

The visual observations made by video camera recordings during the present laboratory 

experiments verified that the type of solitary wave breaking matched the prediction of Grilli 

et al. (1997)’s slope parameter, So, defined in Eq. (3-12). The plunging breaking type could 

be observed where So < 0.3. The surging breaking type could be seen where 0.3 < So < 0.37. 

The breaking was not observed for So > 0.37. The spilling breaking type could not be seen 

for the wave conditions tested in this study. 

For each slope, empirical coefficients for parameters a and b could be found in the form 

of Eq. (3-15) using regression analysis. The correlation coefficient, R2, is over 0.9 for all 

the cases. The obtained results of a and b were plotted against the cotβ = 1/s, as shown in 

Fig. 3- 3. 

 

Hence the relationships for parameters a and b against s were derived by linear 

regression analysis as expressed in Eq. (3-17) for a which follows a power-function and 

Eq. (3-18) for b which follows the logarithmic function, giving correlation coefficient, R2 

as 0.994 and 0.904, respectively. 

Figure 3-3 The relationship between the cotβ = 1/s and the empirical coefficients a 
and b as calculated according to Eq. (3-15). 
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 𝑎 = 2.9049𝑠଴.ଽଷଵ (3-17) 

 𝑏 = −0.1931 ln 𝑠 − 1.2704 (3-18) 

By substituting expressions for empirical coefficients, a and b in Eq. (3-15), it gives; 

 
ோ

௛
= 2.9049𝑠଴.ଽଷଵ ቂ

௦

(ு ௛⁄ )
ቃ

(ି଴.ଵଽଷଵ ୪୬ ௦ିଵ.ଶ଻଴ସ)

 (3-19) 

This method is quite similar to Hall and Watts (1953)’s method, but the main difference 

is that we have used ξ = s / (H/h) instead of H/h. The technique used in the current study 

appears to provide a more reasonable basis for a broad range of slopes and wave height to 

depth ratios (H/h). 

Runup values for different planar beaches from the published works of Chang et al. 

(2009), Pujara et al. (2015) and Smith et al. (2017) were also employed for validating the 

present formula as shown in Fig. 3-4a. The figure shows that all runup data for both 

breaking non-breaking solitary waves reproduced reasonably well and can be depicted by 

a single empirical equation, Eq. (3-19). 

To compare with expressions for the literature, Fig. 3-4b shows the runup of solitary 

waves correspond to setting R/h = min(non-breaking expression, breaking expression) 

from Fuhrman and Madsen (2008) can be expressed by changing scaling from H to h. 

 
ோ

௛
= min ൜ቂ3.9𝜉଴.ସଶ ቀ

ு

௛
ቁቃ , ൤2.831𝜉ି଴.ହ ቀ

ு

௛
ቁ

଴.଻ହ

൨ൠ   (3-20) 

It could be stated that Eq. (3-20) also covers the data reasonably. To assess the probable 

error using the Eq. (3-19), Fig. 3-5a shows the Goodness-of-fit in terms of runup heights 

between the measured values by experiments and calculated values from Eq. (3-19). In 

Figure 3-5a, the runup data are almost covered within 20% deviations from the perfect 

agreement. The proposed empirical equation predicts remarkably well apart from a few 

outlying points. There are discrepancies between Eq. (3-19) and experimental results for 

small runups (R/h < 0.08), very low wave nonlinearities (H/h < 0.02) and very high 

nonlinearities (H/h > 0.6) where Eq. (3-19) overpredicts, and also for the slope (s) of 1/1 

where Eq. (3-19) underpredicts. The deviations might occur because of the use of the 

generalised least squares method in the regression analysis with equal weight distribution 

among data. 
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Figure 3-4 Comparison of non-dimensionalised runup R/h against surf similarity 
parameter ξ for a slope (s) in the experimental work carried out by Hall and Watts 
(1953), Synolakis (1987), Hsiao et al. (2008), Chang et al. (2009), Pujara et al. 
(2015), Smith et al. (2017) and present authors: (a) with the present empirical 
equation Eq. (3-19), (b) with the combined expression of Furhman and Madsen 
(2008) denoted by Eq. (3-20). 
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Figure 3-5 Direct comparison of the experimental results of Hall and Watts (1953), 
Synolakis (1987), Hsiao et al. (2008), Chang et al. (2009), Pujara et al. (2015), Smith 
et al. (2017) and present experiments: (a) with the present empirical equation Eq. (3-
19), (b) with the combined expression of Furhman and Madsen (2008) denoted by Eq. 
(3-20). 
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Moreover, the statistical measures of the mean absolute error, MAE =∑ |𝐶௜ − 𝑀௜|/
ே
௜ୀଵ

𝑁, the root-mean-square, RMSE =ට
ଵ

ே
∑ (𝐶௜ − 𝑀௜)ଶே

௜ୀଵ , the scatter index, SCI = RMSE/𝑀ഥ  

and correlation coefficient, R2 =
ൣ∑ (஼೔ି஼̅)(ெ೔ିெഥ)ಿ

೔సభ ൧
మ

∑ (஼೔ି஼̅)మಿ
೔సభ ∑ (ெ೔ିெഥ)మಿ

೔సభ

 were calculated. Ci and Mi denote 

the calculated and the measured data, respectively and N, is the total number of evaluated 

data points. The results for the present proposed method show that MAE = 0.037, RMSE 

= 0.003, SCI = 0.007 and R2 = 0.966. Also, an agreement index CR (Willmott, 1981) was 

used to evaluate the accuracy of the empirical equation, which is defined as in Eq. (3-21). 

 𝐶ோ = 1 −
∑ (஼೔ିெ೔)మಿ

೔సభ

∑ [|஼೔ିெഥ|ା|ெ೔ିெഥ|]మಿ
೔సభ

 (3-21) 

The value of CR gives as 0.991, implying the proposed empirical solution satisfy well 

with the collected data points. The combined expression of Fuhrman and Madsen (2008) 

given by Eq. (3-20) was compared with the present runup data, as shown in Fig. 3- 5b. The 

statistical measures of MAE, RMSE, SCI, R2 and CR for the comparison between the 

experimental results and Eq. (3-20), give 0.055, 0.006, 0.013, 0.937 and 0.983, respectively. 

Based on these measures, it could be mentioned that Eq. (3-20) performs well, but Eq. (3-

19) is superior. Eq. (3-20) shows some discrepancy with the experimental values for the 

slope, s = 1/1 where it underpredicts. Eq. (3-20) overpredicts by more than 20% for the 

experimental values of s = 1/60 and So < 0.07. 

 Eq. (3-19) can be rearranged and expressed as in Eq. (3-22). 

 
ோ

௛
= 2.9049𝑠(ି଴.ଵଽଷଵ ୪୬ ௦ି଴.ଷଷଽସ) ቀ

ு

௛
ቁ

(଴.ଵଽଷଵ ୪୬ ௦ାଵ.ଶ଻଴ସ)

 (3-22) 

The present empirical equation, Eq. (3-19) is also similar to some extent of Synolakis 

(1987) runup law for non-breaking waves except the empirical coefficients. The new runup 

relationship was compared with the existing empirical models proposed by Hall and Watts 

(1953), Pedersen and Gjevik (1983) for Langsholt (1981)’s experiments, Baldock et al. 

(2012), Yao et al. (2015) and Fuchs and Hager (2015). The result of the comparison for 

their empirical coefficients K and δ by following Eq. (3-4) with Eq. (3-19) is presented in 

Table 3-3. 
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Table 3-3 Comparison of Eq. (3-19) with deduced empirical coefficients by following Eq. 

(3-4) as obtained by previous authors 

Author(s) 

slope 
(s) 

Deduced as per 
Eq. (4) 

Calculated by Eq. 
(19) 

Difference in 
estimation (%) 

K δ K δ K δ 

Hall & Watts 
(1953) 

1/1 

1/2.14 

1/3.73 

1/5.67 

1/11.43 

3.10 

3.35 

3.75 

3.43 

2.15 

1.15 

1.12 

1.12 

1.04 

0.81 

2.90 

3.36 

3.25 

2.93 

2.11 

1.27 

1.12 

1.02 

0.94 

0.80 

6 

0 

13 

15 

2 

-10 

0 

9 

10 

1 

Pedersen & Gjevik 
(1983) 

1/2.75 3.48 1.13 3.36 1.08 3 5 

Baldock et al. 
(2012) 

1/9.35 2.04 0.68 2.36 0.84 -16 -23 

Fuchs & Hager 
(2015) 

1/1.5 

1/1.25 

1/5 

3.06 

3.14 

3.25 

1.00 

1.00 

1.00 

3.23 

3.37 

3.04 

1.19 

1.09 

0.96 

-5 

-7 

6 

-19 

-9 

4 

Yao et al. (2015) 1/8 2.28 0.77 2.55 0.87 -12 -13 

  

It can be seen that most of the data support the trend of Eq. (3-19). Therefore, the 

present unified formula shows reasonable applicability in predicting maximum runup in a 

broad range of wave conditions and beach slopes irrespective of breaking criterion. The 

current empirical equation was deduced from laboratory data for a solitary wave in one-

horizontal dimension (1-HD), where the energy dissipation might not scale well due to 

boundary layer dissipation and wave breaking, and the refraction, diffraction and resonance 

are ignored. Hence, the applications of this equation in the field conditions should be 

implemented cautiously. 

3.6 Summary and conclusions 

A total of 73 laboratory experiments were conducted, covering three types of breaking as 

non-breaking, surging breaking and plunging breaking on three sloping beds. A total 

number of 403 data points were compared in the analysis, including the other researchers’ 
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laboratory solitary wave runup results. A simple unified formula for prediction of solitary 

wave runup is proposed. The formula uses the surf similarity parameter, as well as 

additional (slope-dependent) coefficients, whose exact functional forms have been derived 

from the aforementioned experimental data. The formula works reasonably well for both 

breaking and non-breaking waves. A reasonable agreement was found, except for minor 

discrepancies concerning small runups (R/h < 0.08), low wave nonlinearities (H/h < 0.02), 

and high nonlinearities (H/h > 0.6), where present empirical model overpredicts. It was 

also observed that the present model predicts lower than experimental values where slope 

(s) is 1/1. The tests of the reliability of the proposed equation included the agreement index 

(CR), the correlation coefficient (R2), the mean absolute error (MAE), the root-mean-square 

error (RMSE), and the scattering index (SCI) gave results of 0.991, 0.966, 0.037, 0.003 

and 0.007 respectively. Based on comparison with other empirical models found in the 

literature, it has been demonstrated that the newly proposed solitary wave runup formula 

is applicable for plane beach slopes ranging from 1/1 to 1/60. The empirical equation can 

also be applied for different breaking types, such as plunging, surging and non-breaking 

waves. The equation is deduced from laboratory data where the energy dissipation might 

not scale well due to boundary layer dissipation and wave breaking. The refraction, 

diffraction and resonance effects are ignored in the present experimental conditions. It is 

worthy of mentioning that the longwave runup in the coastal region experiences the effect 

of larger roughness by forests, mangroves, coral reefs and building structures and can 

deviate from the presented empirical model results. 
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Chapter 4  

Runup on compound slopes 

4.1 Introduction 

In the literature, there are numerous relationships for solitary wave runup based on physical, 

analytical and numerical studies. Comprehensive review about solitary wave runup on 

plane beaches is given in Vinodh and Tanaka (2020). The existing formulae consist of 

parameters to estimate solitary wave runups where s is the slope, β is the angle of the 

sloping beach in degrees, and g is the gravity acceleration. Ho, ho, Lo, and T are the wave 

height, water depth, wavelength and wave period respectively at the toe of a sloping beach. 

R is the maximum vertical runup. Previous studies have used either R/ho (runup over water 

depth) or R/Ho (runup over wave height) as the non-dimensional parameter to develop 

solitary wave runup expressions. 

Vinodh and Tanaka (2020) derived an empirical expression which is valid for slopes 

ranging from 1/1 to 1/60 for both breaking and nonbreaking waves as expressed in Eq. (3-

19) in Chapter 3. 

A reasonable agreement has been found in the above equation, except for minor 

discrepancies concerning small runups (R/ho < 0.08), low wave nonlinearities (Ho/ho < 

0.02), and high nonlinearities (Ho/ho > 0.6), where present empirical model overpredicts. It 

has also been observed that the current model predicts lower than experimental values 

where slope (s) is 1/1. 

A typical tsunami generally consists of a wave train where wave period between 

successive waves can be varied up to several hours and subsequent waves may become 

more prominent than the first incident wave. It is acceptable to assume that the maximum 

runup of a wave train will be primarily affected by the runup of the leading wave that 

emerges from the wave train (Kajiura, 1965; Synolakis, 1988). In the case of the runup of 

consecutive two solitary waves where the wave is followed by one with larger amplitude, 

Chan and Liu (2012) found that the maximum runup is smaller than that of a single solitary 

wave. The runup associated with the second wave is weakened by the drawdown of the 

first wave in case of nonbreaking waves. The behaviour was found to be more problematic 
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if a wave breaks on the sloping beach. They further concluded that for a single wave, the 

accelerating phase of the incident wave commands the maximum runup height. Lo et al. 

(2013) found that in runups caused by the first wave are not affected by the second solitary 

wave, regardless of the separation time and are the same as single solitary wave runups. 

 

Saville (1957)’s method for regular waves uses successive approximations which 

involved the substitution of the actual composite slope with a single imaginary slope 

obtained from the breaking depth (db) or breaking height (Hb) as given by the solitary wave 

equations of Munk (1949) and an estimated wave runup (R) value. Saville found the wave 

runup (R) predicted by his method to be generally within ten per cent of experimental 

values except for the longer berms tested. After a horizontal berm had reached a certain 

width, further widening had no significant effect in runup reduction. Saville found when 

(a) 

(b) 

Figure 4-1 Definition of parameters for solitary wave runup on (a) plane 

beach, (b) compound slope. 
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the berm widths greater than one-fourth of the incident wavelength (Lo), the reduction in 

berm effectiveness to be caused by the phenomenon of ‘wave setup' on the berm. This 

'setup' of water (increase in water depth on the berm) was caused by the forward transport 

of water by waves. Saville found that the wave runup (R) affected by reformed waves or 

surges on the berm. Mayer and Kriebel (1994) extended Saville’s method by incorporating 

Hunt (1959) formula for estimating regular wave runup. Park et al. (2015) also introduced 

an empirical approach to analysing the runup on composite slopes. Park et al. (2015) 

observed a weak positive correlation between runup height and onshore slope when 

analysing runup heights on compound slopes (i.e., offshore slope and onshore slope) by 

using Boussinesq simulation. Still, it was observed a large scattering between the 

numerically analysed data and their proposed empirical results. However, all the proposed 

methods above are either for regular waves and random waves or showed extensive 

scattering data compare with the proposed solution. 

Kânoǧlu and Synolakis (1998) have shown analytically that the runup height depends 

only on the slope of the section closest to the shoreline for a broad range of transitions 

depths and can be estimated by Synolakis (1987) runup law which is valid only for 

nonbreaking waves. 

In this chapter, it is focused on the solitary wave runup on compound slopes and the 

applicability of solitary wave runup on a plane beach to the case of compound slopes. For 

the comparison, the previous research works in addition to the current experimental 

database, were also tested for validation. 

4.2 Materials & Methods 

A series of experiments were conducted in a wave flume at Hydraulic Research Laboratory 

of Saitama University to investigate the solitary wave runup. The experiments were 

performed in the flume of length 25 m, width 0.3 m and depth 0.6 m equipped with a piston-

type wavemaker installed at one end of the flume and testing the compound beach slopes 

(i.e., offshore slope and onshore slope). The solitary waves were generated in the constant 

water depth region and were incident upon a plane beach of the uniform slope where it 

created a runup event. The solitary waves were generated by a programmable wavemaker. 

The algorithm of the generation was calculated using the Goring (1979) method. The 
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generation trajectories of the solitary waves by the wavemaker can be graphed concerning 

time as in Fig. 4-2. ξ is the position of the paddle concerning time t. S is the total stroke 

length, and T is the entire time of the movement of the paddle, which can be considered as 

the wave period. Curve progression is independent of the still water depth, ho in which the 

wave is generated. The paddle trajectory is point-symmetric to its centre (i.e., starting 

position of the paddle before moving for generation) and of tangent-hyperbolical-like shape 

with the steeper inclination for more considerable wave height to water depth ratio (Ho/ho). 

As shown in Fig 4-2, the paddle accelerates in the first half of the stroke, whereas it 

decelerates during the second half. 

 

The one sidewall of the flume was glass, and other sidewall and floor were made of 

smooth painted steel. The compound sloping beach was made of marine plywood painted 

with water-resistant paint. A schematic figure of the experimental setup is shown in Fig. 

4-3. The maximum runup on the compound slopes was observed to investigate the effect 

of offshore slope (s1) and onshore/final slope (s2). The foreshore slope (s1) was changed as 

Figure 4-2 Solitary wave generation mechanism. ξ is the position of the paddle with 
respect to time t. S is the total stroke length, and T is the entire time of the movement 
of the paddle. Ho – wave height, ho – still water depth. 
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1/7 and 1/10, whereas the onshore slope (s2) was fixed as 1/4. The vertex of the compound 

slope was set at 23cm from the bottom of the flume. The water depths (ho) of 20, 23, 26 

and 30cm are used as given in Table 4-1. Seven different solitary wave heights, ranging 

from 3 to 9 cm for a water depth of ho, was used as the input wave height values to the 

wavemaker program. The measured offshore wave heights (Ho) ranged from 2.4 to 8.3 cm. 

The wave height to depth ratio (Ho/ho) was varied from 0.1 to 0.4. The current experimental 

database includes 84 tests for the estimation of runup changing the settings of ho, Ho and s. 

 

Table 4-1 Experimental condition for compound slope case. s1 – foreshore slope, s2 – 

onshore slope. 

Case 1/s1 1/s2 Ho ho 

Present-7-4 7 4 2.4-8.3 20,23,26,30 

Present-7-10 7 10 2.4-8.3 20,23,36,30 

 

 

The change of water surface elevation was measured using capacitance-type wave 

gauges with a frequency of 100Hz. The calibration of wave gauges was done by the 

standard method of lowering systematically into the water and recording the output voltage 

accordingly. To establish the desired wave heights, Ho of the incident wave and to estimate 

Figure 4-3 Experimental setup for compound slope. 
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the wave reflection, a preliminary run without any slope was conducted in the wave flume 

for all combinations of Ho and ho values considered in this study. The reference wave gauge 

G1 was placed at 6 m from the piston. The horizontal distance from the wave gauge G1 to 

the toe of the beach slope was kept more than 5 m. The results ensured that there was no 

significant peak reduction caused by the sloping beach. The input value to the wavemaker 

and the measured wave heights by reference wave gauge G1 were slightly different for all 

Ho values. Therefore, the measured wave heights by wave gauge G1 were used to define 

the offshore wave heights (Ho). Additional measurements of the water surface elevation 

were taken at the toe of the sloping beach and further onshore, as shown in Fig. 4-3. 

The maximum runup was tracked by an overhead camera based on the marker lines 

on the runup board with an accuracy of 5 mm. Some tests were randomly repeated and 

found that the results of maximum runup showed consistency within 5 mm range for an 

input value of offshore wave height (Ho) to the wavemaker program. The measured data 

were employed to analyse the wave breaking and the runup height. The applicability of Eq. 

(3-19) was tested for compound slope cases conducted in the present experiments and with 

Camfield and Street (1969), Baldock et al. (2009), and Saelevik et al. (2013). 

4.3 Results and Discussion 

The actual result of wave transformation was minorly deviated from the input Ho value into 

the program for a particular still water depth, ho. The results of wave generated profiles 

with the Boussinesq first-order wave solution given by Eq (3-1) was compared. It was 

found that for higher wave height to depth ratios (Ho/ho > 0.2) the generated solitary wave 

profile deviated from the theory as shown in Fig. 4-4, where the undulating tail was 

observed for higher-order waves as also identified by Goring (1979). 



61 
 

   

Many researchers used non-dimensionalised runup as runup over wave height (R/Ho) 

to use their expressions (Vinodh and Tanaka, 2020). They have shown for a given Ho/ho, 

the non-dimensionalised runup (R/Ho) tends to increase as the slope decreases up to the 

point where the waves begin to break. Then the non-dimensionalised runup of breaking 

waves declines as the slope continues to decrease. At near breaking, the maximum runup 

could be observed for a particular (Ho/ho). The non-dimensionalised runup (R/Ho) of 

nonbreaking waves also increases as the wave height to depth ratio (Ho/ho) increases as a 

result of nonlinear effects. The non-dimensionalised runup of breaking waves decreases as 

the wave height to depth ratio increases as a result of turbulent dissipation. The 

disadvantage of using R/Ho, especially for small waves, is that experimental error can be 

significantly amplified since both R and Ho are measured values with more significant 

uncertainty compared to the still-water depth ho. Hence the use of the form of R/ho is better 

for the derivation of empirical models. 

Table 4-2 shows the experimental conditions of previous researchers’ work which 

have been used in this study. The experimental results were plotted in Fig. 4-5. Camfield 

and Street’s work (CS(1969)), Baldock and others’ work (B(2009)), and Sælevik and 

others’ work (S(2013)) were also included in Fig. 4-5. 

Figure 4-4 The comparison of generated wave profile (Ho) with the respective wave 
theoretical profile given by Eq. (3-1). Open plots denote the measured values and dotted 
lines denote the theroretical results. 
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Table 4-2 Experimental conditions for compound slope case of other researchers work 

(B(2009) – Baldock et al. (2009), CS(1968) – Camfield & Street (1969), S(2013) – Sælevik 

et al. (2013).. s1 – foreshore slope, s2 – onshore slope). 

Case 1/s1 1/s2 

S(2013) 5.7-14.3 5.7 14.3 

CS(1968) 100-7.1 100 7.1 

CS(1968) 50-7.1 50 7.1 

CS(1968) 100-14.3 100 14.3 

CS(1968) 50-14.3 50 14.3 

B(2009) 15 30 

 

 

Figure 4-5 Experimental results for compound slopes of present work and other 
researchers work (B(2009) – Baldock et al. (2009), CS(1968) – Camfield & Street 
(1969), S(2013) – Sælevik et al. (2013)). 



63 
 

It could be observed that the non-dimensionalised runup (R/ho) for a compound slope 

is well explained by Eq. (3-19) by substituting s as onshore slope/final slope, s2. The results 

also comply with the analytical derivation of Kanoglu and Synolakis (1998). These results 

inspired us to derive an equation for the estimation of solitary wave runup on dune coastal 

lagoon using the slope, s2 by following the form of the Eq. (3-19) as discussed in Chapter 

6. 

The scattering was observed for highly nonlinear wave (Ho/ho > 0.6) where empirical 

equation overpredicts. The condition of underprediction for highly nonlinear waves was 

also noticed in the results of runup on a plane beach (Vinodh and Tanaka, 2020). 

4.4 Conclusion 

Solitary wave runup on compound slopes consisting of 1/10 and 1/4 as onshore slopes and 

1/7 as fixed foreshore slopes, has been tested. The present experimental results and the 

previous research works carried out by Camsfield and Street (1969), Baldock et al. (2009) 

and Sælevik et al. (2013) were also compared by using Vinodh and Tanaka (2020)’s 

empirical equation for solitary wave runup on a plane beach. It was found that the runup 

on compound slopes can be estimated by substituting the final beach slope value into the 

Vinodh and Tanaka (2020)’s equation. Therefore, it can be concluded that the final beach 

slope is the most influential parameter in the estimation of runup on compound slopes, 

where the still water level is not so below the vertex. The result also complies with the 

analytical proof by Kânoǧlu and Synolakis (1998). 

  



64 
 

Chapter 5  

Runup with Forest 

Part of this chapter has been published as: 

Vinodh, T.L.C., Tanaka, N., Takemura, T., 2019, Experimental study of runup reduction of solitary 

wave by emergent rigid vegetation on a slope, Journal of JSCE, Ser. B1 (Hydraulic Engineering), 

75, 2, I_703-I_708. https://doi.org/10.2208/jscejhe.75.2_I_703 

5.1 Introduction 

The coastal forests and mangroves were observed to help protect beaches from both long 

waves like tsunami waves (Tanaka et al., 2007) as well as short waves like wind waves 

(Massel et al., 1999) have been proved by field studies. By observing the importance of 

coastal trees in tsunami mitigating, there are numerous field studies, numerical, analytical 

and experimental findings to understand the hydrodynamics and the physical process 

related to the coastal trees. A forest is useful as it stops water-borne driftwoods and debris, 

reduces both flow velocity and inundation height provides lifesaving means by catching 

persons carried off by the tsunamis. In addition, forest collects windblown sand and raises 

sand dunes, which act as a barrier against tsunamis (Tanaka et al., 2009, 2007). Based on 

data analyses by Tanaka et al. (2009) and Samarakoon et al. (2013), a forest with two layers 

in the vertical direction of dense Casuarina equisetifolia and Pandanus odoratissimus 

grown in beach sand were found to be useful in tsunami mitigation due to their complex 

aerial root structure and density. A pilot project in the Matara City of Sri Lanka has already 

initiated (Tanaka, 2009) and become successful in planting with the participation and 

support from local authorities and communities. An adverse opinion is that a forest may be 

ineffective against a huge tsunami, as trees themselves could become destructive forces to 

houses if they uprooted by the tsunami (Tanaka et al., 2013). Depend on the tree species, 

and their vegetation characteristics, the reduction effect of tsunami inundation depth varies 

and is mostly lost in case of tsunami inundation depth reached beyond 5 to 6m (Shuto, 

1987; Tanaka et al., 2007; Yanagisawa et al., 2009). Chatenoux and Peduzzi (2007) 

statistically analysed the seagrass areas. They found that lower impacts in the area behind 

seagrass beds implying that either seagrass bed acting as a damping filter that helps to 
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reduce the energy of the wave or because the seagrass beds are located in areas where the 

configuration of bathymetry is not favourable for wave amplification. 

Laboratory experiments have been widely used to study wave-current-vegetation 

interactions and relevant physics (Nepf, 2012). In most of the experimental studies, an 

array of rigid cylinders is usually used to represent coastal trees and mangroves to derive 

analytical expressions. Flexible tubes or even natural vegetation are used to model wetlands 

or marshes. Huang et al. (2011) and Yao et al. (2015) conducted laboratory experiments 

on solitary waves with an array of emergent rigid cylinders in different sizes and both 

staggered and tandem arrangements. Yao et al. (2015) found that the runup reduction 

difference between tandem and staggered configurations of the trees could reach up to 20%. 

Irtem et al. (2009) investigated the runup with coastal forest by modelling as artificial trees 

and cylindrical timber sticks on a sandy slope. Irtem et al. (2009) in their experimental 

cases, found that with the artificial trees, runup heights were reduced by 15% and 22% for 

tandem and staggered layouts respectively. Ismail et al. (2012) found that the densities of 

the mangrove forest do not influence the runup reduction as significantly as the forest 

widths, and mangrove roots are more effective in reducing the runup compared to the 

trunks and canopies. Iimura and Tanaka (2012) investigated the tsunami mitigation 

capability of vegetation by changing the density distribution. They found that dense 

vegetation increased the reflection, and hence the resistance by vegetation was also 

increased because of the water surface slope in the vegetated region was increased. 

Strusinska-Correia et al. (2013) have done extensive studies with the parameterised tree 

models, which simplify the chaotic root structure of mangroves of Rhizophora species. 

The forest patches are more generally observed in the coastal region. Thuy et al. (2009) 

experimentally and numerically studied the effect of an open gap in a coastal forest on 

wave runup. They found that the open gaps within coastal forests significantly enhanced 

the damage to those areas behind gaps. Irish et al., (2014) investigated on patchy macro-

roughness, like that created by coastal forest and have shown that lead to increased 

protection in some areas and decreased protection in other areas. Yang et al. (2017) show 

that patchy vegetation with an appropriate configuration can be useful as a continuous 

forest belt in tsunami mitigation. 
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Significant improvements in the modelling of runup have appeared as a result of 

advancements in both computational techniques and theoretical understandings (see review 

by Kirby (2017) and Shuto (2019)). Some of them are extended to capture the large 

roughness effect on runup by forests. They have used either a constant roughness model or 

equivalent roughness model with numerical simulations based on nonlinear long-wave 

equations, Reynolds-averaged Navier-Stokes (RANS) and/or large eddy simulation (LES), 

drag and inertia forces using Morison-type equations, macro-scale (wavelength) equations 

or multi-scale perturbation technique (homogenisation theory) (see, e.g., Chang and Liu, 

2019; Dalrymple and Hwang, 1984; Mei et al., 2014; Stoesser et al., 2010; Tanaka et al., 

2018). 

Massel et al. (1999) showed that when a wave transmits through vegetation, wave 

energy is dissipated by turbulence, which is correlated to work done by the drag forces. 

The localised presence of arrays of emergent cylinders causes high energy dissipation at 

the bottom of or throughout the water depth causes an incident waves to diffract and 

attenuate (Dalrymple and Hwang, 1984; Zhu and Chen, 2017). The applications of these 

theoretical models need proper calibrations of the drag coefficient (CD) performed by best 

fitting the experimental or modelled wave heights (Chen and Zhao, 2012). 

Parameterisations of CD using wave and vegetation-related quantities, such as the Reynolds 

number (Re) and Keulegan-Carpenter number (KC), can be found in the literature (Mendez 

and Losada, 2004; Tanino and Nepf, 2008). Dean and Bender (2006) described the problem 

of runup with a forest by using wave setup phenomena. When the waves propagate through 

vegetation, the energy loss by asymmetries of the near-bottom water particle velocities will 

cause a transfer of momentum and an associated wave setup or wave setdown. Nepf (2012) 

showed that vegetation creates spatial variation to flow. Within a plant canopy, the critical 

length scales change from the flow depth (associated with unobstructed flows) or flow 

depth and channel width (for bathymetrically constrained flows) to scales defined by the 

stem diameter (D), stem length (l), stem spacing (∆S) and frontal area density (A). This 

change of scales modifies the velocity profiles and results in damping of larger-scale 

motions but introduces turbulence (through vortex shedding and wake generation) at 

smaller stem scales. The behaviour of flows is also governed by the level of submergence 

defined as the ratio of plant height to water depth (l/h). 
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Although those above numerical, analytical and empirical models describe the 

phenomena of wave-current-vegetation interaction well, the runup effect of forest on a 

sloping beach is poorly understood. Empirical runup expressions for tsunami-like solitary 

waves are convenient for obtaining a first assessment of tsunami impact on the beach. Both 

analytical and empirical solutions which describe solitary wave runup on the plane slopes 

(i.e., a constant depth region followed by a plane slope) exist and well explained. Besides, 

such models either have been ignored the effect of vegetation for simplification or can only 

be applicable for limited wave conditions and slopes. Hence in this chapter, the derivation 

of an empirical model which includes the effect of bathymetry slope and forest density and 

the comparison with existing previous research work is presented.   

5.2 Materials and Methods 

The flume arrangement and the experimental procedure were similar to the cases of 

the plane beach and compound slopes, as explained in Section 4.2. The coastal trees were 

modelled by vertical, rigid and surface piercing cylinders, where the effects of branches 

and roots are neglected. The scale of 1:100 was used for the experimental study for 

measuring the runup against the forest model. The spacing (ΔS) and diameter (D) were 

chosen as 23mm and 5mm respectively which give the proportion of volume occupied by 

the solid canopy (ϕ) as 0.037 (ϕ = (π/4)(D/ΔS)2) and the frontal area density (A) as 0.009 

(A = D/ΔS2). The present arrangement of the tree model also implies that it may often be 

valid to neglect the interactions between stems as ϕ <0.08 (Mullarney and Henderson, 

2018; Raupach, 1992). The forest model width (W) was changed as 20cm and 40cm in 

cross-shore direction, and it was arranged in a staggered system and modelled as the rigid 

trunk of trees which was enough to keep the top of trees under the emergent condition for 

all wave conditions. The forest model was placed on the slopes (s1) of 1/4 and 1/7, as shown 

in Fig.5-1. It corresponds to the case where a tree trunk is above water. Yao et al. (2015) 

have studied the cases correspond to a high tide condition where a significant portion of 

the mangrove tree trunk underwater. The water surface elevations were measured at four 

locations using four capacitance-type wave gauges. The maximum runup was measured by 

V1 overhead camera, as shown in Fig. 5-1. Incident solitary wave conditions and the forest 

model configurations for the present is given in Table 5-1. 
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Table 5-1 Experimental condition for present work. W, Φ, s, Ho and ho are indicated as the 

width of forest model, solid volume ratio, slope, initial wave height and still water depth, 

respectively. 

Case W(cm) Φ Arrangement 1/s Ho (cm) ho (cm) 

S4    4 2.4-8.3 20,22,30 

S4W20St0.037 20 0.037 Staggered 4 2.4-8.3 20,22,30 

S4W40St0.037 40 0.037 Staggered 4 2.4-8.3 20,30 

S7    7 2.4-8.3 20,30 

S7W20St0.037 20 0.037 Staggered 7 2.4-8.3 20,30 

The current experimental database includes 55 observations with a forest model by 

changing the slope of the beach and the width of the forest. At first, the runup results of a 

sloping beach with and without forest model was compared with the empirical solution 

given by Eq. (3-19) and effect of solid volume ratio (Φ) and width of forest (W) in the form 

of expression given below. 

 ቀ
ோ

௛
ቁ

௙௢௥௘௦௧ ௢௡ ௦௟௢௣௘
= 𝑓 ൤ቀ

ோ

௛
ቁ

௦௟௢௣௘
, 𝜙, 𝑊 ൨ (5-1) 

Figure 5-1 Experimental setup for forest model on a sloping beach. 
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Also, the results of Yao et al. (2015) who tested the runup on a different slope (i.e., 

s=1/8) and changing the tree model arrangement by staggered and tandem, were also 

compared with Eq. (3-19). Finally, the present experimental results with Yao et al. (2015) 

experimental results were used to derive an empirical model which include the parameters 

of slope (s) and solid volume ratio (Φ) by using linear regression analysis. 

5.3 Results and Discussion 

The solitary wave evolution and the runup results have already been explained in detail in 

Vinodh and Tanaka (2019). The derivation of the empirical equation is shown in this 

chapter. The experimental conditions for Yao et al. (2015), which was used in this study 

are given in Table 5-2. Photo snapshots taken for the runup with and without a forest model 

on the sloping beach are shown in Fig. 5-2. 

From the Fig. 5-3, by comparing the values of the runup on a plane beach and the 

forest on a sloping beach, it is evident that the runup has been reduced significantly for all 

slopes of 1/4, 1/7 and 1/8. By increasing the width of the forest (W) by twice (i.e., 

S4W20St0.037 and S4W40St0.037), the runup was further reduced. In the experimental 

work of Yao et al. (2015), by increasing the solid volume ratio, and from tandem to a 

staggered arrangement, the runup has been further reduced. Based on 80 observations 

including present work and Yao et al. (2015) and using multiple linear regression analysis, 

for maximum runup (R) can be derived in the form of Eq. (5-1) and can be expressed 

 
ோ

௛೚
= (2.9049𝑠଴.ଽଷଵ − 𝐶ଵ𝜙𝑠) ቂ

௦

(ு೚ ௛೚⁄ )
ቃ

(ି଴.ଵଽଷଵ ୪୬ ௦ିଵ.ଶ଻଴ସା మథ௦)

 (5-2) 

where s is the slope, Φ is solid volume ratio, Ho is wave height, and ho is still water depth. 

The coefficients C1 is 17.30 and C2 is 15.98. Hence the forest width analysed in this study 

were varied as 20, 30 and 40cm, both C1 and C2 can be dependent on forest width. 
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Figure 5-2 Photo snapshots of solitary wave runup on beach slope (s) of 1/4, wave 
height (Ho) of 8.3cm and water depth (ho) of 22 cm. 
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Table 5-2 Experimental conditions for Yao et al. (2015). W, Φ, s, Ho and ho are indicated 

as the width of forest model, solid volume ratio, slope, initial wave height and still water 

depth, respectively. 

Case W(cm) Φ Arrangement 1/s Ho (cm) ho (cm) 

Y8 30   8 2-10 30 

Y8W30Ta0.022 30 0.022 Tandem 8 2-10 30 

Y8W30St0.022 30 0.022 Staggered 8 2-10 30 

Y8W30St0.044 30 0.044 Staggered 8 2-10 30 

Y8W30Ta0.087 30 0.087 Tandem 8 2-10 30 

Y8W30St0.087 30 0.087 Staggered 8 2-10 30 

 

 

Figure 5-3 Experimental results for the forest on a sloping beach of present work 
and Yao et al. (2015). Filled symbols and open symbols represent the data for current 
work, and Yao et al. (2015), respectively. For the abbreviations, refer to Table 5-1 
and Table 5-2. 
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Moreover, the statistical measures of the mean absolute error, MAE =∑ |𝐶௜ − 𝑀௜|/𝑁ே
௜ୀଵ , 

the root-mean-square, RMSE =ට
ଵ

ே
∑ (𝐶௜ − 𝑀௜)ଶே

௜ୀଵ , the scatter index, SCI = RMSE/𝑀ഥ and 

correlation coefficient, R2 = ൣ∑ (஼೔ି஼̅)(ெ೔ିெഥ)ಿ
೔సభ ൧

మ

∑ (஼೔ି஼̅)మಿ
೔సభ ∑ (ெ೔ିெഥ)మಿ

೔సభ

 were calculated. Ci and Mi denote the 

calculated and the measured data, respectively and N, is the total number of evaluated data 

points. The results for the present proposed method show that MAE = 0.041, RMSE = 

0.003, SCI = 0.005 and R2 = 0.959. Also, an agreement index CR (Willmott, 1981) was 

used to evaluate the accuracy of the empirical equation. 

 𝐶ோ = 1 −
∑ (஼೔ିெ೔)మಿ

೔సభ

∑ [|஼೔ିெഥ|ା|ெ೔ିெഥ|]మಿ
೔సభ

 (5-3) 

The value of CR gives as 0.983, implying the proposed empirical solution satisfy well 

with the collected data points. The statistical measures show that the correlation between 

the experiments and the calculated by the proposed equation is very high. Note that the 

Figure 5-4 Comparison of experimental values and calculated values by Eq. (5-2) for 
present work and Yao et al. (2015). Filled symbols and open symbols represent the 
data for current work, and Yao et al. (2015), respectively. For the abbreviations, refer 
to Table 5-1 and Table 5-2. 
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proposed Eq. (5-2) does not contain the parameter, W, the width of the forest as in this 

experimental database the forest width was varied between 20cm to 40cm giving lesser 

impact in the deviation to the results. However, the proposed empirical solution is shown 

goodness of fit with experimental data as all the data lies within the 20% error range as in 

Fig. 5-4. Hence the proposed empirical equation can be used to apply for estimating solitary 

wave runup on sloping beach with the forest. 

The forest effectively reduces solitary wave runup around 4% to 28% and higher runup 

reduction was occurred on mild slopes with highly nonlinear waves. By increasing the 

forest width by twice its previous value, the runup reduction can be further increased from 

6% to 27%. 

5.4 Conclusion 

Laboratory experiments were conducted using solitary waves to understand the wave runup 

on a sloping beach with forest. The forest effectively reduces solitary wave runup from 4% 

to 28%. The higher runup reduction occurred on mild slopes with highly nonlinear waves. 

By increasing the forest width by twice, the runup reduction can be further increased from 

6% to 27%. By using 80 observations from the present experiments, including 25 

observations from other researchers’ work, an empirical equation was derived using 

multiple linear regression analysis. It was found that the proposed empirical equation 

predicts the runup reasonably well that all data found to be satisfactorily posed in 20% 

error range. Statistical measures mean absolute error (MAE), root-mean-square error 

(RMSE), scatter index (SCI), correlation coefficient (R2) and agreement index (CR) were 

calculated and found as 0.041, 0.003, 0.005, 0.959 and 0.983, respectively. Therefore, the 

proposed empirical equation can be used to predict solitary wave runup on a sloping beach 

with a forest model of finite width.  
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Chapter 6  

Runup with Sand Dune Coastal Lagoon 

Part of this chapter has been published as: 

Vinodh, T.L.C., Tanaka, N., 2018, Experimental study on the energy reduction of a solitary wave 

using a sand dune-coastal lagoon system, Journal of JSCE, Ser. B1 (Hydraulic Engineering), 74, 5, 

I_1231-I_1236. https://doi.org/10.2208/jscejhe.74.5_I_1231 

Vinodh, T.L.C., Tanaka, N., 2018, Experimental study on the energy reduction of a solitary wave 

using a sand dune-coastal lagoon system, Proceedings of 12th International Conference on ISE, 

Tokyo, Japan. 

Vinodh, T.L.C., Tanaka, N., 2018, Experimental study on the energy reduction of a solitary wave 

using a sand dune-coastal lagoon system, Proceedings of 9th International Conference on ICSBE, 

466, 111- 119.  

6.1 Introduction 

It could be observed that nearby the lagoon the tsunami impact was low during the post-

tsunami field surveys of the 2004 IOT (Dahdouh-Guebas et al., 2005b; Inoue et al., 2007). 

In Palatupana of Sri Lanka, the inundation depth at the back of the lagoon is around 60% 

less than the inundation depth at the front of the lagoon, indicating that the tsunami would 

be reduced by the lagoon as illustrated by Inoue et al. (2007). Wijetunge (2009a) has shown 

that the relatively massive extents of the salterns have also acted as sinks to absorb and 

spread water whilst the sand dunes, where present with sufficient elevation, prevent the 

buildings in their shadow being damaged from the direct impact of the tsunami. Wijetunge 

(2006) reported that around Batticaloa and Kalkudah, the lagoons and other water bodies 

have helped convey the tsunami surge large distances inland. Wijetunge (2006) also 

observed that the deepest tsunami wave penetration in the south coast was at Hambantota, 

up to three kilometres near the saltpans, and near Bundala with the aid of the bay. 

Hungama-Tangalle beach to the west of Hambantota has recorded a significant inundation, 

mainly where tsunami surges had been transmitted inland through lagoons and lakes from 

the opening to the sea. Wijetunge (2009b) found that the surging tsunami had propagated 

over the barrier spits and then into the lagoons in Batticaloa, which in some instances, 
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unable to absorb all of the overland flow. Hence, the tsunami had spilt over and flooded 

inland areas that would otherwise not have received direct inundation. In Hambantota, 

hundreds of buses, many allegedly carrying passengers, were reportedly swept into the 

Karagan Lewaya behind Hambantota town, necessitating a massive clearance effort 

(Synolakis et al., 2005). Another negative aspect of tsunami damage was the decrease in 

flood control capacity of the lagoon due to the deposition of the enormous amount of 

sediments brought in by the seawater. However, the trapping debris inside a lagoon and 

forming a pool of water higher than the mean sea level would reduce the further damage 

by the following tsunami waves in a wave train towards the inland after hit by first few 

tsunami waves.  

In real tsunami overflowing conditions, the runup experiences a truncated beach if it 

exceeds the dune crest, and then inundated and runup. The transformation of waves across 

the lagoon is a complex problem, including the processes of shoaling, focusing and 

defocusing, breaking and energy dissipation by bottom friction. An integrated study 

concerning solitary wave interact against the vegetation and lagoon is relatively limited 

and in need of evaluating the capability of the coastal lagoon in tsunami mitigation. The 

runup reduction and the wave evolution characteristics have been explained in the authors’ 

previous work (see Vinodh and Tanaka, 2018a, 2018b, 2018c). An approximate and 

accurate prediction of wave runup with the interaction with the coastal landscape is crucial 

for the applications in coastal engineering. Hence, this study aims to derive a runup formula 

for solitary waves on a sand dune coastal lagoon in one horizontal dimension based on the 

experimental laboratory conditions. 

6.2 Materials and Methods 

The problem of runup and overtopping along a lagoon has not been agreeable to complete 

theoretical treatment due to the complexity in analytically explaining as many factors 

involved. Dimensional analysis is utilized to define the essential non-dimensionalised 

parameters to describe the problem. 

Fig. 6-1 shows the experimental setup and essential parameters in this study. Referring 

to Fig. 6-1(a) and Fig. 6-1(c), if a functional relationship exists between the runup and the 

description of the incident wave characteristics and the physical parameters of the lagoon, 
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for solitary waves impinging on a coastal lagoon at normal incidence in 1HD, this 

relationship can be expressed; 

 𝑓(𝑅, 𝐻௢ , 𝐿௢ , ℎ௢ , 𝐿௕ , ℎ஽ , 𝑠ଵ, 𝐷, 𝑙, ∆𝑆, 𝑊, tan 𝛼 , 𝑠ଶ, ℎ௅ , 𝐿௅) = 0          (6-1) 

 

The maximum runup (R) at the landward end of the lagoon can be identified depending 

on the incident wave characteristics, the upstream wave height (Ho), wavelength (Lo) and 

(a) 

(b) 

(c) 

Figure 6-1 (a) Definition of parameters for solitary wave runup with vegetated-sand 
dune-coastal lagoon, (b) Experimental setup, (c) Arrangement of forest model. 
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water depth in the constant depth region (ho), and lagoon physical characteristics, beach 

length (Lb), sand dune height (hD), beach slope (s1), the diameter of trees (D), tree height 

(l), vegetation spacing (ΔS), forest width in cross-shore direction (W), the back slope of the 

sand dune (tanα), slope of landside in the lagoon (s2), initial lagoon water depth (hL) and 

the lagoon length in cross-shore direction (LL). The water surface elevation change, η (x, t) 

concerning time t was measured. Space x was chosen near the toe of the beach slope (x=Xo) 

for incident wave height (Ho) and at the toe of rearmost slope (x=XT) for wave transmission 

height (HT) to analyse the wave evolution nearby the lagoon. Fig. 6-1(c) explains the 

definition of vegetation arrangement. The transmission coefficient (HT/Ho) and the non-

dimensionalised runup denoted by R/ho (maximum runup over water depth) and R/Ho 

(maximum runup over wave height) were used in analysing the effect against the single 

slope, the lagoon model and the forest model. 

The experiments were performed in a flume with 20m, 0.3m and 0.6m in length, width, 

and height, respectively, at Hydraulic Laboratory in Saitama University. The measurement 

of water level was done by using wave gauges with a sampling frequency of 100Hz and an 

accuracy of 0.1mm. The scale of 1:100 was used for the experimental study for measuring 

runup against the lagoon model with and without forest model. The front beach slopes (s1) 

of 1/1, 1/2, 1/4, 1/7 and 1/10 was tested to obtain plunging breaking, surging breaking and 

nonbreaking solitary waves. The connecting sand dune ridge between the beach slope and 

the lagoon bottom was established as a trapezoidal section with a lagoon inside slope (tanα) 

as 1/7. The experiments with a convex slope section made by a smooth plastic sheet were 

conducted instead of the trapezoidal section to observe the effect of back slope (tanα) of a 

sand dune. The model continued a horizontal bed followed by a slope (s2) of 1/4, and they 

were made of wooden planks painted with water-resistant paint. A simplified approach to 

physical modelling of the sand dune has been presented here assuming the slope of both 

beach and sand dune are same and nonerodable. Better details regarding erosion process 

and different slopes are required when dealing against the real sand dune with vegetation 

as dune protection. The horizontal distance from the wavemaker to the still water shoreline 

was kept more than 7 m always, which is approximately equal to the wavelength of the 

lengthiest wave generated. More than 10 minutes of waiting time were allowed in between 

two successive experimental runs, to make sure that the water surface returned to the 
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quiescent state. The side video camera, V1 was used to visualise the wave phenomena 

occurred inside of the forest model and the breaking characteristics at the beach slope. The 

breaking features inside the lagoon was observed by a side video camera, V2. The 

maximum runup was examined by overhead camera V3 and measured by image analysis 

to the accuracy of 5mm based on the marker lines on the runup board. The wave gauge G1 

and G4 were placed to measure the incident wave height (Ho) and the transmitted wave 

height (HT), respectively. The parameters were changed according to Table 6-1. 

Table 6-1 Experimental cases for sand dune coastal lagoon (TR – trapezoidal shape, CO – 

convex slope). The parameters referring to s1, s2, ho and hL are beach slope, final 

slope/landside slope, sand dune height and lagoon inside water depth, respectively.   

Case No 1/s1 1/s2 ho(cm) hD(cm) hL(cm) TR/CO 

1 1 4 20 3 4 TR 

2 2 4 20 3 4 TR 

3 4 4 20 3 4 TR 

4 7 4 20 3 4 TR 

5 10 4 20 3 4 TR 

6 7 4 22 1 6 TR 

7 7 4 20 3 4 CO 

8 7 4 21 2 5 CO 

9 7 4 22 1 6 CO 

10 7 4 20 3 12 CO 

11 7 4 20 5 10 CO 

12 7 4 22 3 12 CO 

13 7 4 20 5 12 CO 

14 7 4 21 4 13 CO 

15 7 4 22 3 14 CO 
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In all experimental cases with the lagoon model, the water level in both seaside and 

lagoon inside were kept as same by changing the initial lagoon depth (hL) and changing 

upstream water depth (ho). Note that during the flood tide and ebb tide the water level 

fluctuates and the water level is not the same. In this study, those fluctuations were not 

considered and hence ignored the effect of current produced by tidal change and 

concentrated on the wave component only. The sand dune height (hD) was also adjusted by 

raising in the case of the convex slope as the back slope (s2) and beach slope (s1) as 1/7. 

The lagoon length (LL) was fixed as 50cm for all the cases. The effect of crest width and 

lagoon length in cross-shore direction was not taken into modelling physically, and the 

horizontal length scale of a tsunami was found to be challenging to match with real 

conditions due to the limited length scale of the flume. More attention was given in to find 

out energy dissipation by turbulence and wave reflection rather than the bed friction losses 

due to wave travelling over the crest width and along the cross-shore. 

The forest model was placed on the front slope of a sand dune (LFV), on the middle 

of the sand dune (LMV), on the back slope of a sand dune (LBV) and the front, middle and 

back of a sand dune (LAV), as shown in Fig. 6-2 and Table 6-2. The forest model was used 

to represent the forest grown on a sand dune and the rigid trunk of trees which was enough 

to keep the top of trees under the emergent condition for all wave conditions. 

Table 6-2 Experimental conditions for sand dune coastal lagoon with the forest 

Case Front 
Slope 
(1/s1) 

Water depth 
(ho, cm) 

Vegetation 
width (W, cm) 

Model arrangement 

LFV 7 20 20 Lagoon model with forest on 
front slope of sand dune 

LMV 7 20 20 Lagoon model with forest on 
horizontal surface of sand dune 

LBV 7 20 20 Lagoon model with forest on 
back slope of sand dune 

LAV 7 20 60 Lagoon model with forest on 
front, middle and back of sand 
dune 



80 
 

 

The forest model width (W) was changed as 20cm in LFV, LMV and LBV, and 60cm 

in LAV along the cross-shore direction. The water depth (h0) was kept constant as 20cm 

for experiments with lagoon model and forest model to obtain a runup relationship.  

The maximum orbital velocity in open water, Uo occurs under the wave crest, is given 

by (Pujara et al., 2015). 

 𝑈௢ =
ு೚

௛೚
ඥ𝑔ℎ௢ (6-2) 

According to Sumer et al. (2010), who studied the transition from the laminar bottom 

boundary layer to turbulence in a solitary wave, relevant Reynolds number, Reo was 

defined as 

 𝑅𝑒௢ =
௔೚௎೚

ఔ
 (6-3) 

Figure 6-2 The placement of forest model for s1=1/7, s2=1/4, ho=20cm, hD=3cm and 
hL=4cm (a) front slope (LFV), (b) horizontal bed (LMV), (c) back slope (LBV) and 
(d) combination of all (LAV). 
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Here ν is the kinematic viscosity of water and ao is the length scale which is the half-

excursion-length for a water particle, given by 

 𝑎௢ =
௎೚

௞௖
 (6-4) 

where k and c are wavenumber and wave celerity, respectively. In all cases, the range of 

Reynolds number in the constant depth region (Reo) is from 1.5 x 104 to 7.2 x 104 which 

falls under the regime of transition to turbulence at Recr 5 x 105 (Sumer et al., 2010). In 

these test conditions, the water temperature was 20◦C and kinematic viscosity was taken as 

1.0×10−6 m2 s−1. The tree spacing (ΔS) is 23mm which give the proportion of volume 

occupied by the solid canopy (ϕ) as 0.04 (ϕ = (π/4)(D/ΔS)2) and the frontal area density, A 

as 0.009 (A = D/ΔS2). This also implies that it is valid to neglect the interactions among the 

stems as ϕ <0.08 (Mullarney and Henderson, 2018; Raupach, 1992). 

A stem Reynolds number Ret, is defined by 

 𝑅𝑒௧ =
஽௎೚

ఔ
 (6-5) 

In the present experiments, 9.26 x 102 < Ret < 2.8 x 103. 

6.3 Results and Discussion 

6.3.1 Wave transformation and runup on a sand dune coastal lagoon without a forest 

The results for the maximum runup with a sand dune coastal lagoon model (R/ho) for the 

cases illustrated in Table 6-1, were plotted against the surf-similarity parameter, ξ given by 

s2/(Ho/ho). The maximum runup on a single slope is reduced by introducing the sand dune 

coastal lagoon model with final slope (s2) as 1/4 for all the cases. However, the Case 9 

where higher wave height to water depth ratios (Ho/ho) with still water depth (ho), lagoon 

inside water depth (hL) and sand dune height (hD) equals to 22, 6 and 1 cm respectively, 

has shown relatively less runup reduction compare with the other cases given in Table 6-

1. The reason for the amplification of runup can be explained by the resonance phenomena 

where the horizontal distance from the seaside end of sand dune ridge to the toe of the final 

slope was approximately equal to the one-fourth of incident wavelength (Lo). In Chapter 7, 

the resonance phenomena are further discussed.   
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Based on the 114 observations as included in Table 6-1, an empirical equation for 

estimating the solitary wave runup (R/ho) on sand dune coastal lagoon which consists of 

the parameters, sand dune height (hD), final slope (s2), wave height (Ho), still water depth 

(ho) and surf-similarity parameter (ξ = s2/(Ho/ho)) can be expressed as  

 
ோ

௛೚
= ቀ𝐶ଷ − 𝐶ସ

௛ವ

ு೚
ቁ 𝑠ଶ

஼ఱ𝜉(ି஼ల ୪୬ ௦మି஼ళ) (6-6) 

The empirical coefficients of C3, C4, C5, C6, and C7 gives 2.7911, 1.3809, 0.9828, 

0.2002 and 1.0479, respectively. The statistical measures of mean absolute error (MAE), 

the root-mean-square (RMSE), scatter index (SCI), correlation coefficient (R2) and 

agreement index (CR) were found as 0.04, 0.003, 0.005, 0.944 and 0.985 respectively. The 

statistical measures show that the correlation between the experiments and the calculated 

by the proposed Eq. (6-6) is very high. It is observed that even the proposed empirical 

Figure 6-3 The non-dimensionalised runup (R/ho) against the surf-similarity 
parameter, ξ is given by s2/(Ho/ho) where s2, Ho and ho are final slope, wave height 
and water depth in constant depth region, respectively. Cases no. 1 to 15 are 
concerning Table 6-1. 
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equation does not include the parameters of the lagoon inside water depth (hL), foreshore 

slope (s1) and back slope of the lagoon, the equation predicts reasonably well for the 

experimental laboratory results. The proposed empirical solution is shown goodness of fit 

with experimental data as almost all of the data lies within a 20% error range as in Fig. 6-

4.  

 

Hence the proposed empirical equation can be used to apply for estimating solitary 

wave runup on a sand dune coastal lagoon without the forest condition. The sand dune 

height restricts the overtopping volume passing over it and retards the wave energy by 

wave reflection which causes the lesser runup in the downstream (See Vinodh and Tanaka, 

2018a, 2018b, 2018c). This reduction was slightly changed depending on the breaking 

condition at beach slope when other different slopes were introduced as beach slope (s1). 

The runup reduction can be explained by plotting results of non-dimensionalised runup 

Figure 6-4 Comparison of the measured values and the calculated values by Eq. (6-
6) for experimental results for runup with a sand dune coastal lagoon. Cases are 
regarding Table 6-1. 
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using R/Ho (i.e., maximum runup over wave height) versus So (slope parameter) introduced 

by Grilli et al. (1997) as shown in Fig. 6-5. 

 𝑆௢ = 1.521𝑠 ቀ
ு

௛
ቁ

ି଴.ହ

 (6-6) 

 

Grilli et al. (1997)’s guidelines can be used to distinguish breaking types as Spilling 

breaking (So < 0.025), Plunging breaking (0.025 < So < 0.3), Surging breaking (0.3 < So < 

0.37) and Non-breaking (So < 0.37). The visual observations made by video camera 

recordings during the present laboratory experiments verified that the type of solitary wave 

breaking matched the prediction of Grilli et al. (1997). The plunging breaking type could 

be observed where So < 0.3. The surging breaking type could be seen where 0.3 < So < 0.37. 

The breaking was not observed for So > 0.37. The spilling breaking type could not be seen 

at the beach slope for the wave conditions tested in this study. 

The wave runup after overtopping for nonbreaking waves of highly nonlinear (i.e., 

solitary bores, Ho/ho>0.18) does not exhibit a dependence on either the slope (s) or the 

Figure 6-5 The non-dimensionalised runup (R/Ho) against the slope parameter (So) 
where s1, Ho and ho denotes beach slope, wave height and still water depth, 
respectively. 
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slope parameter (So) in case of steep beach slopes (s1) of 1/1 and 1/2. The maximum runup 

for breaking waves follows a linear relationship with slope parameter when the slope 

parameter, So <0.37. At near breaking, the solitary waves show a rapidly increasing trend 

where So is reaching 0.37. The runup increases with slope when it gets milder for 

nonbreaking weakly nonlinear waves (i.e., solitary waves, Ho/ho = 0.14) and it shows the 

lower bound of non-dimensionalized runup height for nonbreaking waves. The wave runup 

after overtopping for breaking waves shows lesser runup than the nonbreaking waves of 

same wave height over water depth (Ho/ho). The differences in breaking characteristics the 

lagoon inside caused minor variations in the runup. 

The transmission coefficient (HT/Ho) was calculated for the cases 1 to 5 by changing 

beach slope, and the results were plotted against the surf-similarity parameter, ξ given by 

s1/(Ho/ho) as shown in Fig. 6-6. As the wave passes from deep water to shallow water onto 

the lagoon, the waves become highly nonlinear. The waves become oscillatory inside of 

the lagoon with significantly reduced periods as compared with the initial wave. The 

turbulent bores were observed inside the lagoon for all the cases. The breaking type in Fig. 

6-6 is categorized as per the geometric form of breaking identified at the beach slope. Near 

breaking condition like the results of maximum runup, the transmission coefficient (HT/Ho) 

is rapidly increasing and reduces after breaking occurred. Nonbreaking incident waves on 

the slope (s1) of 1/10 caused the highest transmission coefficient (HT/Ho) out of all other 

cases where energy dissipation was minimum. 



86 
 

 

6.3.2 Wave transformation and runup on a sand dune coastal lagoon with a forest 

Time series of a typical set of results (ho =20cm, Ho=8cm, s1=1/7, s2=1/4) for the free-

surface elevation with and without forest model are plotted in Fig.5-7. It can be seen that 

wave height reduction in the cases of LFV, LMV and LBV (i.e., 20 cm width of the forest) 

and the wave height is further reduced in the cases of LAV (i.e., 60 cm width of the forest). 

The presence of forest caused the water level in front of a forest to increase due to 

backwater effects and/or multiple wave reflection from the flow obstruction caused by the 

forest model (See Fig. 6-2) and the delay in wave arrival in downstream. Undulations in 

the reflected wave recorded by G2 (i.e., x/ho = 14.8, at the toe of beach slope) and G3  (i.e., 

x/ho = 7.8, at the shoreline), as in Fig. 6-7, suggested the presence of incident and reflected 

waves and may cause due to the presence of partial standing waves as shown by Mei et al. 

(2014) in addition to the reflection by a slope. The multiple reflected waves formed inside 

the forest are radiated into the offshore, as observed in Fig. 6-7, which was also identified 

by Chang and Liu (2019).  

Figure 6-6 Transmission coefficient (HT/Ho) versus surf-similarity parameter, ξ given 
by s1/(Ho/ho). Case numbers are concerning Table 6-1. BT – breaking type at beach 
slope, NB – nonbreaking, PL – plunging breaking and SU – surging breaking. 
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In Fig. 6-7, where forest model was placed on the back slope of the sand dune (LBV) 

such undulations were not observed as recorded by G2 and G3. Since the forest model was 

placed on the back slope of a sand dune, the reflection by the forest is weak compare to the 

incoming flow. The slope parameter (So) described the runup similarity well with breaking 

phenomena. Hence, it was used to interpret the maximum runup results with the forest and 

without forest, as shown in Fig. 6-8. 

Figure 6-7 Wave evolution with and without forest model. Cases are regarding Table 
6-1 and Table 6-2. The definitions of the parameters are shown in Figure 6-1. Ho, 
HG2, HG3 and HT are referring to the water surface elevation measurements at the 
locations of wave gauges. 
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These results suggest that the reduction of solitary wave runup with the forest is 

responsive to the change of incident wave height. The attenuation of maximum wave runup 

is neither increased nor decreased monotonically with the wave height. At near breaking 

where So varies 0.46 to 0.48, the maximum runup could be observed in both cases with 

lagoon model and lagoon model with a forest width (W) is 20 cm. The runup reduction was 

17% to 18% at near breaking. For weakly nonlinear waves (low Ho/ho) with forest width 

of W = 20 cm, the runup reduction is much higher, and it was recorded as 21% to 45%. The 

maximum runup reduction occurred at when forest model is at front beach slope (LFV) 

and then on the horizontal bed (LMV) for weakly nonlinear waves. This is because the 

closer the barrier is to the shoreline, the more intense the flow interacting with the barrier 

are, which is when the momentum can be expected as high. These high intense interactions 

provide a loss of energy as the flow impacts with itself and against the forest barrier. The 

least runup reduction occurred at forest model at the back slope (LBV) in case of modelling 

with forest width of W is 20 cm which causes minimum wave reflection back to offshore. 

For highly nonlinear waves (high Ho/ho) the runup reduction was varied in a range of 26% 

Figure 6-8 The maximum runup (R/Ho) versus the slope parameter (So) for sand dune 
coastal lagoon with and without forest model. Cases are with reference to Table 6-2.  
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to 36% where maximum runup reduction was observed at forest model on the horizontal 

bed (LMV). When the forest model is on the horizontal bed, the water column for the 

interaction with vegetation is happened to be higher than the forest model on slopes. When 

the forest width (W) is increased as three times as before (i.e., W from 20 cm to 60 cm) the 

runup reduction was observed as 55% to 81%. For near breaking point (So is 0.46 to 0.48) 

the runup reduction was recorded as 72%. Highly nonlinear waves showed lesser runup 

reduction in comparison with the weakly nonlinear waves. 

The transmission coefficients (HT/Ho) against the slope parameter (So) for the cases 

with forest model are shown in Fig. 6-9. It could be seen that the transmission coefficient 

increases with the slope parameter (So) until the near breaking stage for W equals 20 cm 

and then reduces after the breaking occurred. Nevertheless, overall, the effect of wave 

attenuation and the runup reduction by changing the location of the forest in a sand dune 

found less significant. When the forest width was increased three times of previous width 

(i.e., W is 60 cm), the transmission coefficient (HT/Ho) decreases with increasing slope 

parameter (So) monotonically. Overall, amplitude attenuation by the forest is evident from 

Fig. 6-9. 

Similarly, as observed in Fig. 6-8 for maximum runup with the forest model, wave 

attenuation for highly nonlinear waves are less compare to weakly nonlinear waves. 

Therefore, a larger forest width was found to be more efficient in wave energy dissipation 

even when energy reduction at the beach slope is not sufficient enough but found to be 

relatively less effective for highly nonlinear waves. The effectiveness of wave runup 

reduction is also found to be dependent on surf-similarity of the beach. 
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The wave transformation across the lagoon is a complicated problem, and it is true 

that numerical models, particularly concerning modelling energy losses, provide accurate 

results than both analytic and empirical expressions (Kirby, 2017). One common feature 

of numerical simulations referred to is that it is difficult to get quantitative data from the 

computational models without reiterating the solution process, except for those values of 

the parameters for which the governing equations were incorporated into each study. Local 

focusing, refraction, diffraction and reflection effects may play an essential role in tsunami 

runup. Still, it is elementary to explain the observations employing either analytical or 

empirical solution for runup using was the local beach slope and wave height to depth ratio. 

As the sand dune is vulnerable to disturbance by tsunami inundation of prolonged 

period, the strengthening of sand dune by vegetation is required. In case the first wave in 

tsunami destroys the sand dune, the energy reduction for preceding waves (Eco-DRR 

function) becomes less. More study is needed in future on this point. It is noteworthy to 

acknowledge that other than limitations in physical space, constraints such as the producing 

tsunami-like solitary wave in laboratory scale, the forest width, the diameter of the coastal 

Figure 6-9 The transmission coefficient (HT/Ho) versus the slope parameter (So) for 
sand dune coastal lagoon with and without forest model. Cases are regarding Table 
6-2.  
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trees and setting the beach slope encountered some technical troubles. Due to that fact, it 

is recommended for further studies, including numerical modelling, are required to 

investigate the influence of properties in a coastal zone against the tsunami runup in a 

precise form. Past field survey and historical data information are also crucial in calibrating 

the numerical model. Nonetheless, the results of the present model may prove beneficial 

for the initial estimate and understand the phenomena in tree planting projects for 

development projects nearby coastal lagoons. 

6.4 Conclusion 

The maximum runup on the landward slope of a sand dune coastal lagoon with and without 

forest was measured by changing the incident wave characteristics, beach slope, sand dune 

height and lagoon inside water depth. The resultant wave due to overtopping of plunging 

breaking, surging breaking and nonbreaking waves were observed with the Lagoon model. 

In order to observe the maximum runup effect with a lagoon, the beach slope of 1/1, 1/2, 

1/4, 1/7 and 1/10 was used. The solitary waves of wave height to depth ratio from 0.1 to 

0.4 were used in the experiments. Hence using 114 observations of maximum runup with 

a sand dune coastal lagoon model without forest, an empirical equation was derived by 

multiple linear regression analysis. The equation shows good correlation with data by 

giving mean absolute error (MAE), the root-mean-square (RMSE), scatter index (SCI), 

correlation coefficient (R2) and agreement index (CR) as 0.04, 0.003, 0.005, 0.944 and 

0.985 respectively. The present empirical model does not include the parameters of the 

lagoon inside water depth and the front beach slope. Besides, almost all the tested 

laboratory-measured values are within the 20% error range. Hence it can be used as an 

initial estimate and verify numerical models in solitary wave runup. 

Mild beach slopes have the advantage of inducing the breaking of the incident wave, 

which can reduce the runup height. Still, such beach slopes are vulnerable for nonbreaking 

relatively weakly nonlinear incident waves (low wave height to water depth ratio) as such 

waves on milder slopes cause higher wave transmission and runup. The runup on a sand 

dune coastal lagoon with a forest of finite width is reduced effectively by 17% to 45% 

depending on the slope parameter of front beach slope which is associated with the 

breaking phenomenon. At near-breaking condition, the effectiveness of coastal trees is 
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found to be comparatively less. However, by introducing a larger forest width, the runup 

can be further reduced by 55% to 81%. It is also noticed that the wave attenuation and the 

runup reduction by forest are relatively lesser for highly nonlinear waves (i.e., higher wave 

height to water depth ratio). The placement of forest on a sand dune is discussed and found 

that when the forest is situated at the front of a sand dune, it causes slightly higher runup 

reduction for weakly nonlinear waves (low wave height to water depth ratio). When a forest 

is located on the horizontal surface of the sand dune, the higher runup reduction is occurred 

for highly nonlinear waves / high wave height to water depth ratio. However, overall, the 

effect of wave attenuation and the runup reduction by changing the location of the forest 

in a sand dune found less significant compare to the impact of forest width.  

Other than constraints in physical space, producing tsunami-like solitary wave in 

laboratory scale, modelling the coastal trees and setting the beach slope encountered some 

technical troubles. It is recommended for further studies, including numerical modelling, 

are required to investigate the influence of properties in a coastal zone against the tsunami 

runup in a precise form. Past field survey and historical data information are also crucial 

in calibrating the numerical model. Nonetheless, the results of the present study may prove 

beneficial for the initial estimate and understand the fundamental phenomena in Eco-DRR 

projects for coastal lagoons.  
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Chapter 7  

Runup with coral reef 

7.1 Introduction 

Coral reefs are natural structures which are highly precious in many ways as they represent 

immense ecological value. Coral reefs also play a role in safeguarding the beaches behind 

them and offer many potentials for recreation and tourism in a country. 

The protective role of reefs in tsunami mitigation aroused the attentions of the 

researchers as a result of the post-disaster surveys on tsunami hazards. Many anecdotal 

reports proposed that intact and healthy coral reefs reduced tsunami damage to 

communities on the coast effectively. Kunkul et al. (2006) showed by using numerical 

simulation that the effectiveness of coral reef system depends on the wave height and 

wavelength of the tsunami, the geometry and health of the reef, and the reef flat width. 

Fernando et al. (2005) observed that illegal coral mining along unsupervised beaches as in 

Peraliya, Sri Lanka had created low-resistance paths which allowed funnel the energy of 

tsunami into the land and cause intensive damages. Wijetunge (2014) suggested that, in 

general, the influence of onshore topography to have been more influential in enhancing 

the tsunami impact in the stretch of Akurala relative to the neighbouring areas to the north 

and the south. Pomonis et al. (2006) reported that the damage in the southern part of town 

between Thiranagama and Dodanduwa did not seem so severe, probably due to the natural 

breakwater protection by the coral reef. They also observed that hotels along the coast 

underwent minor structural damage and were open to tourists at the time of their field 

mission. Gelfenbaum et al. (2011) showed that embayment that narrow landward that have 

an incised deep channel can cause a considerable rise in tsunami wave heights, velocities 

and inundation distances whereas wide embayment, induce some tsunami amplification, 

but not as much as per the case of narrow embayment. Ford et al. (2014) explained that the 

tsunami wave transmission across the reef flats is shown to be tidally dependent. Wave 

heights are increasing towards the shoreline at high tide and decreasing at low tide. Nakaza 

et al. (1991) observed bore-like surf beat resonantly excited incoming wave groups in reef 

coasts. In reef-type bathymetry profiles, a very short wave-breaking zone over the steep 

reef face facilitates the freeing of infragravity (low-frequency) period fluctuations (surf 
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beat) with little energy loss (Cheriton et al., 2016). Gawehn et al. (2016) observed resonant 

very low-frequency waves had nonlinear, bore-like wave shapes, which have a larger 

influence on the shoreline than sinusoidal waveforms. Further, they classified the very low-

frequency motions into four different classes as resonant, standing (non-resonant), 

progressive-growing, and progressive dissipative waves. Roeber et al. (2010) showed that 

it is essential to know about the local resonance to mitigate hazard than the origin and 

direction of the tsunami. 

Baird et al. (2005) illustrated that healthy reefs could not mitigate the damages on land, 

and the inundation distance was mainly determined by the incident wave height and the 

onshore topography. Chatenoux and Peduzzi (2007) in a statistical analysis covering 

several tsunami-affected countries by IOT including Sri Lanka, found no considerable 

influence of the existence of coral reefs in reducing the tsunami damage. Damages to the 

coral reefs have also been reported. Rajasuriya et al. (2006) found that coral reefs were 

severely damaged by the debris and smothered by sand transported during the incoming 

and withdrawal of the tsunami in Sri Lanka.  

Waves that propagate over the reef result in a bimodal wave spectrum that consists of 

a combination of sea-swell (high-frequency) waves and infragravity (low-frequency) 

waves (Pomeroy et al., 2012). That is why many laboratory investigations on the 

interaction between waves and coral reef platforms focused mainly on the transformation 

of regular waves (e.g., Gourlay and Colleter, 2005) or irregular waves (e.g. Takayama et 

al., 1977; Nwogu and Demirbilek, 2010; Yasuda et al., 2020). Solitary waves have been 

utilized in many studies to model the leading wave of a tsunami wave train as they represent 

many essential properties of a tsunami than both regular and irregular waves. According to 

the author’s knowledge, the laboratory studies on the tsunami-like solitary wave 

transformation on coral reefs are studied only by Quiroga and Cheung (2013) and Yao et 

al. (2018). Besides both researchers have not studied the resonance phenomena excited by 

a coral reef platform which can be considered as the worst-case scenario in a tsunami. 

The common challenge for knowing the hydrodynamics in all canopies is 

appropriately accounting for the highly fluctuating spatial flow structure that occurs within 

even the simplest morphologies (Nunes and Pawlak, 2008). In the literature, there have 
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been attempts to directly observe or numerically simulate the three-dimensional turbulent 

flow structure through individual branching coral colonies (Chindapol et al., 2013). 

However, for tsunami simulation, such methods are costly computationally, requiring 

flows to be resolved down to scales on the order of millimetres. Thus, it remains unfeasible 

to resolve the roughness geometries of coral reefs at the scale of entire reef communities 

or systems. Therefore, in the numerical simulation of wave and circulation, variability in 

reef geometry occurs at a scale finer than the resolution of a computational grid. Hence, 

drag due to the small-scale coral reefs must be parameterized. On reefs, bottom friction is 

a critical term in the momentum balance and the dissipation loss. The correct 

parameterisation of the bottom drag can be done by either calibrating with field data 

analysis or laboratory modelling (Jaramillo and Pawlak, 2011; Monismith, 2007). 

Surface wave-driven flows can be considered as a general feature of many coral reefs. 

As a result, it is appeared to follow predictions of theories based on the concept of radiation 

stress gradients. Most of the models of surface wave-driven flow over reefs (e.g., (Gourlay 

and Colleter, 2005)) are based on the suggestion of Longuet-Higgins& Stewart (1962). 

Even wave energy is dissipated by turbulence, in principle, the conservation of momentum 

requires that there should be a force exerted on the obstacle, equal to the rate of change of 

a wave momentum. This force is a manifestation of the radiation stress as hypothesised by 

Longuet-Higgins and Stewart (1964). No theory existed, and only empirical suggestions 

could be found for estimating the wave setup induced by breaking waves (Bowen et al., 

1968; Dean and Walton, 2017; Longuet-Higgins and Stewart, 1964; Stockdon et al., 2006). 

Hearn (1999) pointed out that a change in reef water depth alters the across-reef current 

because of two principal physical effects. When the reef water depth is shallow, will be 

dampened due to the strong friction, whereas when the reef water depth is higher, will be 

weakened because of the limited breaking and hence cause small radiation stress gradients 

(Gourlay, 1996a, 1996b; Gourlay and Colleter, 2005). Thus, there will be a reef water depth 

at which the surface wave-driven flow at its maximum. 

Moreover, tidal fluctuations will variate mean flows over the reef. Most of the reef-

based studies mentioned above are conducted without modelling the roughness of corals. 

The researchers those who have modelled the coral reef roughness, have chosen either 

array of cylinders (Lowe, 2005; Yao et al., 2018) or array of concrete cubes (Buckley et 
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al., 2016) or timber beams at regular intervals (Quiroga and Cheung, 2013). Yao et al. 

(2018) found that the ratio of the reef water depth to the incident wave height is the 

dominant parameter to estimate the wave run-ups and suggested empirical runup 

expressions. Quiroga and Cheung (2013) investigated on pitch ratio and concluded that the 

solitary wave propagation and the dissipation is based on roughness height and water depth 

and not on the pitch ratio. 

Laboratory experimental conditions make available for detail measurements to be 

performed such that the hydrodynamics over the reef can be studied in precise form. The 

flume experiments are also suitable to model the measurements in the surf zone where the 

waves are breaking, which can be challenging to conduct field experiments because of the 

energetic conditions at that surveying point. The study aims to use the laboratory 

experiments based on solitary wave runup on a coral reef system to understand better and 

describe tsunami wave transformation over a coral reef system. 

7.2 Materials and Methods 

A series of experiments for a coral reef system was conducted at Hydraulic Engineering 

Laboratory in Saitama University. Flume dimensions are 20m, 0.3m and 0.6m in length, 

width, and height, respectively. Fig. 7-1 defines all the bedform configurations of the 

current experimental setup and the parameters involved in the study following the work of 

Gourlay (1996b) and Yao et al. (2018). 

The maximum runup (R) at the landward end of the reef flat or lagoon can be identified 

depending on the incident wave characteristics, the upstream wave height (Ho), wavelength 

(Lo) and water depth in the constant depth region (ho), and physical characteristics of a 

coral reef system, fore reef slope (s1), the back slope of the seaward reef crest (tanα), the 

landward slope of reef platform (s2), initial lagoon water depth (hL) in case of the lagoon 

and reef water depth in case of reef flat, width from reef edge to the toe of final slope (Lr), 

and the lagoon length in cross-shore direction (LL). Fig. 7-2 shows the schematic layout of 

the experimental setup. A piston-type wavemaker was installed at wave generation end. 
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Figure 7-1 Definition of parameters for the idealized coral reefs; (a) Reef-flat, (b) 
Reef-flat with roughness elements, (c) Reef-crest, (d) Reef-lagoon 

(a) 

(b) 

(c) 

(d) 
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The reef platform and the fore-reef slope were constructed of marine plywood painted 

with water-resistant paint. The model scale was chosen as 1:100. The height of the reef-

flat was 23 cm from the top surface to the bottom of the flume bed. Following Quiroga and 

Cheung (2013), the roughness was created by glueing rectangular strips having cross-

sectional dimensions (K x K) of 1cm x 1cm on both the fore-reef slope of 1/7 and the reef-

flat with a space between roughness elements, w of 1.3, 4, 6, 7 and 9 cm. The resultant 

pitch ratio defined by w/K (ratio between the space and height of roughness elements) 

according to Fig. 7-2 varied from 1.3 to 9 which describes the wave interactions and energy 

dissipation mechanism (Leonardi et al., 2007, 2003; Perry et al., 1969). Here w/K of 1.3 

can be identified as ‘d’ type roughness, and w/K of 4, 6, 7 and 9 can be considered as ‘k’ 

type roughness. The reef-flat width (Lr) was fixed at 147 cm. The reef-crest was 2 cm in 

height and 20 cm in top width with front slope and back slope of 1/7. Hence, the set of 

coral reef roughness used in this study can define general one-dimensional flow variation 

in a coral reef system. Identical test runs were performed with both smooth surface and bed 

with different roughness on the reef flat and forereef. 

Figure 7-2 Schematic view of experimental setup for coral reef system; (a) Section 
view, (b) Plan view. 
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The water surface elevation was measured using four capacitance-type wave gauges 

with a frequency of 100Hz, as shown in Fig. 7-2. The calibration of wave gauges was done 

by the standard method of lowering systematically into the water and recording the output 

voltage accordingly. The reference wave gauge G1 was placed at 6 m from the piston. The 

horizontal distance from the wave gauge G1 to the toe of the beach slope was kept at 5.35 

m where wave gauge G2 was placed. The wave gauge G3 was placed at the near edge of 

reef ridge which was 7 m away from G1. In order to measure transmitted height, HT, the 

wave gauge G4 was placed near the toe of the final slope, which is 8.05 m away from the 

wave gauge G1. The wave measurement locations of G1, G2, G3 and G4 were fixed for all 

the bedform configurations and wave conditions. The maximum values of the surface 

elevation recorded by G1, G2, G3 and G4 were defined as incident wave height (Ho), wave 

height at the toe of the beach slope (Hbst), wave height at the reef-edge (Hcr) and the 

transmitted wave height (HT), respectively in the study. The results ensured that there was 

no significant peak reduction caused by the fore-reef slope in the readings of the wave 

gauge G1. The water depths (ho) were changed from 20 cm to 30 cm, as shown in Table 7-

1. The corresponding hr was varied from 0 cm to 7 cm (i.e., hr = ho – 23 for ho > 23 and hr 

= 0 for ho ≤ 23). In the case of reef-lagoon, the corresponding hL was changed from 4 cm 

to 14 cm (i.e., hL = ho – 16). In all experimental cases with the lagoon model, the water 

level in both offshore and reef-side was kept as same by changing the initial reef water 

depth (hr) in case of reef-flat or initial reef-lagoon water depth (hL) in case of reef-lagoon 

depth and changing upstream water depth (ho). Note that during the flood tide and ebb tide 

the water level fluctuates and the water level is not the same. In this study, those 

fluctuations were not considered and hence ignored the effect of current produced by tidal 

change and concentrated on the wave-driven component only. 
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Table 7-1 Experimental conditions for a coral reef system. K, w, Ho and ho are height of 

roughness element, spacing between roughness elements, incident wave height and still 

water depth, respectively. 

Case No Case w/K Ho (cm) ho (cm) 

RF Reef-flat N/A 2.4-8.3 23,25,26,30 

RC Reef-crest N/A 2.4-8.3 23,25,26,30 

RFR1.3 Reef-flat with roughness 1.3 2.4-8.3 23,25,26,30 

RFR4 Reef-flat with roughness 4 2.4-8.3 23,25,26,30 

RFR6 Reef-flat with roughness 6 2.4-8.3 23,25,26,30 

RFR7 Reef-flat with roughness 7 2.4-8.3 23,25,26,30 

RFR9 Reef-flat with roughness 9 2.4-8.3 23,25,26,30 

RL Reef-lagoon N/A 2.4-8.3 20,21,22,23,24,25,26,27,28,30 

 

Seven different solitary wave heights, ranging from 2.4 cm to 8.3 cm for a water depth 

of ho, was used. The wave height to depth ratio (Ho/ho) was varied from 0.1 to 0.4. The 

current experimental database includes 308 tests for the estimation of runup changing the 

settings of three types of bed transformations (i.e., reef-flat, reef-crest and reef-lagoon) 

including the change of still water depth (ho), wave height (Ho), and pitch ratio (w/K). The 

maximum runup, which is defined as vertical extent of wave action above still water level, 

was tracked by an overhead camera based on the marker lines on the runup board with an 

accuracy of 5 mm. The geometric form of the breaking type was observed using the side 

video camera recordings. Some tests were randomly repeated and found that the results of 

maximum runup showed consistency within 5 mm range for an input value of offshore 

wave height (Ho) to the wavemaker program. This experimental study showed 

measurements of solitary wave transformation over a reef with and without roughness 

elements and the effect of spacing of roughness elements varied under a broad range of 

solitary wave conditions. The controlled laboratory environment allows a view of the bed-
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form changes on wave shoaling, breaking, transmission and runup. The present 

experimental results are also compared with Yao et al. (2018). 

In the case of the resonance phenomenon, the reef flat can be schematised as an open 

basin with one closed-end and one open-end (Nwogu and Demirbilek, 2010). The lowest 

order of oscillation (i.e., fundamental mode) that can exist in a typical reef flat is a wave 

with a node on the open-end (i.e., at the reef crest), and an antinode on the closed-end, at 

the beach. The period of this oscillation can be roughly estimated by using the cross-shore 

distance between the node and antinode is one-fourth of the incident wavelength or by 

using the wave period. The natural oscillation, Tn of the open basin can be estimated by 

 𝑇௡ =
ସ௅ೝ

(ଶ௡ାଵ)ඥ௚௛ೝ
 (7-1) 

Here Lr is the cross-shore distance of reef-flat, hr is water depth over the reef-flat 

region, n is mode number and g is the gravitational acceleration. The fundamental mode of 

n = 0 mode has the maximum period. In contrast, the other modes (the overtones of the 

main fundamental) have periods equal to one-half, one-third, one-fourth and so on, of the 

fundamental period. However, the actual resonance period deviates from Eq. (7-1) as the 

wave celerity reduction by bottom friction, the correction to the cross-shore distance of 

reef-flat (Lr) and reef water depth (hr) to account the presence of the beach slope and the 

wave setup. 

7.3 Results and Discussion 

7.3.1 Wave transformation along the Reef-crest, Reef-flat with and without roughness 

The measured water surface elevation corresponding to initial wave height (Ho) and 

transmitted wave height at the toe of beach slope (Hbst), reef-edge (Hcr) and at the toe of 

final slope (HT), respectively, indicated the wave evolution along with the reef bedform 

configurations and incident wave characteristics. Fig. 7-3 shows the non-dimensionalised 

transmitted wave height (Hbst/ho) concerning wave height to depth ratio (Ho/ho) for the case 

of reef-crest (RC), reef-flat (RF) and reef-flat with roughness with pitch ratio (w/K) of 1.3 

(RFR1.3), 4 (RFR4), 6 (RFR6), 7 (RFR7) and 9 (RFR9) as the cases explained in Table 7-

1.  
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The shoaling of the transmitted wave at beach slope (Hbst) concerning the incident 

wave height (Ho) was within 25% range. As the length of the fore-reef slope is smaller than 

the incident wavelength (Lo), the amplitude of the solitary wave increases, and the wave 

shape becomes pitched-forward. However, the shoaling process is not fully evolved in the 

region of fore reef. Therefore, the leading front of the wave reaches the shoreline while 

some part of the waveform remains offshore from the fore reef. As a result, part of wave 

energy is transmitted to the reef flat. The waves which break at the reef-flat induce wave 

setup to cause a rise in the water level above the reef-flat, as shown in Fig. 7-4.  

Figure 7-3 Transmitted wave height at beach slope over water depth (Hbst/ho) against 
the initial wave height to water depth ratio (Ho/ho) for hr > 0, RC – reef-crest, RF – 

reef-flat without roughness, RFR1.3 – reef-flat with w/K of 1.3, RFR4 – reef-flat with 
w/K of 4, RFR6 – reef-flat with w/K of 6, RFR7 – reef-flat with w/K of 7 and RFR9 – 
reef-flat with w/K of 9. 
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In the case of reef-crest (RC), the measurements in water surface elevation taken at 

position G2 was situated on the fore-reef slope near the reef-crest, which also a part of the 

fore-reef slope. Therefore, the values of Hcr were appeared to be higher than the reef-flat 

cases where it was under shoaling stage due to fore-reef slope and the energy leakage over 

the reef-flat part during the wave passing at G2 position was barely minimum. For highly 

nonlinear waves (higher Ho/ho) which break at reef-flat (i.e., denoted by RT in Fig. 7-4), 

due to the wave energy dissipation by depth limited breaking and bed friction, the 

transmitted wave heights (Hcr) were further reduced. The nonbreaking waves and waves 

that break at final slope denoted by NB and BS respectively propagated passing the reef 

ridge with comparatively minimum energy dissipation. The wave transformation results 

given by wave gauge G4 near the toe of final beach slope are shown in Fig. 7-5. 

Figure 7-4 Transmitted wave height at reef ridge over reef water depth (Hcr/hr) against 

the incident wave height to reef water depth ratio (Ho/hr) for hr > 0, BP- breaking 

point, BS – breaking at final slope, NB – nonbreaking, RT – breaking at reef top, RC 
– reef-crest, RF – reef-flat without roughness, RFR1.3 – reef-flat with w/K of 1.3, 
RFR4 – reef-flat with w/K of 4, RFR6 – reef-flat with w/K of 6, RFR7 – reef-flat with 
w/K of 7 and RFR9 – reef-flat with w/K of 9.  
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The waves that break at reef-flat (denoted by RT in Fig. 7-5) shows further reduction 

in wave heights due to energy dissipation by bottom roughness and the turbulence. The 

waves that break at final slope were observed as surge breaking (bore type) and the waves 

that break at reef-flat was observed as spilling breaking. However, in the case of RFR3 (i.e., 

reef-flat with pitch ratio, w/K is 3) where ‘d’ type roughness can be observed, the 

transmitted wave heights were relatively higher implying that dense roughness cause less 

energy dissipation. The energy dissipation by intermediate roughness elements (i.e., ‘k’ 

type roughness in RFR4, RFR6, RFR7 and RFR9) where pitch ratio (w/K) equals to 4, 6, 

7 and 9 was much higher than both the reef-flat without roughness (RF) and reef-flat with 

dense roughness (RFR1.3), cause wave height reduction. The wave height reduction by 

changing pitch ratio (w/K) in ‘k’ type roughness cases did not show a significant difference. 

Quiroga and Cheung (2013) also found that the height of the roughness element (K) and 

reef water depth (hr) define the bore propagation and energy dissipation rate on the reef-

Figure 7-5 Transmitted wave height at final beach slope end over reef water depth 
(HT/hr) against the incident wave height to reef water depth ratio (Ho/hr) for hr > 0, 

BP- breaking point, BS – breaking at final slope, NB – nonbreaking, RT – breaking at 
reef top, RC – reef-crest, RF – reef-flat without roughness, RFR1.3 – reef-flat with 
w/K of 1.3, RFR4 – reef-flat with w/K of 4, RFR6 – reef-flat with w/K of 6, RFR7 – 
reef-flat with w/K of 7 and RFR9 – reef-flat with w/K of 9.  
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flat instead of the pitch ratio (w/K) in ‘k’ type roughness cases. The wave height reduction 

by the reef-crest (denoted by RC) also showed similar capabilities as the ‘k’ type roughness 

cases did. The nonbreaking waves (NB) and the waves that break at the final slope (BS) 

showed shoaling effect due to the reflection by the final slope. The transmitted wave height 

was higher than the incident waves for low offshore incident wave heights (Ho) in high 

water depths (hr) indicating an amplification regardless of the energy dissipation by bottom 

roughness. The depth limited breaking criterion for present experimental conditions was 

found as 0.6. When the incident wave height to reef water depth ratio (Ho/hr) was above 

0.6, waves either break at the final slope of 1/4 or reef flat. For Ho/hr < 0.6, the waves 

propagate throughout the coral reef system without any breaking. The present results of 

depth limited breaking value deviated with the theoretical breaking criterion, which was 

introduced by McCowan (1894) by following the maximum possible wave height of the 

solitary wave in a horizontal bed. Grilli et al. (1997) showed that a maximum wave height 

to depth ratio of 0.78, will only break for a plane slope, s < 1 / 4.7 (β < 120). Tait (1972) 

showed that the wave breaking ratio is dependent on the fore-reef slope. The wave breaking 

ratio decreases into the surf zone with continuing energy dissipation (Hearn, 1999). Since 

the incident wave height (Ho) also deformed at the place of breaking and the wave gauge 

could not capture the exact point of breaking, it is reasonable to deviate the actual result of 

wave breaking ratio from the theoretical breaking criterion. Besides, it can be expected that 

breaking criterion may depend on the fore-reef slope and the bottom roughness. 

7.3.2 Wave runup with the Reef-crest, Reef-flat with and without roughness 

The results of maximum runup (R/Ho) with reef-crest (RC), reef-flat (RF) and reef-flat with 

the roughness of w/K equals to 1.3 (RFR1.3), 4 (RFR4), 6 (RFR6), 7 (RFR7) and 9 (RFR9) 

versus wave height to reef water depth ratio (Ho/hr) were plotted as shown in Fig. 7-6. The 

breaking point (BP) was categorized as breaking at reef-flat (RT), breaking at the final 

slope (BS) and nonbreaking (NB). When the wave height to reef water depth ratio (Ho/hr) 

is below the value of 0.6, the waves propagate through the reef without breaking (denoted 

by NB) as shown in Fig. 7-6. Beyond the value of Ho/hr of 0.6, the breaking occurred at 

the final slope (BS), and for higher Ho/hr the breaking occurred in the reef-flat (RT). The 

runup (R/Ho) was increased with Ho/hr for nonbreaking waves. The highest runup could be 

observed from the waves which broke at beach slope (BS). The runup (R/Ho) was decreased 
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with increasing for Ho/hr for breaking waves which showed the opposite trend of the 

nonbreaking wave runup.  

  

For the comparison of runup (R/Ho), the wave nonlinearity (Ho/ho) is used to 

investigate the effect of hr = 0. The runup height is monotonically decreased with 

decreasing offshore wave heights (Ho) for low water depths (i.e., ho = 25 cm and hr = 2 

cm), as shown in Fig. 7-7 and reef-flat with ‘k’ type roughness. However, in case of ‘d’ 

type roughness (RFR1.3), reef-flat (RF) and reef-crest (RC), the runup (R/Ho) is 

monotonically increased with decreasing offshore wave heights (Ho). When the reef water 

depth, hr is zero, except the reef-flat case (RF) all the other cases, the runup (R/Ho) is 

decreased with decreasing offshore wave heights (Ho).  

Figure 7-6 The non-dimensionalised runup (R/Ho) against the incident wave height 
to reef water depth ratio (Ho/hr) for hr > 0, BP- breaking point, BS – breaking at final 

slope, NB – nonbreaking, RT – breaking at reef top, RC – reef-crest, RF – reef-flat 
without roughness, RFR1.3 – reef-flat with w/K of 1.3, RFR4 – reef-flat with w/K 
of 4, RFR6 – reef-flat with w/K of 6, RFR7 – reef-flat with w/K of 7 and RFR9 – 
reef-flat with w/K of 9.  
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The runup reduction by reef crest as compared to the reef flat was observed up to 31% 

and higher runup reduction was seen in shallow depths. In deep reef water depths, there 

was no reduction could be observed, and some cases runup with reef crest was higher than 

in the case of the reef flat. In reef flat with w/K was 1.3 (i.e., dense roughness) and in 

shallow depths, runup was reduced up to 66%. Nevertheless, the runup has been increased 

up to 10% in deep water for dense roughness case due to the resonance factor. For 

immediate roughness case (i.e., 4 < w/K < 9), the runup reduction was recorded between 

3% to 81%. The highest runup reduction was observed in shallow water depths. 

Figure 7-7 The non-dimensionalised runup (R/Ho) against the incident wave height to 

offshore water depth ratio (Ho/ho) for all reef water depths, hr. RC – reef-crest, RF – 

reef-flat without roughness, RFR1.3 – reef-flat with w/K of 1.3, RFR4 – reef-flat with 
w/K of 4, RFR6 – reef-flat with w/K of 6, RFR7 – reef-flat with w/K of 7 and RFR9 – 
reef-flat with w/K of 9.  
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Figure 7-8 The non-dimensionalised runup (R/Ho) against the incident wavelength to 

reef-flat width ratio (Lo/Lr) for all reef water depths, hr. RC – reef-crest, RF – reef-flat 

without roughness, RFR1.3 – reef-flat with w/K of 1.3, RFR4 – reef-flat with w/K of 
4, RFR6 – reef-flat with w/K of 6, RFR7 – reef-flat with w/K of 7 and RFR9 – reef-flat 
with w/K of 9 in the aspect of; (a) reef water depth, (b) breaking point (BP). BS – 
breaking at final slope, FR – breaking at fore-reef slope, NB – nonbreaking, RT – 
breaking at reef top. 

(a) 

(b) 
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The reason for the runup increment in low wave heights with reef-flat is the resonance 

factor, as shown in Fig. 7-8. As the incident wavelength reached four times of reef-flat 

width (Lo = 4Lr), the runup heights (R/Ho) tends to dominate. However, with sufficiently 

low reef water depths (hr) and the bottom roughness (especially ‘k’ type roughness), the 

resonance factor is getting reduced. In the ‘d’ type roughness case, the frictional drag 

(viscous drag) dominates over the pressure drag (form drag). In contrast, for a ‘k’ type 

roughness, the pressure drag is considerable (Leonardi et al., 2007), which ultimately 

dissipates the energy of a wave travelling on shallow depths. 

The nonbreaking waves were observed for the incident wavelength is greater than four 

times of reef-flat width (Lo > 4Lr) and more considerable reef water depths (hr). Therefore, 

the narrow reef-flat width (Lr) causes less energy dissipation while allowing waves to 

propagate without breaking. When Lo = 4Lr, the wave height amplifies at the resonance 

stage and exceed the stable wave height at a certain depth. This causes surge breaking (bore 

type). For Lo < 4Lr progressive and growing waves are generated due to reflection by the 

final slope at large reef water depths (hr) which may break as spilling breakers at the reef 

flat. At shallow reef water depths (hr), the turbulent bores were observed which were 

progressive and dissipative, result in lesser runup due to energy dissipation by bottom 

roughness. Highly nonlinear waves (high Ho/ho) at very shallow reef water depths (hr) 

break at fore-reef slope as surging breaking cause weak propagation on the reef-flat and 

lesser runup. Therefore, a reef-crest system having sufficiently large reef width and shallow 

reef water depth with intermediate roughness could effectively dissipate tsunami energy. 

Otherwise, the tsunami wave may amplify in the coral reef platform causing massive 

damage to the surrounding area. However, the runup reduction by coral reef roughness was 

not so significant as in the case of forest model (see Section 5.3 and 6.3.2). This may be 

due to the frontal area density (A) which obstruct the flow is comparatively higher in forest 

model than reef canopy model. As a result, the pressure drag is considerable in the forest 

model, enabling dissipating energy cause lesser runup.  

The non-dimensionalised runup (R/hr) against the surf-similarity, ξ = s2/(Ho/hr) is 

plotted in Fig. 7-9 for reef water depth, hr > 0. The upper bound of the runup results can be 

identified as the reef-crest (RC), reef-flat (RF) and reef-flat with ‘d’ type roughness 
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(RFR1.3). It can be seen that the runup (R/hr) is decreased with increasing surf-similarity 

parameter of the final slope, ξ = s2/(Ho/hr). Yao et al. (2018) have used both fore-reef slope 

and final slope as 1/6, and a reef-flat width and height of 9.6 m and 35 cm, with a 

combination of five incident wave heights (Ho from 4 cm to 12 cm), and five water depths 

(ho from 35 cm to 45 cm) corresponded to the reef water depths (hr from 0 to 10 cm) in 

their experimental investigations. The present experimental results of runup with reef-flat 

and the results of reef-flat conducted by Yao et al. (2018) were used to derive an empirical 

equation using multiple linear regression analysis incorporating the parameters of final 

slope (s2), reef water depth (hr) and offshore wave heights (Ho).  

 
ோ

௛ೝ
= 𝐶଼𝑠ଶ

(஼వ ௟௡ మା஼భబ)
ቀ

௛ೝ

ு೚
ቁ

(஼భభ ௟௡ ௦మା஼భమ)

 (7-2) 

 

The empirical coefficients of C8, C9, C10, C11, and C12, were found as 1.475, -1.317, -

2.462, -0.416 and -1.28, respectively. The total observations were 41 and the statistical 

Figure 7-9 The non-dimensionalised runup (R/hr) against the surf-similarity parameter, 

ξ = s2/(Ho/hr) for reef water depths, hr>0. RC – reef-crest, RF – reef-flat without 

roughness, RFR1.3 – reef-flat with w/K of 1.3, RFR4 – reef-flat with w/K of 4, RFR6 
– reef-flat with w/K of 6, RFR7 – reef-flat with w/K of 7 and RFR9 – reef-flat with w/K 
of 9. 



111 
 

measures of mean absolute error (MAE), the root-mean-square (RMSE), scatter index 

(SCI), correlation coefficient (R2) and agreement index (CR) were found as 0.233, 0.092, 

0.025, 0.981 and 0.995, respectively. The statistical measures show that the correlation 

between the experiments and the calculated by the proposed Eq. (7-2) is high. It is observed 

that even the proposed empirical equation does not include the parameters of reef-flat width 

(Lr) and foreshore slope (s1), the equation predicts reasonably well for the experimental 

laboratory results. The proposed empirical solution is shown goodness of fit with 

experimental data as almost all the data lies within a 20% error range as in Fig. 7-10. Hence 

the proposed empirical equation can be used to apply for estimating solitary wave runup 

on a reef-flat without the coral roughness condition. 

 

7.3.3 Wave transformation along the Reef-lagoon 

The water surface elevation corresponding to initial wave height (Ho) and transmitted wave 

height at the toe of beach slope (Hbst), reef-edge (Hcr) and at the toe of final slope (HT), 

Figure 7-10 Comparison of measured values and calculated values by Eq. (7-2) for the 
maximum runup (R/hr) and reef water depth hr>0. RFhr2, RFhr3 and RFhr7 are present 
experimental results for reef-flat with reef water depth, 2, 3 and 7 cm, respectively. 
YRFhr2.5, YRFhr5, YRFhr7.5 and YRFhr10 are results from Yao et al. (2018) for 
reef-flat with reef water depth 2.5, 5, 7.5 and 10 cm, respectively. 
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respectively, are investigated to understand the flow phenomena nearby a coral reef lagoon. 

Fig. 7-3 shows the non-dimensionalised transmitted wave height (Hbst/ho) concerning wave 

height to depth ratio (Ho/ho) for the case of lagoon water depths (hL) varying from 4 cm to 

14 cm corresponded to still water depth (ho) change from 20 cm to 30 cm. 

 

The shoaling of the transmitted wave at beach slope (Hbst) concerning the incident 

wave height (Ho) was within 17% range. As the length of the fore-reef slope is smaller than 

the incident wavelength (Lo), the waveform becomes pitched-forward, and the shoaling 

process is not fully evolved in the fore-reef length. Therefore, the leading tip of the incident 

wave reaches the shore while some part of the waveform remains offshore from the fore 

reef. Consequently, part of wave energy is transmitted to the reef flat. The waves which 

break at the reef-lagoon induce wave setup to cause a rise in the water level of reef-lagoon, 

as shown in Fig. 7-12. 

Figure 7-11 The transmitted wave height at toe of beach slope over water depth ratio 
(Hbst/ho) against the incident wave height to water depth ratio (Ho/ho) for all lagoon 

depths hL (in cm). BP - breaking point, BS – breaking at final slope, FR – breaking at 

fore-reef slope, LG – breaking at lagoon, NB – nonbreaking, RT – breaking at reef top. 
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In the case of low water depths (ho< 23 cm) where reef edge is above the offshore 

water level, the transmitted wave height at the reef edge (Hcr) was significantly reduced 

compare to the other cases. As the waves propagate, they may either break at the front slope 

(FR) as shown in Fig. 7-13, and the reflection by fore-reef slope, the part of wave energy 

is dissipated, and the remaining energy is transmitted into the lagoon. For highly nonlinear 

waves (higher Ho/ho) which break at either reef-flat or lagoon inside denoted by RT and 

LG in Fig. 7-13, due to the wave energy dissipation by depth limited breaking, the 

transmitted wave heights (Hcr) was further reduced. The nonbreaking waves and waves 

that break at final slope denoted by NB and BS respectively propagated passing the reef 

ridge with comparatively minimum energy dissipation compared to the cases of 

nonbreaking waves (NB) and the waves that break at the landward slope (BS).  

 

Figure 7-12 The transmitted wave height at reef edge over lagoon depth ratio (Hcr/hL) 

against the incident wave height to lagoon depth ratio (Ho/hL) for all lagoon depths hL 

(in cm). BP - breaking point, BS – breaking at final slope, FR – breaking at fore-reef 
slope, LG – breaking at lagoon, NB – nonbreaking, RT – breaking at reef top. 
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The wave transformation results provided by wave gauge G4 near the toe of final 

beach slope are shown in Fig. 7-13. 

 

The waves that break at reef-flat, lagoon inside and fore-reef slope (denoted by RT, 

LG and FR in Fig. 7-5) show a significant reduction in wave heights due to energy 

dissipation by bottom friction and the turbulence. The waves that break at final slope were 

observed as surge breaking (bore type), and the waves that break at lagoon inside were 

observed as spilling breaking. The transmitted wave height was higher than the incident 

waves for low offshore incident wave heights (Ho) on high water depths (hL) indicating an 

amplification.  

The breaking criterion for present experimental conditions with reef-lagoon was found 

as 0.37. When the incident wave height to reef water depth ratio (Ho/hr) was greater than 

0.37, waves either break at the final slope of 1/4 or reef-lagoon or fore-reef slope. For Ho/hr 

Figure 7-13 The transmitted wave height at toe of final slope over lagoon depth ratio 
(HT/hL) against the incident wave height to lagoon depth ratio (Ho/hL) for all lagoon 

depths hL (in cm). BP - breaking point, BS – breaking at final slope, FR – breaking at 

fore-reef slope, LG – breaking at lagoon, NB – nonbreaking, RT – breaking at reef-
top. 
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< 0.37, the waves propagate throughout the coral reef system without any breaking. The 

wave breaking ratio for reef-lagoon has deviated with the theoretical breaking criterion as 

well as in the case of reef-flat (see Section 7.3.1) which is lesser. This is probably due to 

the force breaking induced at the reef-top where water over reef-top is lesser than lagoon 

water depth (i.e., hr < hL). In the literature, Nelson (1994) showed that on laboratory 

experiments or on coral reef platforms that wave breaking ratio can be reduced to 0.55. 

Hardy and Young (1996) found in the field survey that depth limited wave breaking ratio 

can be varied as 0.4 to 0.6. 

Yao et al. (2018) found that the runup (R/Ho) increased with the increasing width of 

the lagoon (LL) and decreasing width of reef top where they conducted their experiments 

by setting a constant value of the summation of lagoon length and reef top width (i.e., fixed 

reef flat width). Therefore, it is expected that due to comparatively, higher lagoon water 

depths cause less dissipative than in the case of reef-flat with shallow water depth. 

7.3.4 Wave runup with Reef-lagoon 

The results of maximum runup (R/Ho) with reef-lagoon (RL) for the experimental cases 

shown in Table 7-1, against wave height to lagoon water depth ratio (Ho/hL) were plotted 

as shown in Fig. 7-14. The breaking point (BP) was categorized as breaking at the fore-

reef slope (FR), breaking at reef-top (RT), breaking at the final slope (BS) and nonbreaking 

(NB). When the wave height to reef water depth ratio (Ho/hL) is below the value of 0.37, 

the waves propagate through the reef without breaking (denoted by NB) as shown in Fig. 

7-14. Beyond the value of Ho/hL of 0.37, the breaking occurred at the final slope (BS), and 

for higher Ho/hL the breaking occurred in the reef-top (RT) or at the fore-reef slope (FR). 

The runup (R/Ho) was increased with Ho/hL for nonbreaking waves. The highest runup 

could be observed from the waves which broke at beach slope (BS) as seen in the case of 

the reef flat. The runup (R/Ho) was decreased with increasing for Ho/hL for breaking waves 

except for very shallow water depths of ho = 20cm corresponded to hL = 4 cm. Since 

offshore water depths (ho) are lower than the height of reef -ridge, which is 23 cm, the 

presence of a reef-crest board of 3 cm (i.e., hr = -3 cm) reduce the wave transmission into 

the lagoon for low offshore wave heights (Ho) by retarding the wave energy by reflection 

by the fore-reef slope. Nevertheless, for the cases of lagoon depths, hL = 5, 6 and 7 cm 
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corresponded to offshore water depth, ho = 21, 22 and 23 cm and water depth over reef top, 

hr = -2, -1 and 0 cm, the wave reflection by fore-reef slope become less, and the wave 

energy of incident waves was transmitted with the shoaling at the reef top.  

 

 

The runup height is monotonically decreased with decreasing offshore wave heights 

(Ho) for low water depths (i.e., ho = 25 cm and hr = 2 cm), as shown in Fig. 7-7 and reef-

flat with ‘k’ type roughness. However, in case of ‘d’ type roughness (RFR1.3), reef-flat 

(RF) and reef-crest (RC), the runup (R/Ho) is monotonically increased with decreasing 

offshore wave heights (Ho). When the reef water depth, hr is zero, except the reef-flat case 

(RF) all the other cases, the runup (R/Ho) is decreased with decreasing offshore wave 

heights (Ho). The reason for the runup increment in low wave heights with reef-lagoon is 

caused by the resonance factor, as shown in Fig. 7-15. As the incident wavelength reached 

Figure 7-14 The non-dimensionalised runup height (R/Ho) against the incident wave 

height to lagoon depth ratio (Ho/hL) for all lagoon depths hL (in cm). BP - breaking 

point, BS – breaking at final slope, FR – breaking at fore-reef slope, LG – breaking 
at lagoon, NB – nonbreaking, RT – breaking at reef. 
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four times of reef-flat width (Lo = 4Lr), the runup heights (R/Ho) tends to be increased. 

However, with sufficiently low lagoon water depths (hL), the resonance factor is getting 

reduced. 

 

The nonbreaking waves were observed with deformed wave shape for the incident 

wavelength is greater than four times of reef-flat width (Lo > 4Lr) and high lagoon water 

depths (hL). Therefore, the narrow reef-lagoon width (Lr) causes less energy dissipation 

while allowing waves with no breaking. When Lo = 4Lr, the wave height amplifies at the 

resonance stage and exceed the stable wave height at a certain depth and resulted in surge 

breaking (bore type) similar to the reef-flat case (see Section 7.3.2). For Lo < 4Lr 

progressive and growing waves are generated due to reflection by the final slope at large 

lagoon water depths (hL) which may break as spilling breakers at the reef-lagoon. At 

shallow reef water depths (hr), the turbulent bores were observed which were progressive 

Figure 7-15 The non-dimensionalised runup height (R/Ho) against the incident 

wavelength to cross-shore distance of reef-lagoon (Lo/Lr) for all lagoon depths hL (in 

cm). BP - breaking point, BS – breaking at final slope, FR – breaking at fore-reef 
slope, LG – breaking at lagoon, NB – nonbreaking, RT – breaking at reef. 
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and dissipative, result in lesser runup due to energy dissipation by turbulence. Highly 

nonlinear waves (high Ho/ho) at very shallow reef water depths (hr) break at fore-reef slope 

as surging breaking cause weak propagation on the reef-lagoon and resulted in the lesser 

runup. Therefore, a reef-lagoon system consists of sufficiently large reef width and shallow 

reef water depth and emerged reef-top could effectively dissipate tsunami energy. 

The non-dimensionalised runup (R/hL) against the surf-similarity, ξ = s2/(Ho/hL) is 

plotted in Fig. 7-16 for all lagoon water depth, hL. 

 

Yao et al. (2018) have used both fore-reef slope and final slope as 1/6, and a reef-

lagoon width and depth of 9.6 m and 35 cm. They have conducted four lagoon widths (LL 

= 6.4 m, 4.8 m, 3.2 m and 1.6 m) corresponded to the reef top width of 3.2 m, 4.8 m, 6.4 

m and 8 m, with a combination of five incident wave heights (Ho from 4 cm to 12 cm), and 

three lagoon water depths (hL from 35 cm to 45 cm) corresponded to the reef water depths 

Figure 7-16 The non-dimensionalised runup height (R/hL) against the the surf-

similarity parameter, ξ = s2/(Ho/hL) for reef lagoon depths, hL. BP - breaking point, BS 

– breaking at final slope, FR – breaking at fore-reef slope, LG – breaking at lagoon, 
NB – nonbreaking, RT – breaking at reef. 
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(hr from 0 to 5 cm) in their experimental investigations. The present experimental results 

of runup with reef-flat and the results of reef-flat conducted by Yao et al. (2018) were used 

to derive an empirical equation for hr > 0 and breaking waves, using multiple linear 

regression analysis incorporating the parameters of final slope (s2), lagoon water depth (hL) 

and offshore wave heights (Ho).  

 
ோ

௛ಽ
= ቀ𝐶ଵଷ + 𝐶ଵସ

௛ಽ

ு೚
ቁ 𝑠ଶ

(஼భఱ ௟௡ ௦మା஼భల)
ቀ

ு೚

௛ಽ
ቁ

(஼భళ ௟௡ ௦మା஼భఴ)

 (7-3) 

The empirical coefficients of C13, C14, C15, C16, C17 and C18, were found as 4.928, -

0.429, -2.309, -2.843, 1.133 and 1.828, respectively. The total observations were 67 and 

the statistical measures of mean absolute error (MAE), the root-mean-square (RMSE), 

scatter index (SCI), correlation coefficient (R2) and agreement index (CR) were found as 

0.086, 0.013, 0.01, 0.985 and 0.996, respectively. The statistical measures show that the 

correlation between the experiments and the calculated by the proposed Eq. (7-3) is high. 

It is observed that even the proposed empirical equation does not include the parameters of 

reef-flat width (Lr) and foreshore slope (s1), the equation predicts reasonably well for the 

experimental laboratory results of breaking waves on reef lagoon. The proposed empirical 

solution is shown goodness of fit with experimental data as almost all the data lies within 

a 20% error range as in Fig. 7-17. Hence the proposed empirical equation can be used to 

apply for estimating breaking solitary wave runup on a reef-lagoon. 

The runup of reef lagoon compared with the cases of reef crest and reef flat with and 

without roughness as shown in Fig. 7-18 for each offshore water depths (ho) of 23, 25, 26 

and 30 cm corresponded to water depth above reef flat, hr (reef top in case of the lagoon) 

as illustrated in Fig. 7-1. The maximum runup on a reef lagoon was 5% to 59% higher than 

all the cases of reef flat case at same reef water depths (hr), still water depth (ho) and wave 

height (Ho) except weakly nonlinear waves on large water depths (ho = 30 and Ho/ho < 

0.19). As the lagoon is deeper, it could exert less dissipation by bottom friction on the 

travelling waves compared to the shallower reef flat. On the other hand, nonbreaking waves 

on reef lagoon may subject to less reflection due to the presence of a deep channel and not 

excite as reef flat to create a standing wave. Reef flat cause early breaking than the reef 

lagoon due to frictional dissipation induced by the shallow depths. Therefore, it is 
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anticipated that a reef lagoon may cause intensified damage by the tsunami than the reef 

flat. 

 

Figure 7-17 The comparison of non-dimensionalised runup height (R/hL) between the 

measured values and calculated values by Eq. (7-3) for breaking waves on reef lagoon. 
Open plots denote present experimental results and closed plots denote experimental 
results of Yao et al. (2018). Solid line shows the prefect agreement, and the broken 
line shows the 20% error range. The parameters, ho, LL, hL, s1 and s2 define offshore 
water depth, cross-shore distance of lagoon, lagoon depth, fore reef slope and final 
slope, respectively. 
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Figure 7-18 Comparison of maximum runup (R/Ho) against the wave height to depth 
ratio (Ho/ho) for the cases; reef crest (RC), reef flat without roughness (RF), reef-flat 
with w/K of 1.3 (RFR1.3),  reef-flat with w/K of 4 (RFR4), reef-flat with w/K of 6 
(RFR6), reef-flat with w/K of 7 (RFR7), reef-flat with w/K of 9 (RFR9) and reef lagoon 
(RL) and the offshore water depths (ho) of 23, 25, 26 and 30 cm. BP - breaking point, 
BS – breaking at final slope, FR – breaking at fore-reef slope, LG – breaking at lagoon, 
NB – nonbreaking, RT – breaking at reef. 



122 
 

7.4 Conclusion 

A total of 266 laboratory experiments were conducted, covering eight types of bottom 

bathymetry configurations of coral reef systems which include the reef crest, reef lagoon 

and reef flat with and without roughness. To understand the physics of tsunami, the 

transformation and run-up of a tsunami-like solitary wave over coral reef system were 

investigated. The effects of different wave characteristics by changing wave height and 

water depths and reef morphology factors such as reef water depth and roughness were 

analyzed. Rectangular strips at regular intervals were used to represent the coral reef 

roughness as to simplify the geometry and hence to examine the effect of dense roughness 

(‘d’ type roughness) and intermediate roughness (‘k’ type roughness). 

The surging breaking at the fore-reef slope and landward slope, the spilling breaking 

and turbulent bores at reef flat and nonbreaking waves were observed. The wave 

transmission characteristics and the wave breaking criterion were investigated. The depth 

limited breaking criteria was found as 0.6 for reef flat and 0.37 for reef lagoon. The 

maximum runup on a reef lagoon was 5% to 59% higher than the reef flat case except for 

weakly nonlinear waves on deep water. Reef flat width was found as the dominant 

parameter where resonance happens when the incident wavelength approach to four times 

of reef flat width. The runup results (runup over incident wave height) for large reef water 

depth, monotonically decrease with increasing wave height to reef water depth ratio and 

decreasing incident wavelength to reef flat width ratio for breaking waves. The runup 

increases with increasing wave height to reef water depth ratio and decreasing wavelength 

to reef flat width ratio for nonbreaking waves. Narrow reef flat widths found to be less 

effective as it allows the wave to propagate to the inland with minimum energy dissipation. 

However, for shallow water depths and with bottom roughness, the increment effect of 

runup is effectively reduced. The runup reduction by reef crest as compared to the reef flat 

was observed up to 31% and higher runup reduction was seen in shallow depths. In reef 

flat with dense roughness (‘d’ type) and shallow depths, runup was reduced up to 66%.  In 

deep reef water depths, there was no reduction could be observed, and some cases runup 

with reef crest and reef flat with dense roughness was higher than in the case of the reef 

flat due to the resonance factor. For intermediate roughness case (‘k’ type), the runup 
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reduction was recorded between 3% to 81%. The highest runup reduction was observed in 

shallow water depths. The difference between the runup reduction by changing ‘k’ type 

roughness was found less significant. Empirical equations were proposed to predict the 

solitary wave runup over reef flat and reef lagoon by using the present experimental results 

and previous research work. The wave height to reef water depth ratio and the beach slope 

was found to be the most useful parameters to describe the runup. Depending on the reef 

water depth, reef flat width and the incident wave height, the resonant wave, progressive 

and growing and progressive and dissipative could be observed. 

It is worthy of acknowledging that the reef geometry and tsunami wave are more 

complex than the present simplified model studied in the laboratory. The application of the 

empirical equations and the conclusions made in this study should be used with utmost care 

for tsunami hazard assessment. 

. 
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Chapter 8  

Conclusions & Recommendations 

8.1 Summary 

A statistical and geospatial analysis was conducted for coastal lagoons in Sri Lanka that 

affected by tsunami using collected field surveying data, statistical data, DEM data and 

land use data. The spatial variability of the settlement, forest and lagoon mouth was 

discussed. Influence by existing coast protective structures, drainage structures and the 

connection to the sea was investigated. The physical dimensions such as beach slope, dune 

height, barrier length, lagoon length in cross-shore and longshore direction and the area, 

and the measured tsunami heights during post-tsunami field surveys were investigated and 

how such parameters affect the damage ratio was illustrated. Limitations of the study were 

presented, and hence the laboratory experiments were conducted for detail investigations 

on tsunami runup. 

The maximum vertical runup on the landward slope was measured for estimating 

energy reduction by tsunami-like solitary wave against the change of incident wave 

characteristics and the bathymetry profiles with and without roughness. The idealized 

bathymetry profile was changed as the plane slope, compound slope, sand dune coastal 

lagoon model, reef crest, reef lagoon and reef flat. The forest model of emergent rigid type 

was used to investigate effect for a forest on a sloping beach and sand dune coastal lagoon 

with forest. The coral reef roughness was modelled as rectangular strips at regular intervals 

to represent ‘d’ type and ‘k’ type roughness. The surface wave elevation and the maximum 

runup were used to analyse the effect of the aforementioned cases. The effectiveness in 

runup reduction and wave height attenuation regarding the forest and coral reef roughness 

case is explained. The wave breaking characteristics were also discussed. Empirical 

formulas were proposed and found good agreement with both present experimental 

conditions as well as previous research work. The tests of the reliability of the proposed 

equations included the agreement index (CR), the correlation coefficient (R2), the mean 

absolute error (MAE), the root-mean-square error (RMSE), and the scattering index (SCI). 
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The derived empirical equation can be used to estimate the tsunami runup behind the 

sand dune coastal lagoon and coral reef system in one horizontal dimension as an 

approximate and initial estimate. It can also be employed to verify numerical models. The 

equation is deduced from laboratory data where the energy dissipation might not scale well 

due to boundary layer dissipation and wave breaking. The refraction, diffraction and 

resonance effects are ignored in the present experimental conditions. 

It is noteworthy to acknowledge that other than constraints in physical space, 

producing tsunami-like solitary wave in laboratory scale, the forest width, the diameter of 

the tree trunks, the coral reef roughness and setting the onshore slope, faced some technical 

complexities. Because of that fact, it is recommended for additional studies, including 

numerical modelling, to assess further the influence of properties in a coastal zone against 

the tsunami runup in a precise form. Past field survey and historical data information are 

also crucial in calibrating the numerical model. Nonetheless, the results of the present study 

may prove beneficial for the initial estimate, coastal landscape designs and understand the 

fundamental phenomena in Eco-DRR projects for coastal lagoons, coral reefs, and tree 

planting. 

8.2 Direction of future research 

The equation derived for maximum runup with forest model, sand dune coastal lagoon 

model, reef-flat-crest-lagoon model can be extended to understand the real generated 

tsunami effect. Present experiments have been carried out in fixed bed conditions and in 

one horizontal dimension. Therefore, it is recommended to conduct large scale laboratory 

experiments under movable bed conditions and three-dimensional laboratory modelling to 

investigate the combined refraction and diffraction phenomena in addition to the erosion. 

Additional numerical simulations which verify the present results can be used to assess the 

influence of properties in a coastal zone against the real tsunami conditions. Wave energy 

dissipation which associated with breaking needs to be quantified in order to simulate 

actual flow conditions. Past field survey and historical data in addition to laboratory 

experiments are also crucial in calibrating the numerical model. 
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