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Abstract super typhoon Haiyan struck the Philippines on 8 November 2013, marking one of the strong-
est typhoons at landfall in recorded history. Extreme storm waves attacked the Pacific coast of Eastern
Samar where the violent typhoon first made landfall. Our field survey confirmed that storm overwash
heights of 6-14 m above mean sea level were distributed along the southeastern coast and extensive inun-
dation occurred in some coastal villages in spite of natural protection by wide fringing reefs. A wave model
based on Boussinesq-type equations is constructed to simulate wave transformation over shallow fringing
reefs and validated against existing laboratory data. Wave propagation and runup on the Eastern Samar
coast are then reproduced using offshore boundary conditions based on a wave hindcast. The model results
suggest that extreme waves on the shore are characterized as a superposition of the infragravity wave and
sea-swell components. The balance of the two components is strongly affected by the reef width and beach
slope through wave breaking, frictional dissipation, reef-flat resonances, and resonant runup amplification.
Therefore, flood characteristics significantly differ from site to site due to a large variation of the two topo-
graphic parameters on the hilly coast. Strong coupling of infragravity waves and sea swells produces
extreme runup on steep beaches fronted by narrow reefs, whereas the infragravity waves become domi-
nant over wide reefs and they evolve into bores on steep beaches.

1. Introduction

On 8 November 2013, super typhoon Haiyan, which may have been the strongest tropical cyclone to make
landfall in recorded history, traversed the central Philippines from the southeast to the northwest, wiping
out coastal towns and cities (Figure 1a). The lowest pressure and the maximum 10 min sustained wind
speed were estimated at 895 hPa and 230 kmh ™', respectively, as it approached the Philippines, by the
regional specialized meteorological center (Japan Meteorological Agency). It became one of the deadliest
typhoons on record in the country [Ribera et al., 2008], killing at least 6300 people. The damage caused by
the typhoon was most severe in the city of Tacloban, located at the northeastern tip of Leyte Island where
storm surge was significant due to the shallow bathymetry and the funneling shape of the Gulf of Leyte.
Field reconnaissance after the event revealed that surge heights reached up to 5-6 m in the inner part of
San Pedro Bay located at the northwestern end of the Gulf of Layte, [Tajima et al., 2014]. The local amplifica-
tion of the storm surge was well reproduced by a numerical storm surge model in combination with
weather prediction models [Mori et al., 2014].

The southeastern coast of Samar Island facing the Pacific Ocean, where the typhoon first made violent land-
fall, was also heavily devastated. Just off the coast is the Philippine Trench which rapidly descends to a
depth of over 8000 m. A majority of the coastline is fronted by shallow fringing reefs with varying widths of
some hundreds of meters. High watermarks exceeding 10 m above sea level were confirmed after the event
at numerous locations [Tajima et al., 2014; Mas et al., 2014]. Some coastal towns were inundated to a few
hundreds of meters inland and many houses on low-lying areas were washed away. These damages typical
to the nature of long wave runup are, however, not considered to have been caused by storm surges since
the steep seafloor did not permit growth of the wind setup. Instead, storm waves were extremely high on
the Pacific coast near landfall. The remarkably steep bathymetry allowed huge waves to develop and propa-
gate to the reef front. The extensive damages are most likely to have resulted from high wind waves,
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Figure 1. Overview of the study area. (a) Map of the Central Philippines showing the track of the typhoon Haiyan. (b) Satellite image of the southeastern coast of Eastern Samar taken by

LANDSAT on 16 December 2001.

especially infragravity waves generated through nonlinear wave transformation over the reef bathymetry.
There are numerous field reports on extreme flooding over fringing reefs during coastal storms [Ogg and
Koslow, 1978; Nakaza et al., 1990; Jaffe and Richmond, 1993], many of which suggest that infragravity waves
play a key role in increasing flood damages.

Coral reefs provide protection for coastal areas by reducing wave energy as shown in numerous studies of
wave transformation over reefs. Reef hydrodynamics at different scales were recently well reviewed by
Monismith [2007]. Incoming waves break at the reef front and lose majority of their energy in the first few
wavelengths [Gourlay, 1994; Young, 1989; Hardy and Young, 1996]. Subsequent waves propagate into the
shallow reef flat in bore-like form, losing further energy due to bottom friction on the reef surface. The fric-
tion factor of coral reefs has been long investigated by many authors in both field and laboratory experi-
ments. Reported values of the friction factor are, in general, 1 order of magnitude larger than those used for
sandy beaches [Gerritsen, 1980; Hearn, 1999; Lowe et al., 2005; Péquignet et al., 2011]. The rapid decay of
wave amplitude produces cross-shore gradients of radiation stress to induce a significant wave setup on
the reef. Mean water levels can be raised by 20% of the incident wave height [Gourlay, 1996a, 1996b].

The wave transformation over the reef front has another aspect in that energy transfer takes place from a
central frequency band of incident waves to a lower-frequency band. As higher harmonics are subject to
stronger attenuation, the infragravity spectral band becomes dominant in the nearshore region of the shal-
low reef flat. Resonant amplification could be excited if a significant amount of wave energy were distrib-
uted around the natural frequency of the reef flat. Under normal wave conditions, the reef-flat resonance is
not remarkable since the resonance period of the fundamental mode is usually much longer than the mean
period of incident waves. However, in an extreme wave climate, a large wave setup on the reef shortens the
reef-flat resonance period leading to the resonant amplification of infragravity waves [Péquignet et al.,
2009]. The enhancement of infragravity waves could be a key process to cause the extensive inundation on
the reef coast. However, since most of the existing studies focusing on the dynamics of the reef infragravity
waves were conducted under normal wave conditions [e.g., Lugo-Fernandez et al., 1998; Pomeroy et al.,
2012], little is known about their characteristics under extreme storm conditions.

The goal of this paper is to elucidate underlying processes leading to extreme runup heights and extensive
inundation areas on the southeastern coast of Eastern Samar. We first present results of our field survey to
further investigate the wave impacts on the coast, with a focus on obtaining the relationship between over-
wash heights and adjacent reef widths along the coastline. Next, we develop a numerical model for wave
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Figure 2. Photographs taken during the field survey in Eastern Samar. (a) Narrow sandy beach backed by a limestone cliff. (b) View of a wide reef flat from the top of a cliff. (c) Reef sur-

face and (d) debris due to storm overwash.

transformation processes over fringing reefs and validate its performance using existing laboratory data.
Model input parameters are determined through sensitivity analyses so as to reproduce the field data.
Finally, we discuss extreme flood characteristics through model applications.

2. Field Survey

2.1. Survey Area and Methodology

The survey area, indicated by a rectangle in Figure 1a, was chosen to cover the southeastern tip of Samar
Island. The choice of the area was made on the basis of the previous report of the quick reconnaissance by
Tajima et al. [2014], who found evidence indicating high water levels of over 10 m above mean sea level on
the central coast. A satellite image of the survey area is shown in Figure 1b. The northern coast around Matari-
nao Bay develops an irregular coastline with some mangrove swamps, while the southern coast has smooth
beaches fronted by reef flats. The coastline consists of a long stretch of narrow sandy beaches with widths
rarely exceeding 100 m, interrupted by rocky headlands in places. Coastal plains behind the sandy beaches
are covered with dense tropical vegetation and backed by steep limestone hills. Figure 2a shows a typical
coastal scene with a sandy beach, palm trees, and a limestone hill behind, photographed after the event. The
beach is fronted by shallow fringing reefs of 30-800 m from the shore in most places (Figure 2b). The reef top
is almost perfectly level and the water depth is small, 0-1.0 m depending on tidal phase (Figure 2c). Most of
the coral reefs in the area are in poor condition and coral diversity is low possibly due to frequent typhoon
damage [Young and Cruz, 2002]. Thus, the reef surface conditions are similar all along the coastline.

We conducted the field survey along the southeastern coast to investigate the distribution of high water
levels reached by typhoon surges and waves, referred to hereafter as the overwash height. The main survey
was carried out on 23-25 January 2014, while a small follow-up survey was performed on 8-10 July 2014.
Individual survey sites were determined from satellite images to cover the target coastline at an average
interval of about 1 min of latitude. At many sites, there was no difficulty in finding clear evidence of high
water levels during the typhoon period, including debris wrack lines, scour around roots of standing trees,
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Figure 3. Distribution of storm overwash heights and bathymetry/topography of the study area. (a) Bathymetric map of the study area showing measured locations of the overwash
heights and the coral reef distribution by green colored areas. (b) Measured overwash heights above mean sea level plotted against latitude. (c) Topographic map of the study area

based on ASTER Global Digital Elevation Map.

and watermarks on trees and buildings (Figure 2d). Multiple types of evidence were often used to deter-
mine an overwash height at a site. Great care was taken to ensure that measured phenomena arose from
water flows, since some evidence could also have resulted from strong winds. In the case that material evi-
dence was not clear, we conducted local interviews to obtain reliable information of high water levels wit-
nessed during or just after the event.

Elevation measurements were conducted once the measuring target was determined. Differential leveling
was employed using an automatic level, taking the sea surface on the nearest shore as a datum. The hori-
zontal positions of the target and the datum point were also recorded by a handheld GPS to obtain a hori-
zontal distance from the shoreline. The datum of the elevation data was later transferred to the mean sea
level considering the local tide level at the time of the measurement based on a global tide prediction
model [Matsumoto et al.,, 2000]. Finally, reliable data of the overwash height above mean sea level were
obtained at a total of 22 sites.

2.2. Survey Results

Figure 3a shows the distribution of the survey sites with reliable overwash heights on a map of the survey
area. The points numbered from south to north are irregularly distributed since accessible beaches are limited
due to the hilly coastal topography. The figure also contains seafloor bathymetry (GEBCO data set) [/OC et al.,
2003] and coral reef distribution (Global distribution of coral reefs data set) [UNEP-WCMC et al., 2010] around
the survey area. The overwash heights at the 26 sites are plotted against latitude in Figure 3b, among which
the four points (Pt. 9, 16, 17, and 25) were previously surveyed by Tajima et al. [2014]. More detailed informa-
tion on the data set is provided in Table S1 of the supporting information. The adjacent reef width and the
shore facing direction in the table were estimated from satellite images. Figure 3¢ shows a topographic map
of the study area up to 30 m above the mean sea level based on ASTER GDEM by METI and NASA.

The survey results exhibit a large variation of overwash heights from 2.2 to 14.1 m. The variation is not mono-
tonic and shows some significant drops in places along the coastline due to local topographic features. The
small heights of 2.5-2.9 m were measured at sites sheltered from open ocean such as those inside Matarinao
Bay. This supports that the storm surge was not the primary cause of the high water level since it should be
rather amplified in a semienclosed shallow water basin. Overwash heights of similar magnitude were also
observed throughout the western coast facing the Gulf of Leyte although they were not formally measured.
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Figure 4. Relationship between overwash heights and adjacent reef widths clas-

sified by the shore facing direction. Another remarkable case, which char-

acterizes this event, was found at
Dumpao beach (Pt. 7-11) in Guiuan where a mild-slope sandy beach is fronted by a wide fringing reef. High
watermarks at the site were found at relatively lower levels, about 6 m above mean sea elevation, while sea-
water intrusion reached about 1 km inland. This could not be caused by wind waves in the ordinary period
range and strongly suggested the involvement of infragravity waves. The significance of the infragravity
waves is also indicated by a case in Hernani (Pt. 26), a coastal village located in the northern part of the sur-
vey area. The small town on a coastal plain was severely devastated by repeated attacks of high waves. A
video footage of a flooding wave was filmed by a witness at a house located about 80 m inland during the
storm [PLAN International Website, 2014]. It shows that a large positive surge lasted for at least 20-30 s to
wash away the house, indicating the overall wave period to be in the range of the infragravity waves.

Infragravity waves are known to be generated across the reef front through nonlinear wave interactions.
The spectral component around the natural period of the reef flat, which is usually on the order of hundreds
of seconds, can be significantly enhanced on the shore. The natural periods of the reef flat are given by the
following equation if a basin of constant depth is assumed,
aw,
=, M
(2n+1) V g(h,+1)

where T, is the resonance period of the nth mode, W, and h, are the width and water depth of the reef flat,
respectively, 77 is the wave setup, and g is the gravitational acceleration. The actual resonance period is
slightly longer than given by equation (1) because of the reef friction to reduce wave celerity and the pres-
ence of the beach slope to extend the propagation distance. On the Eastern Samar coast, the reef water
depth is about 0.5 m on average, while the reef width ranges from 30 to 800 m. Therefore, spectral wave
characteristics may vary along the coastline according to the variation of the reef-flat resonance period. The
resonance of the fundamental mode (n = 0) may be excited only in case of a small reef width even if a com-
bination of the wave and wind setup of a few meters is taken into account. On the other hand, resonance
of the higher-order modes could occur in a large portion of the coast without a significant rise in the mean
water level.

Figure 4 shows the relationship between the measured overwash heights and the adjacent reef widths. The
data points are classified into two types by the shore facing direction, northeast or southeast. The overwash
height decreases with increasing reef width since more wave energy is lost through wave breaking and fric-
tional dissipation. The relationship is very similar to those obtained in posttyphoon field surveys in Guam,
although the overall magnitude is larger in Eastern Samar reflecting the strength of the typhoon [Jaffe and
Richmond, 1993; Ogg and Koslow, 1978]. The overwash heights rapidly increase when the reef width
becomes smaller than 200 m, which is also found in the result by Jaffe and Richmond [1993]. The similarity
of the relationships despite different coastline geometries implies that the storm overwash on fringing reef
coasts is strongly restricted by the adjacent reef width. It is, however, not clear how different spectral wave

SHIMOZONO ET AL.

COMBINED RUNUP OVER FRINGING REEFS 4467

B5UBD| 7 SUOWIWIOD dAIERID 3|qeol|dde au A peuAoh 818 SoPIE VO ‘SN JO S3IN 104 ARIqIT BUIIUO AB]IM UO (SUORIPUOD-PUE-SWLBILOD A8 | 1M A .G 1)BU1|UO//STNL) SUOIPUOD PUe SWd L 8U1 S *[z20z/0T/TE] uo Arigiauliuo Ao1M ‘'WNIDTIE - IV IONIAIAT A9 0920TODCSTOZ/Z00T 0T/10p/wiod" A 1mAreiqputjuo'sgndnBey/sdny wouy papeojumod ‘9 ‘STOC ‘T62669TC



@AGU Journal of Geophysical Research: Oceans 10.1002/2015JC010760

components contribute to the relationship from this limited result. In order to look into further details, we
develop a numerical model for wave transformation over fringing reefs to reproduce the field data.

3. Numerical Model

3.1. Model Description

Wave transformation over coral reefs has been long studied in the framework of the phase-averaged wave
models. Many researchers have attempted to model wave attenuation due to wave breaking using the
wave energy equation with a breaking model such as by Battjes and Janssen [1978] and to represent the
resulting wave setup based on the concept of the radiation stress [Gerritsen, 1980; Lowe et al., 2005]. Nakaza
and Hino [1991] conducted a representative study in this model framework to discuss the generation of
infragravity waves. They confirmed through numerical tests that a low-frequency oscillation was resonantly
excited due to temporal variations of radiation stress. Massel and Gourlay [2000] and Sheremet et al. [2011]
employed an extended mild-slope equation model, while Van Dongeren et al. [2013] applied a wave-group
model for the wave deformation over fringing reefs.

More recently, phase-resolving wave models have been developed to directly simulate the reef hydrody-
namics in more detail. Most of them are based on the Boussinesg-type equations which are capable of
describing nonlinear wave deformation of short period waves [Skotner and Apelt, 1999; Nwogu and Demirbi-
lek, 2010; Roeber and Cheung, 2012]. In order to account for the effects of wave breaking, some incorporated
an artificial dissipation term into the momentum equation based on turbulence models, while others
employed the shock-capturing method to add nonlinear numerical dissipation. The model results sug-
gested that the Boussinesq-type models can reproduce the nonlinear energy transfer to generate infragrav-
ity waves observed in laboratory experiments. Comparable performance has been achieved by a
nonhydrostatic wave-flow model, SWASH [Zijlema, 2012; Torres-Freyermuth et al., 2012].

The present model is based on fully nonlinear weakly dispersive wave equations,

di+(du),=0, (2)

d(To—yd’Tow)= (d; - d; rz)x+sz <d; I —dF2> - %fwu\u|, 3)
To=u¢+uu,+gn,, (4)

T = Ugye + Ul — U3, )

T3 =Zo (Ur + Uty ) + U Zi, 6)

where t is time, x is horizontal coordinate, a subscript x or t denotes a derivative with respect to x or t, d is
the total water depth, u is the depth-averaged horizontal velocity, 7 is water surface elevation, z, is seabed
elevation, f,, is the wave friction factor, and y is a parameter to enhance the dispersion relationship of the
model equation. The equations are identical to the fully nonlinear wave equations of Seabra-Santos et al.
[19871 if y is set to be zero, while they reduce to the enhanced Boussinesq equation of Madsen et al. [1991]
if nonlinear terms with respect to u and 7 are neglected from the dispersion terms. Following Madsen et al.
[1991], we choose y=1/15 to minimize the discrepancy of the dispersion relation from that of the linear
wave theory. The enhancement was done to extend the applicable range of the model equation to deeper
water off the reef front. The bottom friction on the reef is represented by the quadratic law since existing
laboratory and field studies are mostly based on the formulation, providing values of the friction factor f,,.
The depth-averaged velocity is used instead of the nearbed velocity since the long wave approximation is
likely to be valid on the shallow reef flat.

The effect of wave breaking is represented by applying the shock-capturing method to the governing equa-
tions. The method automatically detects discontinuities in solution and introduces nonlinear dissipation to
suppress nonphysical oscillations arising from them. The validity of this approach for wave breaking over
fringing reefs was confirmed in previous studies [Roeber and Cheung, 2012; Zijlema, 2012]. However, the
shock-capturing methods are, in general, too diffusive when applied to short wave propagation and thus
cannot accurately reproduce wave steepening to the breaking point. This may significantly affect mass and
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Figure 5. Bottom configuration and wave gage setup of the laboratory experiment by Demirbilek et al. [2007].

momentum transferred onto the reef flat. In order to simultaneously satisfy both requirements for low dissi-
pation before breaking and rapid wave attenuation due to breaking, a higher-order finite difference
scheme, which is called the base scheme hereafter, is hybridized with the shock-capturing method follow-
ing Yee et al. [1999]. A switching function is used to make the dissipation active only in required parts of the
computational domain. The characteristic-based dissipation associated with different shock-capturing
methods such as TVD, ENO and WENO can be incorporated in the model. For more details regarding the
numerical scheme, see Appendix A.

3.2. Model Validation

For validation of the present model, computed results are compared with measured data from laboratory
experiments on wave deformation over fringing reefs by Demirbilek et al. [2007]. They carried out a series of
well-instrumented experiments in a wind-wave flume with 35 m length, 0.7 m width, and 1.6 m depth as
shown in Figure 5. A 1/64 scale fringing reef model was constructed at one end of the flume and irregular
waves with different properties were generated from a plunger-type wavemaker at the other end. Water
surface elevation was measured by wave gages at nine points, while shoreline inundation was recorded by
a runup gage (RG) placed parallel to the sloping bed.

A total of 23 cases were selected for model validation from all 29 cases of the no-wind experiments with
different incident wave heights, periods, and reef water depths as shown in Table S2 of the supporting
information. The remaining cases were excluded owing to large values of the dispersion parameter, as the
present model with weakly dispersive nature is not capable of simulating strongly dispersive waves. The
experimental cases are divided into four groups by the reef water depth h,, and several wave conditions
are considered in each group. For creating incident irregular waves in the experiments, JONSWAP spectra
with a peak enhancement factor of 3.3 were employed with various peak periods T, and significant wave
heights H,.

Numerical simulations were carried out for the 23 cases with a spatial resolution of Ax=3 cm. The incident
boundary was placed at the location of wave gage 1 and incident wave profiles of 15 min duration were
created from the measured data with a time step of At=0.0025 s. In order for outgoing waves to transmit
out from the computational domain, the Sommerfeld’s radiation condition with the sponge layer technique
was applied to the reflected wave component at the incident boundary [Ohyama and Nadaoka, 1991]. The
wetting-drying treatment for simulating shoreline movements was based on the thin-water-layer approach,
in which a thin water film of hy4=0.1 mm is maintained in dry zones. The wave friction factor f,, was set to
be a small value of 0.005 as the reef model was made of polyvinyl chloride plastic with a smooth surface.
The switching function for the characteristic-based dissipation was defined as the logistic function of the
spatial coordinate x,

1

0X)= ——==»
) 1+e ¥

(7)

where Xy, is the switching position given by the equation h(x;, ) =H, Ly, is the local wavelength at the posi-
tion and « is the constant to determine the transitional length. The same switching function was employed
for both components of m= 1 and 2 in equation (A9). Therefore, the characteristic-based dissipation is
incorporated only where the water depth is smaller than the incident wave height. The parameter « is set
to be 20 so that the value of the function transitions from 0 to 1 approximately over a half local wavelength.
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Figure 6. Measured and computed runup height, Ra, and Ryq, significant wave height Hpo and mean sea level i) by the (top) FDS-based and (bottom) TVD-based dissipation model.
The broken lines indicate a relative difference of +20%.

Therefore, incoming waves going beyond the breaking limit exhibit nonphysical oscillations over the reef
front, which are suppressed by the dissipation to represent wave decay due to wave breaking. The
characteristic-based filters associated with two different schemes are employed here: the second-order TVD
scheme with the minmod limiter and Roe’s flux difference splitting (FDS) scheme. The former is a high-
resolution method that is widely used to capture discontinuous profiles sharply in hydrodynamic problems
such as bores and hydraulic jumps. The latter is highly dissipative, providing more numerical dissipation
than is required to suppress numerical oscillations.

Computed runup heights, significant wave heights, and mean water levels at different locations are com-
pared with measured data for all of the 23 cases in Figure 6. The top and bottom plots show results by the
FDS-based and the TVD-based filters, respectively. The maximum runup height, R4 and highest 2% runup
height, Ry, are simulated better in the top figure than in the bottom figure with a few exceptions. The sys-
tematic overestimation of the TVD-based filter is also confirmed in the comparison of significant wave
heights in the middle plot. Significant wave heights at WG6 in front of the reef edge are reproduced well in
both results, but computed results at WG8 and WG9 on the reef flat are consistently larger than measured
values using the TVD-based filter. These comparisons suggest that rapid wave decay on the reef front due
to wave breaking is not fully accounted for by the TVD-based dissipation which just preserves monotonicity
of the solution. Therefore, the FDS-based filter with further dissipation is more successful in simulating
wave energy on the reef flat. Consequently, the wave setup on the reef flat is overestimated as well in the
bottom plot, since the shoreward radiation stress acts on shallower water due to the prolonged wave
attenuation. It is worth noting that linearizing the dispersion terms of the model equation leads to overesti-
mation of waves entering the reef flat due to the absence of antisteepening effects.

In order to compare the model performance among experimental conditions, cross-shore profiles of the sig-
nificant wave height and the mean water level are plotted for six representative cases in Figure 7. The
numerical results based on two different dissipation models are graphed with measured data in each plot.
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Figure 7. Measured and computed distributions of significant wave height Hp,,o and mean sea level ; over the reef flat for six representative cases.

The computed profiles of significant wave heights by the two models agree well with the measured profiles
up to WG7 in all the cases. The FDS-based filter gives better results for wave transformation across the reef
front in cases of the shallower reef flats (h, = 0 cm and 1.6 cm), whereas the TVD-based filter performs bet-
ter in case of the deeper reef flat (h,=5.1 cm). Measured and computed surface elevations for three repre-
sentative cases (Case 39, 32, and 19) at different cross-shore locations are compared in time and frequency
domains in Figure S1 of the supporting information. Both models successfully reproduce the energy transfer
to the lower-frequency band. The TVD-based filter tends to overestimate the low-frequency component,
while the FDS-based filter underestimates the high-frequency component, which leads to the discrepancy
of the two model results in Figure 7. Since we are at present focusing on the problem with shallow fringing
reefs, the following discussion will be made with the FDS-based filter. It should be, therefore, noted that the
model may lead to the underestimation of high-frequency components although they are subject to strong
frictional dissipation on the rough surface of actual reefs.

4, Field Application

To elucidate the underlying mechanism of the observed wave impacts, we investigate extreme wave char-
acteristics on the Eastern Samar coast through model applications. Offshore wave conditions and local
water depth on the reef flat during the passage of the typhoon are estimated by a wave hindcast and a
storm surge simulation using a parametric typhoon model. Under the estimated boundary conditions, wave
evolution over one-dimensional reef topographies is simulated with varying reef widths and beach slopes.
To overcome uncertainties in model input parameters, we perform a parametric analysis and validate the
model results against the overwash heights from the field surveys. Finally, we discuss spectral and temporal
characteristics of wave runup on the coast using the optimized model results.

4.1. Model Boundary Conditions
Incident wave properties off the fringing reef are essential to model wave propagation and inundation on the
coast. Without wave observation data, we estimate the deep water wave conditions using the third-generation
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Figure 8. Results of wave hindcast, astronomical tide, and storm surge model at the four reference points. (a) Significant wave height Hpo.
(b) Peak wave period T,,. (c) Local tide level with and without sea level anomaly due to storm surge.

wave hindcasting model, WAM [The Wamdi Group, 1988]. Computational grids based on spherical coordinates
are created with a spatial resolution of 2 min latitude/longitude to cover the track of the typhoon approaching
the Eastern Samar coast as shown in Figure S2 of the supporting information. The pressure field by the typhoon
is produced by the formula of Myers [1954] with the central pressure from the best track data. The radius of the
maximum wind speed was also estimated from the central pressure using an empirical relation based on data
from 842 historical typhoons [Kato, 2005]. The rotational gradient wind field is calculated from the pressure field
considering the super gradient feature in the eye-wall region [Mitsuta and Fujii, 1987] and then combined with
translational wind speeds to make wind input data. The air-sea drag coefficient is evaluated by the formula of
Oey et al. [2006], which considers its reduction for high wind speeds in tropical cyclones. The energy balance
equation with source terms of wind input, nonlinear transfer, and wave energy dissipation, is numerically inte-
grated with a time step of 10 s. A two-dimensional spectrum with 36 directions and 24 frequencies is output at
an interval of 10 min for a total time of 30 h. The computed spatial distribution of the maximum significant
wave height is shown in Figure S2 of the supporting information.

Figures 8a and 8b show temporal variation of significant wave height H; and peak wave period 7, at four
points off the southeastern coast of Eastern Samar. The reference points are laid out along the 100-200 m
depth contour line as indicated in Figure 3a. The significant wave height is calculated as four times the
square root of the zeroth moment of the computed wave spectrum, while the peak wave period is obtained
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as the maximum of a parabolic fit to the three bins around the spectral peak. The wave height started grow-
ing around 22:00 on 7 November and came to a peak around 6:00 on 8 November (local time). According
to local interviews on the coast, the seawater inundation started around 5:00 on 8 November, which
matches with the time of rapidly growing wave height. The peak value of the significant wave height ranges
from 16 to 20 m, gradually increasing to the south. The peak wave period at that time takes a nearly con-
stant value of 16.5 s regardless of the location. Although the computed values should be regarded as a
rough estimate due to uncertainties in wind profiles, they suggest that huge waves with significant height
of over 15 m propagated to the reef front during the peak time.

Besides the wave generation, the mean water level was also raised due to low-pressure suction and wind
setup by the typhoon. Although the sea level anomaly is expected to be small due to the steep offshore
topography, the reef flat is originally so shallow that its relative contribution to the local water depth is not
negligible. In order to estimate the reef water depth in the passage of the typhoon, we perform a storm
surge simulation in a larger domain with a finer resolution of 30 s longitude/latitude, using the same wind
data created for the wave hindcast. The storm surge model is based on the 2-D nonlinear shallow water
equations with the pressure and wind stress terms. The effect of wave setup is not accounted for and will
be discussed separately with the present wave model. The astronomical tide level during the period was
separately calculated using the global tide model, Naotide [Matsumoto et al, 2000]. The computational
domain and the distribution of the maximum sea level anomaly are shown in Figure S3 of the supporting
information.

Figure 8c shows temporal variation of water surface elevation with and without the storm surge in the pas-
sage of the typhoon. There is no significant difference in both astronomical tide levels and storm surge
heights at different locations. The local water surface started rising around 3:00 on 8 November and reached
the maximum elevation of 0.7 m above mean sea level around 8:00 on the same day. At the peak time
of the significant wave height, the astronomical tide level was slightly lower than the mean sea level, while
the sea level anomaly due to the storm surge was about 0.6 m. Assuming the mean reef water depth to be
0.5 m, the reef-flat water depth at the peak time is, therefore, estimated to be about 1.0 m excluding the
contribution of the wave setup. The computational grid of 30 s latitude/longitude does not resolve the reef
bathymetry and thus the actual wind setup could be higher due to the shallower water. However, the local
setup is estimated to be small because the wind fetch of several hundreds of meters is not sufficient to
develop a significant surge.

4.2. Model Sensitivity Analysis

Using the proposed wave model, we investigate wave characteristics over the fringing reefs on the Eastern
Samar coast during the highest stage of offshore wave development. Fundamental wave characteristics can
be derived by the 1-D model by disregarding two-dimensional wave deformation. It should be, however,
noted that progressive and standing edge waves could be generated over fringing reefs even for a straight
coast [Cheung et al., 2013; Roeber et al., 2010], and therefore this aspect should be taken into account with
2-D models to capture full details of the actual phenomena. The model topography is simplified to a combi-
nation of the reef flat of length W, and depth h, and two uniform slopes tan 5, off the reef and tan f§ on the
shore as illustrated in Figure 9. The reef width and beach slope vary significantly along the coastline,
whereas the fore-reef slope seems to be uniform and thus assumed to be tan ,=1/10 from the local bathy-
metric chart. The water depth h, on the reef flat during the highest stage of wave development was previ-
ously estimated to be 1.0 m. The incident wave boundary is placed at a depth of hp=80 m and
approximately 1.2 km offshore of the reef edge in such a way that the resulting dispersion parameter for
the peak wave period falls within the previously validated range.

We first perform a sensitivity analysis to clarify the influences of uncertain physical parameters on the
extreme reef hydrodynamics. Numerical simulations are conducted with different model parameters by
resolving the model bathymetry at Ax=3 m resolution. The incident wave spectrum was created by fitting
a JONSWAP spectrum to the computed spectrum averaged over 1 h around the peak time (6:00 on 8
November) and the four reference locations in Figure 8. The selected peak time agrees with the time of the
maximum inundation from local interviews. The resulting significant wave height and peak wave period
were H;=17.3 m and T,=16.5 s, respectively. The peak enhancement factor was estimated as 1.5 by a tech-
nique of LeBlond et al. [1982] (see Figure S4 of the supporting information for the computed and fitted
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Figure 9. Model bathymetry for wave simulations on the Eastern Samar coast and definitions of the geometric parameters.

wave spectra). Although the incident wave spectrum was obtained in deeper water, we directly give it at
the model incident boundary (ho=80 m) as the shoaling effect in the relatively deep water is likely to be
smaller than the uncertainty in the wave hindcast. The duration of each model run is set as 3 h to obtain a
large number of individual waves for following statistical and spectral analyses. Two different friction factors
on the reef and the remaining areas are defined as f,, and f,o, respectively. The former is treated as an
unknown model parameter, while the latter is fixed at 0.01. For the characteristic-based dissipation, the
FDS-based filter is employed here, which performs better on shallow fringing reefs and also brings higher
stability for the long lasting computation of drastic wave deformation.

To calibrate the model parameters with the field data, we estimate the maximum runup height on the coast
from the model results. Large-scale experimental investigations by Griine [2005] have confirmed that a nat-
ural debris level after a storm event corresponds to the maximum runup height during the storm. Since
majority of the overwash heights from the field surveys were based on the most landward debris lines, the
maximum runup height from the model should lie in the same level. We first obtain the shoreline elevation
R(t) as modeled water surface elevation at the most landward wet cell and then individual runup heights &
by the crest method following Mase and Iwagaki [1984] (see Figure S5 of the supporting information for a
schematic). Since the numerical time series of shoreline elevation is not always smooth, the local maxima
with widths greater than 3 s are only counted. The frequency analysis of the individual runup heights R sug-
gests that they follow the Weibull distribution (see Figure 15 for runup histograms):

A\ 1
~ Cc[R _(RIbE
P(R)=1 (B) e WY, (8)

where P,(ﬁ?) is the probability of the runup height being equal to R, b is the scale parameter and c¢ is the
shape parameter of the distribution. From this follows that the probability density function of the maximum
value Rpay of the individual runup heights in a sample of size N may be written as

~ c—1
~ R D (4 N—1 B 4
Pr(Rmax)_N£< max) {1_ e (Rmax/b) } e (Rmax/b) , 9)

b\ b

where P,(Rmax) denotes the probability that any one of N runup heights shall not exceed Rmax. We define
the maximum runup height R4« as the most probable value of Rimax corresponding to the peak of the
probabilistic density function given by equation (9). The parameters b and c are estimated by the most like-
lihood method based on the sample of 3 h duration, while N is determined as a number of runup waves in
1 h duration for which the incident wave spectrum was created. The resulting R,,.x provides a statistically
robust estimate of the maximum runup height during the intensive storm period on the coast.

To validate the model incident wave, we compute the maximum runup heights with different values of H;
around the hindcast value of 17.3 m. Figure 10a shows the relationships between the maximum runup
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Figure 10. Results of the model sensitivity analysis with varying reef width. (a) R« by different incident wave heights. (b) R,,qx by different friction factors. (c) Ry,qx by different friction
factors and reef water depths. (d) ;7 by different friction factors and reef water depths.

height R,,,.x and the reef width W, under incident wave heights of H;=14, 16, 18, and 20 m and the distribu-
tion of the measured overwash heights. The other parameters are set as follows: f,=0.04, h,=1.0 m, and
tan f=1/10. The maximum runup height decreases with increasing reef width. The curves have a similar
form and shift vertically in proportion to the incident wave height. Comparing the model and field data
confirms that H; = 17.3 m is a reasonable estimate, provided that the other parameters are in a valid range.
With a larger (smaller) incident wave height, an unreasonably high (low) friction factor is required to fill the
discrepancy in the two results as we demonstrate later. The following analyses will be based on the hindcast
value of H;=17.3 m unless otherwise noted.

Figure 10b shows the maximum runup curves resulting from five different values of the friction factor
(f, =0, 0.005, 0.01, 0.05, and 0.10). The initial reef water depth and the beach slope were fixed at h,=1.0 m
and tan f=1/10, respectively. The frictional effect on the reef surface significantly reduces the runup height
when f,, is greater than 0.01. The friction on the fore-reef slope reduces incoming waves to the reef flat,
while the reef-flat friction dissipates the postbreaking waves more significantly on a wider reef. The no-
friction result suggests that the rapid decrease of the runup height in the range of the small reef width
(W, < 500 m) is primarily attributed to prolonged wave-breaking dissipation that lasts until stable wave
heights compatible with reef water depths are attained. The reef-flat resonance may also contribute to
enhance the runup height in the range of small reef widths.

The influence of the reef water depth on the maximum runup height is presented in Figure 10c. The reef
water depth takes three different values around the estimated value h, = 0.5, 1.0, and 1.5 m considering the

SHIMOZONO ET AL.

COMBINED RUNUP OVER FRINGING REEFS 4475

B5UBD| 7 SUOWIWIOD dAIERID 3|qeol|dde au A peuAoh 818 SoPIE VO ‘SN JO S3IN 104 ARIqIT BUIIUO AB]IM UO (SUORIPUOD-PUE-SWLBILOD A8 | 1M A .G 1)BU1|UO//STNL) SUOIPUOD PUe SWd L 8U1 S *[z20z/0T/TE] uo Arigiauliuo Ao1M ‘'WNIDTIE - IV IONIAIAT A9 0920TODCSTOZ/Z00T 0T/10p/wiod" A 1mAreiqputjuo'sgndnBey/sdny wouy papeojumod ‘9 ‘STOC ‘T62669TC



@AGU Journal of Geophysical Research: Oceans 10.1002/2015JC010760

uncertainty in the estimation. The larger water depth results in a higher runup, but the difference is small
within the range of the reef water depth. The relationships between the wave setup averaged over the reef
flat and the reef width are graphed for the same cases in Figure 10d. The radiation stress by the furious
wave breaking at the reef front and the prolonged wave dissipation on the reef flat yields a wave setup of
2.5-2.9 m. The setup increases with the reef width to a certain limit, after which it stays at a almost constant
value. The shallower reef flat leads to a larger wave setup as the steeper slope of water surface is required
to balance with the shoreward radiation stress. The friction factor affects the wave setup in a complex man-
ner as the frictional effects of the fore-reef slope and the reef flat differently influence the net force balance
of the reef water. Consequently, the mean water depth on the reef flat ranges from 3.4 to 4.0 m depending
on the reef water depth and the friction factor.

Given the hindcast wave height of H;=17.3 m, the model output agrees with the field data when the fric-
tion factor is set to be about 0.04. However, different combinations of the incident wave height and friction
factor could produce runup curves that fit well with the field data. To validate the present combination, we
estimate the friction factor independently of the field data using an existing friction formula in the rough
turbulent regime. Swart [1974] gives an explicit approximation of the semiempirical formula by Jonsson

[1966] as
A —0.194
fw=exp{5,213(k—b) 5.977}7 (10)
S

where A, is the wave excursion amplitude at bottom and k; is the Nikuradse roughness parameter. Madsen
[1994] introduced the representative bottom velocity amplitude u,,, and angular frequency w,, to apply
the same type of the friction formula to irregular waves,

u
Ab:ﬂ, a1
®m

}a)Subdw
ubm:HZ[Subda), Om= (12)
: JSubdw

where S, is the spectrum of the bottom velocity, which can be obtained from the wave spectrum using the
linear wave theory. Therefore, the friction factor can be estimated from the model results and compared
with the presumed value for validation.

and

Figure 11a shows the variation of the representative bottom velocity amplitude uy,,, and angular frequency
wp, at the middle point of the reef flat resulting from the parameter set: H;=17.3 m, f,=0.04, h,=1.0 m,
and tan f=1/10. The velocity amplitude decreases with increasing reef width due to energy dissipation by
wave breaking and reef friction. The angular frequency shows a similar decreasing trend mainly due to the
loss of short wavelength components. The wave excursion amplitude A, remains constant for narrow reef
widths, but increases in the range of large reef widths (Figure 11b). The resulting friction factor from equa-
tion (10) shows only a slight decrease over a wide range of the reef width as shown in Figure 11c. Hence,
the use of a constant friction factor over different reef widths may be a good assumption in the present
case. The three results based on different roughness parameters k; suggest that k;= 0.5-1.0 m is required
to have f,,=0.04, which is much larger than the physical roughness of the reef surface observed in the field.
Lowe et al. [2005] proposed the following relation between the roughness parameter and the roughness
amplitude g, of the reef surface,

ks=40,. (13)

Although it is based on a limited number of wave dissipation measurements in the field, the relation gives
the roughness amplitude of 13-25 cm for f,, =0.04. The actual roughness amplitude was in the similar range
from visual observation in the field (Figure 2c). Therefore, the presumed value of f,=0.04 falls in the reason-
able range from the view of boundary layer flow characteristics. Past field studies presented the friction fac-
tor of O(107") on the fringing and barrier reefs based on wave dissipation measurement [Gerritsen, 1980;
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Figure 11. Estimation of the friction factor on the reef surface. (a) Representative bottom velocity amplitude up,,, and angular frequency
wpm. (b) Wave excursion amplitude on the bottom A,. (c) Estimated friction factors f,, for k,=0.2,0.5, and 1.0 m.

Nelson, 1996; Falter et al., 2004; Lowe et al., 2005]. The main reason for the discrepancy is that the wave
excursion amplitude is large relative to the reef roughness under extreme conditions, whereas the past
studies were mostly conducted under normal wave conditions. Figure S6 of the supporting information
presents A, and f,, resulting from different incident wave heights (Hs= 14, 16, 18, and 20 m). The results
suggest that f,, does not significantly change with the incident wave height. This puts a bound on the
choice of f,, to ensure that the present combination of H; and f,, is in a valid range.

The last parameter to be examined is the beach slope tan f8, which is also a crucial parameter affecting the
maximum runup height. On the Eastern Samar coast, the beach slope varies along the coastline due to the
presence of limestone hills and other local landforms and thus cannot be represented by a single value.
Here we consider four slopes tan f=1/5, 1/10, 1/20, and 1/30 covering its typical range. In order to see
the effects of the beach slope, maximum runup curves with different slopes are plotted in Figure 12. For
comparison purposes, the measured overwash heights are plotted together in the same figure. The beach
slope greatly contributes to the maximum runup height especially in the range of small reef widths. The
data points of the overwash heights, though they are highly scattered due to many other factors such as
two-dimensional wave deformation, lie around the four runup curves. The actual beach topography consists
of a steep foreshore slope and a milder backshore slope or a horizontal plane and thus we need to consider
actual topographic features for further precise discussion. In the present model framework with the simpli-
fied topography, the determined parameter set best describes the field results.

4.3. Wave Characteristics

4.3.1. Wave Deformation Over Fringing Reefs

We discuss wave characteristics over fringing reefs on the basis of the model results previously obtained.
Spectral wave properties are first explored to see how different spectral components contribute to the
extreme flood on the coast. Figure 13a shows wave spectra off the reef Sy, at the reef edge S,qq., at the land-
ward end S.,q and of the shoreline elevation Si for six cases with different reef widths and beach slopes
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0 200 400 600 800 1000 put with the reef friction off (Case 6).

The differences between Sq and Seqge
suggest that a large portion of incident
wave energy around its peak frequency
is dissipated by wave breaking at the
reef front, while other portion is shifted to a lower-frequency band through the nonlinear energy transfer
[Symonds et al., 1982; Pomeroy et al., 2012]. The spectrum at the reef edge does not vary with the reef width
except that V-shaped depressions indicating creation of nodes due to the reef-flat resonance appear at dif-
ferent frequencies. Although corresponding antinodes are not obviously visible on the spectra at the reef
end, the periods of the depressions agree with the reef-flat resonance periods from equation (1), which are
indicated by dotted vertical lines in each plot. This is seen more clearly by plotting the spectral ratio Senq/
Sedge in Figure 13b. There are distinctive peaks around the resonance frequency of the fundamental mode
and much weaker ones around the higher-order resonance frequencies. However, a comparison of Cases 2
and 6, of which difference is none other than the friction factor, reveals that the node-antinode structure is
largely suppressed by the reef friction.

Figure 12. Relationships between the maximum runup height and the reef width
for different beach slopes.

The spectral change from S,,,4 to Si suggests the presence of another resonance phenomenon on the slop-
ing beach shoreward of the reef flat. The spectral ratio Sg/Senq in Figure 13c exhibits a large peak at a certain
frequency that varies not with the reef width, but with the beach slope. The spectrum at the reef end S,4
creates a node at the frequency in the left plots. The runup spectrum Sg is enhanced on its lower-frequency
side, while it is suppressed by wave breaking on its higher-frequency side. Comparing Cases 2, 4, and 5 with
the same reef width, but with different beach slopes reveals that the runup amplification occurs in a lower-
frequency band on a milder beach slope. This amplification is known to be caused by resonant wave inter-
actions over plane beaches. Stefanakis et al. [2011], in the framework of the nonlinear shallow water equa-
tion, suggested that the runup of monochromatic waves is highest when the wave period satisfies the
following relation,

Valtan

where Ty is the runup resonance period and [ is the beach length that is currently expressed by
I=(h,+n)/tan . The calculated value of Ty in each case is indicated in Figure 13c to show that the peak
occurs at the period given by equation (14). It seems that the runup amplification is influential on flood
characteristics as it occurs in the central band of the wave spectrum.

The two resonance phenomena, reef-flat resonances, and resonant runup amplification are combined in
reef hydrodynamics under extreme conditions with a significant runup on the shore. Here the shoreline
does not behave as in the case of a vertical wall at the reef end, and the shoreline motion is enhanced at a
certain period depending on the beach slope. Therefore, the two resonances influence one another just like
a coupled oscillator. The runup resonance affects the reef-flat resonance especially under the condition that
the two resonance periods are close. Equating equations (1) and (14) suggests that the situation takes place
when the following relation is satisfied,
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Figure 13. Changes in wave spectra over fringing reefs for six different cases. (a) Wave spectra offshore of the reef front S, at the reef edge Seqqe, at the reef end S,,,4, and of the shore-
line elevation Sg. (b) Ratio of S tO Seqge. (C) Ratio of Sg to Seng.

W, tan

= 7ﬁz 1.3(2n+1). (15)

(he+7)
Within the present range of the parameters, the resonance periods T; and T, are close to T except for the
cases with large reef widths or steep beach slopes. This probably explains why the higher-order resonances
on the reef flat are not clearly observed even for the case of no reef friction in Figure 13.

To investigate the spectral wave characteristics comprehensively over different cases, we obtain significant
wave heights of different spectral bands from S,,.; and Sgz. The wave data are divided into three components
according to the definition by Munk [1950]: very low frequency (VLF, T > 300 s), infragravity (IG,30s < T <
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Figure 14. Relationships between significant wave (runup) heights of different spectral components and the reef width ((left) reef end and (right) runup). (a) Different beach slopes
(f,=0.04). (b) Different friction factors (tan f=1/10).

300 s), and sea-swell components (SS, T < 30 s). The significant wave heights Hy,r, H, and Hss (Ry;r Rig, and
Rss for the shoreline elevation) are calculated as four times the square root of the zeroth-order moment of the
wave spectrum in each band and plotted against the reef width for different beach slopes in Figure 14a.

In the left plot showing the significant wave heights at the reef end, the IG component, which dominates
the other two, shows a declining curve as the reef flat becomes wider. The contribution of the reef-flat reso-
nance is not clearly confirmed, but it certainly increases the IG component in the range of the small reef
width (W, < 300 m) as the fundamental period T, lies in the IG band. The curve shifts downward with a
decrease in the beach slope because the node associated with the resonant runup amplification is formed
at a lower frequency for a milder beach slope. The VLF component creates a slight hump around
W, =400 m which indicates the involvement of the reef-flat resonance. The SS component significantly
decreases to the reef end at a higher rate for a larger reef width.

The IG component is dominant in the shoreline motion as well in the right plot. The slope of the declining
curve becomes much steeper because the high-frequency IG component (T < 100 s), which is more suscep-
tible to the reef-flat dissipation, undergoes tremendous amplification through the runup resonance. The SS
component is also significantly amplified over the 1/5 slope for a small reef width as the runup resonance
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Figure 15. Time series of shoreline elevation and runup histograms for different reef widths and beach slopes computed with H;=17.3 m and T,=16.5 s. (a) Case 1: W, = 200 m and
tan f=1/10. (b) Case 2: W, =800 m and tan f=1/10. (c) Case 3: W, = 800 m and tan =1/30.

period T lies in the SS band. The contribution of the reef-flat resonance to the IG runup height seems to be
buried in the enhanced high-frequency IG component. The resonant runup amplification produces a large
variation of spectral characteristics by the reef width and the beach slope. The combined infragravity wave
and sea-swell runup occurs over steep slope beaches fronted by narrow reefs, whereas the low-frequency
runup dominates on mild-slope beaches regardless of the reef width.

To clarify the contributions of different physical processes simultaneously involved, we separate the reef
friction from the others. Figure 14b represents the same set of results as in Figure 14a, but for the 1/10
beach slope with and without the reef friction. The left plot shows that turning off the friction creates a res-
onance hump on the curves of the |G and VLF components for narrow reefs (W,= 100-300 m) and wide
reefs (W, > 300 m), respectively. This is consistent with the fact that the fundamental period shifts from the
IG to VLF band around W, =300 m. In the actual case with the friction, the reef-flat resonance should
enhance the IG and VLF components in the similar manner, though the magnitude is smaller. The IG runup
height in the right plot monotonically decreases even without the reef friction implying that a significant
amount of wave energy in the high-frequency |G band is dissipated by wave breaking on the reef flat. This
is supported by a recent laboratory study which demonstrated that strong dissipation of IG waves by wave
breaking takes place in very shallow water [De Bakker et al., 2014].

4.3.2. Flood Characteristics

We finally discuss flood characteristics on the Eastern Samar coast. Figure 15 shows time series of shoreline
elevation R(t) for three representative cases: Case 1 (W,= 200 m and tan = 1/10), Case 2 (W,= 800 m and
tan f = 1/10), and Case 3 (W,= 800 m and tan § = 1/30). The time series are plotted for 1 h in the middle of
a total computed time of 3 h. Furthermore, corresponding histograms of individual runup heights are
graphed in the right plots together with their fitted Weibull distributions. The shape and scale parameters
of each distribution defined in equation (8) are displayed in each plot. All the results are computed with the
same incident wave profile of H;=17.3 m and T,=16.5 s. The two topographic parameters significantly vary
along the coastline and thus wave properties differ from site to site accordingly. Although actual beaches
on the coast do not have uniform slopes, key characteristics of the coastal flood can be derived from the
model results on the simplified topography.
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In Case 1 with the narrow reef and steep beach, flood waves are characterized as a superposition of two
dominant spectral components as presented in Figure 15a. The shorter component, which is resonantly
amplified over the beach, has a mean period of about 20 s. The longer component has a mean period of
about 120 s corresponding the reef-flat resonance period of the fundamental mode. High runup occurs
when the two components are positively superposed. The sharp wave crest reaches over 10 m above the
mean sea level, which occurs a few times per hour. The runup histogram has a broad distribution because
of the strong coupling of the two components and the shape factor is close to two meaning that the indi-
vidual runup heights follow the Rayleigh distribution. During the field survey, some local witnesses at corre-
sponding sites claimed that the maximum water level resulted from multiple waves with short intervals
(mostly, three waves). On the ground level of 3-5 m above the mean sea level, where coastal villages are
often located, the inundation occurs intermittently when crests of the longer component arrive on the
shore. The relationship between the two mean periods of the different components suggests that a single
crest of the longer wave accommodates three shorter waves on average. The occurrence of the multiple
waves can, therefore, be explained by the superposition of the two spectral components, respectively,
enhanced by the two resonance phenomena.

In Case 2 and 3 with the wide reef, the SS component is attenuated by the wave breaking and bottom fric-
tion on the reef flat as shown in Figures 15b and 15c¢. The IG component is also subject to dissipation, but at
a smaller rate, and thus the longer wave components become dominant in flood waves. In Case 2 with the
steep beach, the IG waves form a bore-like front due to nonlinear steepening, which is called the bore-like
surfbeat by Nakaza and Hino [1991] who found the phenomenon could occur on the reef coast under
severe storm conditions. The bores with different front heights climb up the slope at periods of 100-200 s.
On the other hand, the bore-like front does not appear in Case 3 because of strong wave-breaking dissipa-
tion over the mild beach (Figure 15c¢). The resulting flood waves are characterized by a gradual water rise
and recession at the similar period as the bore runup in Case 2. The maximum runup is about 6-7 m high
and a similar height is reached several times per hour in the both cases. It is also commonly observed that
the wide reef flat decreases the number of individual runup waves and makes the runup histogram nar-
rower and more peaked.

Although the runup histograms are similar in Case 2 and 3, flood impacts on the coast could be different as
the bore-like wave produces a shock force on structures and houses. Hence, the coastal villages on a typical
ground elevation (3-5 m) fronted by a steep beach intermittently suffer from the bore runup at longer inter-
vals. A typical case occurred at the town of Hernani (Pt. 23-25) that was fronted by a 600-700 m wide reef.
One of the bore-like waves was captured in the video footage at the town. Local interviews conducted by
the authors revealed that similar waves came repeatedly and the one captured in the video was not the
largest. On the Pacific coast of Guiuan (Pt. 7-11), where a vast coastal plain extends behind a wide reef of
600-800 m, coastal villages appeared to be inundated by long waves just as in Case 3. Clear watermark lines
were found on walls of some buildings, which were rare throughout our survey, indicating that a smooth
water surface gradually rose and receded without short waves on it. Damages on inundated houses were
relatively minor at the site in spite of an extensive inundation area.

5. Conclusions

Extreme waves generated by super typhoon Haiyan attacked the Eastern Samar coast causing destructive
damages to coastal villages. Our postevent field survey revealed that the maximum overwash heights along
the southeastern part of the coast varied from 6 to 14 m depending on the reef width and the beach topog-
raphy behind them. The storm surge simulation based on a parametric typhoon model suggested that the
storm surge was not the major cause of the damages on the coast. The significant wave height off the
southeastern coast was estimated by WAM at 16-20 m during the most intense period of the storm, decreas-
ing from south to north. The huge waves propagated to the reef front and lost a large portion of their energy
through wave breaking and subsequent frictional dissipation on the reef surface. The computed maximum
runup heights agree well with the field results when the wave friction factor was set to be around 0.04, which
fell in the range of the values estimated by the existing friction formula of the rough turbulence regime. The
computed wave setup on the reef flat was 2.2-2.8 m, increasing slightly with reef width.
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The flood waves on the shore have a broad spectrum ranging from the SS to VLF band. The SS component is
remarkable only on narrow reefs due to strong dissipation by wave breaking and friction on the reef flat and is
intensified through resonant runup amplification on steep beaches. The IG component is enhanced at the reef
front through nonlinear energy transfer and is also subject to the reef-flat dissipation especially when the reef
width is large. The reef-flat resonance of the fundamental mode enhances the low-frequency IG component on
narrow reefs and the VLF component on wide reefs although the effect is suppressed by high friction. The contri-
bution of higher-order resonances is not clearly confirmed as their occurrence frequencies overlap with that of the
runup resonance on the shore. The high-frequency IG component dominantly contributes to the shoreline motion
through resonant runup amplification and rapidly decreases with increasing reef primarily by wave-breaking dissi-
pation. Consequently, the runup height monotonically decreases with increasing reef width and becomes larger
on steeper slopes in the range of narrow reef widths because of the contribution of the SS component.

The balance of the different spectral components changes with the reef width and the beach slope to make
variations in flood characteristics at different sites. On a steep beach with a narrow reef of a few hundred
meters width, two dominant spectral components, respectively, enhanced by the reef-flat and runup
resonances are strongly coupled to produce extreme runup heights over 10 m above mean sea level. Flood
waves on the higher ground appear as multiple waves that intermittently arrive at the mean period of the
longer component. On shores fronted by wide reefs of many hundreds of meters, the bore-like IG waves
are formed through nonlinear steepening over steep slope beaches. In places where a coastal plain extends
behind a wide reef flat, coastal flooding occurs by a gradual water rise and recession repeated at the period
of 100-200 s. The variation of flood characteristics derived from the numerical simulation explains the
observed impacts at different sites during the field survey. Further studies are, however, required to fully
describe the phenomena, considering two-dimensional wave deformation on actual coastal topography.

Appendix A: Numerical Scheme

For convenience of presenting the numerical method, equations (2)-(6) are rewritten in a compact form as

Ut Fc=S, (A1)
where U, F, and S are vectors given by
d du
U= , F= ,
du du®+gd?/2
/ (A2)
0
5= ;
—gdzpx—fylulu/2+y
where,
3 2 2
7=7d*Tou+ d—r1*d—r2 +2Zpx d—r1*dr2 . (A3)
3 27, 2

First, the equation (A1) is discretized by finite differences on a regular grid in space and time. A high-order
finite difference scheme similar to those by Wei and Kirby [1995] and Wei et al. [1995] is chosen as the base
scheme. Although it was originally developed for different forms of the Boussinesg-type equation, the
robust scheme can also be applied to the present governing equations. The Adams-Bashforth-Moulton
method is used for time integration, while the fourth-order operators are employed for spatial differences.
The overall scheme is fourth-order accurate and thus free from numerical dispersion due to third-order trun-
cation terms.

The characteristics-based dissipation term is constructed on the basis of the homogeneous part of the
. . . ~n+ . .
equation (A1) and applied at the end of the predictor-corrector step. Let U be the numerical solution of
the base scheme, the solution at the new time step is calculated by the finite difference equation written in

a conservative form,
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~n+1 At
Ut =07+

E( ;6+1/27Fii1/2)7 (A4)
where At and Ax are the time step and the grid spacing in x-direction, respectively, U} is a discrete approxi-
mation of U at x=iAx and t=nAt, F,"H/2 is the dissipative numerical flux defined at the cell center. The
terms responsible for the nonlinear dissipation of many shock-capturing methods can be recast in the form
of the second term on the right-hand side of the equation. The expression for Fiiijpis different depending
on the type of shock-capturing methods employed. For the case of the Roe-Sweby TVD scheme, the numer-

ical flux is written as
N 1
Fi+1/2:§Pi+1/2q)i+1/2- (AS)

Here P;, 4/, is the right eigenvector matrix of the Jacobian matrix 9F /OU evaluated by an approximate Rie-
mann solver such as Roe’s [1981]. The mth element of the vector ®;./, denoted by ¢/}, , is written as

Dy =" H1 _5(&11/2)} w(a?]r1/2)+6(ri"+’1/2)/1(a§11/2)2 02 (A6)

where /=At/Ax, a,f’}r]/z with m =1, 2 are the characteristic speeds, which are the eigen values of 9F /OU
evaluated using the approximate Riemann solver, aﬂm is the mth element of the characteristic variables
calculated by P}, /2(Uj+1 —Uj), ¥ is the entropy correction function to avoid nonphysical solutions,

vo-f A= )
(22+e2)/2¢ |z] < e,
and ¢ is the flux limiter function of the smoothness indicator r,.’L/Z defined by
om —om
rmVZZWv o=sgn(ail ), (A8)
i+1 1

which prevents generation of spurious oscillations in numerical solutions. The solution corresponds to that
of the second-order TVD scheme if the flux limiter is chosen in the admissible limiter region by Sweby
[1984]. Also, the numerical scheme becomes equivalent to the Roe's flux difference splitting scheme if ¢ is
taken to be zero. The characteristic variables o in equations (A6) and (A8) are evaluated using the source
balancing technique by Rogers et al. [2003] to avoid the numerical dissipation to be introduced by discon-
tinuous bed slopes.

In order to provide an on/off control of the characteristic-based filter, the switching function is introduced
to replace @4, in equation (A5) by

@,y =diag (0}, ) Dis1/2, (A9)

where 07}, , is the switching function for ¢}, , and diag(0}}, ,) denotes a diagonal matrix with diagonal
elements 0}, ,. The function is problem dependent and it is presently aimed at avoiding nonphysical
attenuation of prebreaking waves.
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