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Boulders numbering in the high hundreds/low thousands, and with masses up to ~ 30
tonnes, were transported onshore by Super Typhoon Haiyan in Calicoan Island, Philip-
pines to maximum ground elevations that could exceed 9m and terminal positions up to
~ 180 m inland. One-dimensional Boussinesq hindcasts of coastal boulder motion showed
intermittent transport initiated at the fronts of infragravity swash bores. Transport dis-
tances were found to be highly sensitive to wave-height, enough so that observations of
terminal positions may be a viable method of estimating rough paleostorm magnitudes.
The large accelerations at bore fronts generated significant inertial forces, particularly for
larger boulders, but drag forces had greater root-mean-square magnitudes in all simula-
tions. Widely used relations to infer fluid velocities from boulder properties were tested
using modeled boulders — inferred velocities at modeled terminal boulder positions were
compared to maximum computed Boussinesq fluid velocities at these locations and found
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to be significantly lower. This underprediction of inferred velocities was greatest for smaller
boulders that were strongly mobile. Inferred drag loads compared to modeled values were
somewhat more accurate for large boulders when a Froude number of unity was assumed
to estimate flow depths. Although these boulders were unequivocally transported by storm
waves, their large sizes and distances traveled venture into what has been considered the
tsunami range. Thus, care must be taken to interpret the provenance of coastal boulder
fields with unknown origin for lower to mid-latitude regions.

Keywords: Typhoon Haiyan; boulder transport; Boussinesq equations; surf zone; infragrav-
ity waves.

1. Introduction

The transport of coastal boulders by storm waves and tsunamis has been a topic
of considerable discussion in the recent literature [Nott, 2003; Fichaut and Suanez,
2011; Lorang, 2011; Engel and May, 2012; Bourgeois and Maclnnes, 2010]. In large
part, the motivation for these boulder transport studies has been to estimate the
magnitude of past events for which no other records exist [Nott, 2003; Nandasena
et al., 2011], and to evaluate implications for present day disaster reduction plan-
ning. However, there is often considerable uncertainty in these estimates: the local
magnitudes of water velocities and depths leading to transport; the overall event
magnitudes; and even whether the observed transport was caused by storm waves
or by a tsunami, as many coastlines are affected by both phenomena. Because it
is important to understand the source of existing boulders in these areas, the large
number of high magnitude storm events storm events compared to tsunamis may
provide opportunities to test boulder transport models.

One of the greatest uncertainties in these studies is the quantification of hydro-
dynamics leading to transport. The presence of storm-transported boulders can be
used to directly infer the hydrodynamics leading to their transport [Nott, 2003],
although with uncertain accuracy. These hydrodynamic conditions are also directly
related to structural loads of interest to engineers and planners. However, reconstruc-
tions of past events tend to use quite simplified hydrodynamics and forces acting
on boulders [Nott, 2003; Engel and May, 2012; Bourgeois and MacInnes, 2010], and
make little allowance for hydrodynamic interactions with local topography. For-
tunately, many numerical tools exist that can simulate the detailed transforma-
tion of either tsunamis or storm waves over coastal topographies, and the resulting
water depths and velocities leading to boulder transport. Some recent studies have
employed hydrodynamic models to simulate conditions during tsunamis [e.g. Nan-
dasena et al., 2013; Sugawara et al., 2014], which can then be used to drive dynamical
boulder transport models and compared with measurements. In principle, magni-
tudes of unknown tsunamis or storms could be estimated by comparing modeled
and observed transport characteristics and determining a best match. Alternatively,
models could be used to distinguish between storms or tsunamis [e.g. Buckley et al.,
2012]. However, there are many uncertainties in this type of analysis, and accuracy
remains to be evaluated.
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Fig. 1. (a) Track of Super Typhoon Haiyan, and study location. (b) Close-up of study location on
Calicoan Island.

Super Typhoon Haiyan (locally referred to as Yolanda), with track shown in
Fig. 1(a), made landfall just south of Samar Island in the Philippines at around
2100UTC, 7 November 2013. Haiyan may have been the strongest storm to make
landfall in the modern satellite era, with the Joint Typhoon Warning Center [2013]
estimating maximum one minute sustained winds of 170 knots (195mph) shortly
before landfall. More than 6000 fatalities have been verified, and hundreds of thou-
sands of structures were damaged or destroyed by the storm. Storm surge of 5-6 m
was measured and modeled in the Gulf of Leyte, with wave runups exceeding 10 m on
the open Pacific coast [Mori et al., 2014; Tajima et al., 2014]. This large runup was
possible because the ocean east of Samar drops steeply into the 10,000 m deep Philip-
pine Trench with no land for thousands of km to the east: thus, large waves gener-
ated during Haiyan were able to propagate very close to the Eastern Samar shore-
line before dissipating. The region is microtidal, with mean tide ranges of O(1m).
Because of the deep offshore bathymetry in the Philippine Trench, the coastal storm
surge in Eastern Samar was quite low, with maximum hindcast elevation anomalies
less than 0.3 m [Mori et al., 2014].

This paper examines boulder transport during Super Typhoon Haiyan using
direct observations of post-storm conditions combined with phase-resolving numeri-
cal Boussinesq models of runup hydrodynamics driving boulder transport. This work
confines itself to transport in the vicinity of sandy beaches: large boulder transport
that was observed on nearby clifftops during Haiyan lies beyond the scope of this
paper, but will be discussed elsewhere.

2. Observed Boulder Transport

The study site on Calicoan Island is located at the southeastern tip of Samar Island
facing the Pacific Ocean as seen in Fig. 1(b). Eastern Samar has a humid tropical
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climate with greater than 3m average annual rainfall (http://pagasa.dost.gov.ph)
and is lightly developed, with fishing and agriculture as major industries. The shore-
line near the study site is characterized by low limestone cliffs and headlands with
elevations 5—10m, separated by high gradient, narrow sand beaches. Almost com-
pletely level fringing reefs border much of the coast, with typical widths of several
hundred meters in front of sand beaches, and with much smaller widths (or none)
seaward of cliffs and headlands. The underlying limestone is highly weathered, with
very sharp Karst topography on headlands in the direct sea spray region, and slightly
more subdued weathering further inland. Numerous caves are found in this imme-
diate area [Husana and Yamamuro, 2013|. The study site is at the far northern
extent of the approximately 2.4km Ngolos beach on the Pacific (eastern) coast of
Calicoan Island. As shown in Fig. 2(a), the beach section is bounded by a large
rocky headland to the north and bisected by a smaller spur. The southern portion
of the study area has a ~ 200 m wide fringing reef that decreases in width with dis-
tance north, and vanishes at the northern headland. This beach experienced around
50 m of erosion during Haiyan, in some places down to bedrock. Vegetative overwash
debris (mostly coconut palms) were found more than 200 m inland at around 9 m
above sea level (ASL) on both the beach plain and the northern headland. Along
transect T1, the foreshore beach itself is very steep, with an average slope of 0.09
for the first 90 m from the shoreline, and a much more gentle 0.01 slope for the next
120 m. The beach was the site of a small seaside development, with concrete roads

Fig. 2. (a) Study location showing cross-shore transect T1 (with elevation profile given in Fig. 8(b))
and surveyed boulder locations colored by size. (¢) D > 2m; (¢) 1.5m < D <2m; (¢) Im < D <
1.5m; (e) 0.5m < D < 1m; (¢) D < 0.5m; (+) Location of boulder in Fig. 2(b); (¢) Location of
photo in Fig. 3. Background image taken December 15, 2013 from Pleiades 1B satellite. (b) The
largest boulder (ID 77), found at ~8 m ASL along transect T1.
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and foundation slabs along its length, some small beach cabins, and many coconut
palms. No structures survived the storm in this location.

Storm-transported boulders numbering in the high hundreds/low thousands
(characteristic size D = (abc)'/? > 256 mm, with a, b, ¢ the three boulder axial
length scales) were found all along the northern section of the beach, both along the
beach plain and against the headlands. The total number of boulders could not be
accurately determined both because of the large quantity and because many were
obscured by vegetation. Of those visible, 118 were surveyed for size (a, b, ¢ axes),
location, and visual properties in detail. A straight line was fit to the overall mean
sea level sandy beach shoreline post-Haiyan over the study area, and boulder posi-
tions from shoreline, z, (onshore positive) were measured from this line. Because not
all boulders could be surveyed, many of the largest visible boulders in an area were
chosen, plus large boulders found near the inland extent of travel. Small boulders
with characteristic dimensions D < 1m in particular are highly underrepresented in
this survey, as they were neglected in favor of larger boulders, but these smaller boul-
ders were visually the most abundant as shown in Fig. 3. Boulders were transported
at varying distances inland: few large boulders were moved more than ~ 180 m from
the shoreline. Probably not coincidentally, this was also the approximate location
where vegetation became extremely thick and tangled, and was near the ~ 200-
220 m inland limit of large rafted debris such as palm logs. Many smaller boulders
with D < 1m were observed to be trapped at the break in slope between the flat
reef and the steep foreshore slope (Fig. 3).

All boulders examined were composed of calcium carbonate: the large majority
appeared to derive from the same limestone as the heavily weathered headland, while

Fig. 3. Small boulder concentration at the break in slope between reef flat and steep foreshore
beach with the first author. The photo location is shown in Fig. 2(a).
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Fig. 4. (Color online) Examples of boulder types observed on Calicoan Island. Clockwise from top
left: pink iron oxide-stained boulder; weathered gray boulder with likely subaerial near-shoreline
origin; white boulder with weakly cemented gravel attached (originally on lower side); white boulder
rounded by water.

Fig. 5. (Color online) Distribution of (a) Pink/Orange; and (b) White/Gray boulders. Boulders
with more than one major color are shown on both plots.

the origin of others was indeterminate. Some boulders were clearly of subaqueous
origin, while others appeared to be subaerial, with attached roots. Some pink or
orange boulders with iron oxide staining appeared to have been buried pre-storm
and became mobile when the beach eroded, many having terminal positions in much
higher elevation non-eroded areas. Figure 4 gives examples of some of the different
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boulder types found, while Fig. 5 shows individual locations as a function of color.
Interestingly, all pink/orange boulders were found inland from sandy portions of
the study site, providing further evidence of their pre-storm burial. In contrast,
white/gray boulders were not confined to these locations, but were also found on
headlands. The many boulders observed along the post-storm beach suggest that,
if the beach eventually recovers to its pre-storm position, these will be buried over
time and may become mobile during a future storm.

Many boulders (71/118 measured) were found near obstructions (trees and veg-
etation, foundations, other boulders, headlands) that may have impeded their
progress. Long (a) axes were often parallel to the shoreline, and short (c¢) axes
vertical, but this was not always the case. The largest subaerial boulder as shown
in Fig. 2(b) was quite irregular, with estimated mass of 30 tonnes (calculated using
m = 0.5psabc, see Engel and May [2012]). It was found resting partially on a road
at 8m ASL, and may have originated just offshore at around x = —25m, where
x = O0m gives the nominal shoreline. Several large boulders could be seen in pre-
storm satellite photos presented in Fig. 6 but were not at this location in post-storm
images or post-storm ground reconnaissance. These large boulders may also have
broken during the storm to become the source for smaller boulders, but it is not
possible to say with certainty.

Elevations above sea level shown in Figure 8 were measured using a rod and level
on transect T'1 with location in Fig. 2. Elevations below sea level were estimated from
wading, sea color and wave breaking locations on satellite photographs, and are much
more approximate. Depths beyond the breaker line were assumed to drop off steeply
as shown in nautical charts, and no evidence of wave transformation could be seen in

Fig. 6. (Color online) Pre-storm satellite photograph at northern end of study site showing two
large boulders that were not in the same locations post-storm.
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satellite photos to support a more gentle increase in depths. Figure 8b shows transect
elevations, with a 60 m maximum depth used to accommodate the hydrodynamic
modeling. This transect had water-smoothed rock at the lowest elevations above sea
level, and sand and vegetation at higher elevations.

3. Hydrodynamic Modeling of Boulder Transport

The case of Super Typhoon Haiyan provides an opportunity to increase understand-
ing of boulder transport during severe storms by linking the storm characteristics,
nearshore waves and surge climate, and corresponding boulder transport. Haiyan
had some (although not complete) information about the storm and conditions that
may be used to model boulder transport and its sensitivity to hydrodynamic con-
ditions. Models may also be used to test widely used inferences of the maximum
fluid velocity experienced by a site. Finally, links between boulder transport and
structural loads can provide important information for planning and design.

Modeling of boulder transport has three components: (1) Characterization of the
incident wave climate and storm surge; (2) Modeling wave transformation through
the surf and swash zones; and (3) Using detailed hydrodynamic time series to predict
forces on boulders, and thus to drive boulder transport.

3.1. Wave and surge modeling from deep water through the surf
and swash zones

Typhoon Haiyan was hindcast using the Weather Research and Forecasting (WRF)
model [Skamarock et al., 2008] for atmospheric modeling; multi-domain nesting and
data assimilation using spectral nudging (SN) were applied to simulate typhoon
characteristics correctly. The domain size of WRF was approximately 4000 x 2000 km
centered at 130°E and 10°N and the minimum spatial resolution selected for WRF
was 1km. Initial, lateral, and sea surface boundary conditions were taken from
the Final Operational Global Analysis by the National Centers for Environmental
Prediction and Japan Meteorological Agency’s Global Spectral Model, respectively.
Storm surge and wind waves were simulated using the surge-wave coupling model
[Kim et al., 2009] combining a nonlinear shallow water equation and the spectral
wave model SWAN [Booij et al., 1998]. Atmospheric and surge-wave modeling used
the same size domain, and three-level, two-way nesting was performed with spatial
resolution up to 0.00667°. Wave radiation stresses were computed from the spectral
wave model and fed into the shallow water model. A series of computations was
performed by changing numerical setup and boundary conditions; accuracy of the
typhoon, storm surge, and wave hindcast has been validated by satellite and other
available data [Mori et al., 2014]. We selected the best hindcast results from the
ensemble.

Figure 7 shows hindcast significant wave-height, peak period, and surge + tide
level in deep water just offshore of the boulder site. Significant wave-heights reached

1640004-8



Coast. Eng. J. 2016.58. Downloaded from www.worldscientific.com
by 134.246.166.26 on 08/28/16. For personal use only

Observations and Modeling of Coastal Boulder Transport

= N
o O

Hs(m), Tp(s)

0 | | |
0715 07118 07/21 08/00 08/03
UTC Day/Hour November 2013

(a)

Surge+Tide(m)

-1 1 1 |
07/15 07/18 07/21 08/00 08/03
UTC Day/Hour November 2013

(b)

Fig. 7. (Color online) (a) Hindcast significant wave height (black) and peak period (red); (b) Hind-
cast offshore water surface elevation.

H®* = 18.9m, while surge was very low. The low surge is not a surprise, as the
extremely deep water offshore of the study site reduced wind surge greatly, with
barometric effects the only remaining contribution. High waves are also not a sur-
prise: although there is no direct validation of heights for this storm, waves in this
extreme height range have been observed at other locations [Cardone et al., 2015]. In
addition to boulder transport, 12.2 m wave runup during Haiyan was also measured
at this location [Shimozono et al., 2015].

Local wave transformation and runup were computed using a one-dimensional
Boussinesq—Green-Naghdi wave model [Zhang et al., 2013, 2014] over transect T1
with input time series of random waves with JONSWAP spectrum, and wave prop-
erties and surge heights taken from the larger scale hindcast. A grid size of 4m
and time step of 0.04 s were used. Because the random phase used to generate wave
time series can have a significant impact on wave runup, 20 simulations were carried
out, each using different random seeds for wave phases. Output time series of water
depth and velocities were then used to compute loads and drive boulder motion in a
one-way sense: i.e. waves and surge affected boulders, but boulders did not influence
hydrodynamics.

Figure 8 shows the transformation of significant wave height over the strongest
hour of the storm (2200 UTC, 21/11/2013) from the constant depth offshore region
through to the shoreline. Significant wave height was retrieved from output time
series of water surface elevations using Hy = 1.416 x 81/ 2077, where 7 is the standard
deviation of surface elevation at a given location [Dean and Dalrymple, 1991]. As
expected, wave heights decrease strongly with decreasing offshore depths, and then
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Fig. 8. (a) (—) Significant wave height; and (—+—) significant infragravity wave height over strongest
hour of Boussinesq computations for input wave conditions (—) 1.0Hs, (—) 0.75Hs, (—) 0.5 Hs;
(b) Bathymetry and topography used for wave and boulder transport computations.

become much smaller in the normally dry runup region. Significant wave heights of
just under 1m are seen at the onshore boundary of the simulation, showing that
runup regularly reached the boundary with significant force, which is a prerequisite
for boulder transport. Infragravity significant wave heights, defined here as having
periods greater than 30s, are also shown here. Infragravity heights are quite small
offshore, but increase strongly in the breaking and runup regions and dominate in
the flatter region with z > 150 m. Both the importance of infragravity components
in the inner surf and swash zones, and their dominance on flat areas are in agreement
with many other studies [e.g. Nwogu and Demirbilek, 2010; Stockdon and Holman,
2006]. These low frequency components allow loads to act for much longer than
is possible from shorter period incident waves, and increase both the distance of
inundation over an infragravity period and the distance a boulder could travel.
Additional simulations of wave transformation and runup were performed over
the course of the storm using 0.75H and 0.5H hindcast wave heights to drive the
Boussinesq model, and are shown in Fig. 8(a). Wave transformation through to the
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still water shoreline at x = 0 shows expected behavior, with smaller heights than
with the original simulation. Low frequency motions also increase strongly in the surf
and runup zones as with the original simulation. However, runup heights are both
much smaller and do not extend as far inland and to as high elevations. Thus, larger
incident waves not only provide significantly greater forcing to any boulders offshore
or near the still water level, but will also have forcing in onshore locations that can
not be reached by the smaller waves. Because the runup itself is a signature of storm
size, and because boulders can only be driven to the limit of runup, the maximum
inland penetration of observed boulders will provide an additional measure of storm
intensity. This reduction of inundation with decreasing wave height [e.g. Shimozono
et al., 2015] may prove an important tool when attempting to evaluate the intensity
of historic storms using boulder transport signatures.

Figure 9(a) shows time series of runup likely to cause boulder motion (defined
here as x. 75, the furthest shoreward position with instantaneous water depth greater
than 0.75m, which could be sufficient to drive motion for smaller boulders) over the

400
300 -
EE 200} -
T AnM \ / A TN WY L Al {M My |f W M //ﬁ" } i |
\ﬂ A0 DA R b )
-100 0 560 1 0‘00 15‘00 Ti 2000( ) 25‘00 30‘00 35‘00 4000
ime(s
(a)

3| I I I I
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04
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(b)

Fig. 9. (a) Time series of runup horizontal distance over the strongest hour of the storm using
incident wave heights (—) 1.0Hs, (—) 0.75Hs, (—) 0.5Hs; (b) Spectral densities for the runup
time series of (a).
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strongest hour of the storm for the three initial wave heights 1.0 Hs, 0.75 Hs, and
0.5 Hs. All three simulations use identical random phase information, so the incident
wave signals are scalar multiples; thus runup signals are also highly coherent. Runup
time series for the three heights are generally quite similar, with the largest waves
generating the largest runup. All three wave heights show a strong infragravity
signal: although incident waves have a peak period of T}, = 17.7s, spectral analysis
of the runup time series shown in Fig. 9(b) shows much longer peak periods of
[654s, 1098, 109s| for [1.0Hs, 0.75Hs, 0.5 Hs]. While all of these represent strong
frequency downshifts, the waves using 1.0 Hs have an extremely long peak period
arising from the large excursions that occur when runup reaches the flatter portion
of the domain, and can propagate inland very easily. Runup from the smaller wave
heights 0.75 Hs and 0.5 Hs can not as easily reach this more elevated region, and
thus do not show such large excursions or such extreme frequency downshifts. As
mentioned previously, this increase in low frequency energy has strong implications
for boulder transport as the much longer period flows significantly increase capacity
for long distance transport.

3.2. Boulder transport modeling

The model for boulder motion was adapted from Imamura et al. [2008]. The basic
equation of motion for boulders was

0%X B

oz = (
where X was the boulder cross-shore coordinate, F; was the drag force, F; was the
inertial force, Fy; was the gravitational component along the slope, and Fy was the
frictional drag force. The submerged volume of the boulder was Volg while the total
volume of the boulder was Voly. Bulk densities of water and rock were p,, and ps,
respectively, while C), was the inertial coefficient. If the boulder was stationary and
|Fy + F; — F,| < |Fy|, then 6°X/9t* = 0. Initiation of rolling criteria were not used
in this model, implying sliding motion (which is known to not be true for some
observed boulders).

Drag force (Fy), inertial force (F;), gravitational force (F}), and frictional force

(F't) were given by:

Fd+Fi _Fg —Ff)/[VOIS(Cm - 1):010 +V010ps]a (1)

Fd = 05pr5U|U‘7 (2)
DU
F; = pyCpVolg——,
PwCm Vo D1 (3)
Fy = —(—pwg Vols + psg Volg — Fr,)sin 6, (4)
Fy = p(—pwg Vols + psg Volg — Fp) cos 0, (5)

where Ag was the submerged frontal area, U was the depth-averaged fluid velocity
at the boulder location (taken from Boussinesq simulations), and 6 was the beach
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slope angle in radians. Different friction coefficients are given when the boulder is
stationary, p = pg, or when in motion, u = ug. The lift force was given as

ax\? . h+n
FL = O.SC’lpwa[O.S(b + C)] <U - E) min <2.5ma 1>a

h+n>05(b+c) (6)

and F; = 0 otherwise. The factor min(2.5%, 1) allows for a smooth transition
between no lift and full lift from 1 to 2.5 boulder depths of water.

Because many coefficients were not well known, they were varied randomly over
a range to test transport sensitivity. To account for boulders with different aspect
ratios, the three axes were related according to: (a,b,c) = (Cpcbo, by, bo/Che), where
bp was the nominal axis size, and C}. = 1.0 4+ 0.5R,,. provides a random variation
for boulder shapes. The coefficient Ry, (like other similar R_) factors) represents a
random number that is specific for the parameter C,,. (or more generally a parameter
(—)), and is taken from a uniform [0, 1] distribution. Boulder volumes were then

computed from the three principal axis lengths as
Voly = 0.5abc(0.9 4+ 0.2R,,) = 0.5C,abe, (7)

where the 0.5 factor accounted for boulder shapes that are not rectangular prisms
[Engel and May, 2012], and the factor C,, = (0.9402R,) provided a random variation
about the mean. The submerged volume (used to compute buoyancy) was similarly
given as Vol; = 0.5a(0.5bmin(c, h + 1) + 0.5¢min(b, h + 1))(0.9 + 0.2R,), which
assumes that there is an equal chance of either the b or ¢ axes being vertical.

Again because of irregular shapes, the submerged frontal area, Ay, was given as
Ag = 0.703/ a min(h + 7, ¢) when the particle was stationary (indicating that the
boulder has its narrowest (c) axis vertical, and with reduction factors for nonrect-
angular frontal area), and Ag = 0.703/3a(0.5 min(h+n,c) +0.5min(h +n,b)) when
the boulder was in motion, assuming that either the b or ¢ axis may be vertical.

Other parameters were also given random variations that changed with each run:
Other parameters were also given variations as shown below, where all coefficients
R(—) are again uniform random coefficients specific to that coefficient taken from
[0,1], and all R(_y changed for each boulder.

po = 0.75(0.7 + 0.6 Ryy),
f1a = 0.75(0.4 4+ 0.4R,,q),
Cy = 1.05(0.7 + 0.6 Rcq),
Cp = 2.5(0.7 + 0.6 Rom),
C; = 0.178(0.7 + 0.6Rcy),
ps = 2300(0.9 + 0.2R,).
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All friction coefficients were multiplied by 1.5 for 120m < z < 180 m, and by 2.0 for
x > 180 m, to account for the greater concentration of vegetation in these regions.
A major source of uncertainty in these simulations is that quantities like frictional
coefficients, and random variations in all coefficients, were chosen on the basis of
engineering judgment, and there exists little data to either support or refute their
ranges.

Five boulder classes were used during this modeling study, corresponding to
different size ranges. These classes used D = 0.5, 1, 2, 3, and 4m length scales;
however the relative lengths of the three axes (boulder shape) varied as discussed
previously. Although it is clear from field data that boulders had different initial
locations, this proved difficult to estimate quantitatively as the vast majority of
boulders were not visible in pre-storm satellite photographs. Thus, all boulders were
specified to become mobile at the beginning of the storm at z = —25 m, just offshore
of the shoreline; as several large boulders were observed in this region from pre-storm
satellite photos as seen in Fig. 6 (some runs varied initial position as described
below). For each hydrodynamic simulation, 20 boulders with random characteristics
as detailed above were initialized in each of the size classes. Since there were 20
different hydrodynamic simulations, this gave 400 simulations in each size class,
enough that some statistics could be obtained.

4. Estimation of Storm Hydrodynamics from Boulder
Characteristics

Figure 10 and Table 1 show individual cross-shore locations for all boulders mea-
sured in the field, in addition to mean modeled boulder terminal positions. Smaller
boulders were both predicted and observed to be much more mobile, with distance
traveled decreasing as boulder sizes increased: the smallest class, D = 0.5m, was

350 -
300 - o
250

Fig. 10. Computed and measured terminal locations for boulders with varying sizes. (o) Individ-
ual Measured; (-0-) Measured Binned Means; (0) Computed +1 standard deviation using 1.0 Hs;
(o) Computed +1 standard deviation using 0.75Hs; (x) Computed +1 standard deviation using
0.5H s; (---) Initial location.
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Table 1. Statistics of modeled (400 samples for each boulder size) and observed boulder transport
for different size classes.

Modeled minimum, mean, maximum, and standard deviation

Boulder D Range (m) of Boulder Terminal Positions (m)

class (number measured) Hg 0.75H 0.5H Observed
1 0.26-0.75m (38) 176, 273, 356, 38 2, 125, 229, 52 0, 26, 51, 19 93, 133, 168, 19
2 0.75-1.5m (72) 131, 218, 296, 34 41, 105, 186, 30  —2, 18, 56, 18 53, 112, 183, 26
3 1.5-2.5m (6) 73,147, 218,30 1,62, 121,21  —25, —1, 34, 11 33, 68, 147, 43
4 2.5-3.5m (2) 7,96, 165,20  —23,27,78,23  —25, —17,5 8  —2, 48, 99, N/A
5 >3.5m (0) ~18, 57, 121, 28 —25, —1,45, 16 —25, —24, —12, 2 N/A

computed to have average terminal position of x = 264m (inland from the shore-
line), while the largest class of D = 4m showed far less mobility with a mean
terminal position of x = 54 m. Variations in boulder properties such as friction and
drag coefficients proved to be much less important than overall boulder size and
wave-heights in predicting mobility, suggesting that as long as reasonable values
are used, model results will fall within a relatively small range. However, modeled
transport using hindcast wave properties significantly exceeded observed values as
seen in Fig. 10. There could be many reasons for this. The first, and most obvious, is
that the input significant wave-heights may have errors due to the wave model and
complex local bathymetric effects. Other important considerations include the 1D
nature of the Boussinesq simulation, the inability of the model to represent effects
of obstructions that were observed to limit transport in many instances, and uncer-
tainty in coefficients used to model transport. The unknown times and locations
when boulders detached from the headland or were uncovered by erosion adds to
the modeling uncertainty.

Boulder transport simulations using 0.75 and 0.5 times the hindcast wave-heights
were also conducted, with results shown in Fig. 10 and Table 1. These distances trav-
eled are considerably lower, and results using 0.75H show much closer agreement
with the bulk of measurements. Results using 0.5H show a continuing decrease in
distance traveled, with predicted travel much less than observations. Thus, transport
distance is highly sensitive to incident wave properties and a knowledge of boulder
terminal positions may be able to provide a rough constraint on storm magnitudes
when other information is not available. This has the potential to yield more accurate
information about wave-heights than initiation of motion criteria [Nott, 2003; Nan-
dasena et al., 2011] because the distance traveled is seen to be a strong function of
incident wave-height even when boulders are strongly mobile. This sensitivity arises
not only because orbital and bore velocities increase strongly with wave-height, but
also runup distance [Stockdon et al., 2006] — swash from smaller waves may not
even reach locations where larger waves may deposit boulders.

It is well known from the coastal science and engineering literature that inner
surf zone and swash motions often follow infragravity time scales rather than the
scales of the incident waves, and can feature swiftly advancing bore inundation over
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Fig. 11. Time series of motion for different boulder sizes over Haiyan simulation using 0.75 Hs.
Different lines show range of motion using same hydrodynamics but with 20 different random
boulder properties as described in the text.

dry beds, with slower retreating fronts [Nwogu and Demirbilek, 2010]. Figure 11
shows computed motion over a single realization of storm hydrodynamics for all
boulder size classes, using 20 random realizations of boulder properties and initial
position x = —25m. Onshore transport is seen for all size classes and arises from the
asymmetry of velocities and depths at the bore front. Both loading and motion are
seen to be extremely episodic, as static friction was exceeded by mobilizing forces
only in the largest swash bores. The smallest boulder class with D = 0.5 m was the
exception to this, and shows strong mobility in both uprush and downwash motions
while near sea level. Transport for all boulder sizes became increasingly intermittent
with distance shoreward, and boulders at higher elevations were only inundated a
small fraction of the time. For these shoreward locations, only very large infragravity
swash bores could even reach the boulders, and the ground remained dry for the
majority of the time. When mobilized, the boulders tended to move shoreward for
a short time and then remain motionless for minutes to hours until the next large
runup bore reached their locations. Larger boulders showed far more intermittency
in motion than smaller boulders, with the D = 4m class only mobilized by a few
discrete events.
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Although boulders had different random properties, motion paths were fairly
similar for each size class. This is encouraging, and suggests that some error in
the estimation of, for example, drag coefficient, may not present a fatal obstacle to
boulder transport modeling if hydrodynamics are reasonably well known. However,
the largest two boulder classes, D = 3m and D = 4m, did show more variance in
final position: as these large boulders were much less mobile, relatively small changes
in boulder properties might lead to a nonmobile boulder becoming mobile or vice-
versa. Moreover, motion of these large boulders was mainly influenced by a few large
runup bores; thus the accurate modeling of hydrodynamics and infragravity waves
is also of greatest importance for boulders on the cusp of mobility.

For boulders on slopes, gravitational forces acting downslope were typically 10—
15% of frictional forces, but played a significant role in preventing upward motion
on steeper slopes. Drag was the largest mobilizing force, while inertia increased
in importance as boulder diameters increased: for a one hour simulation using
0.75 H™* ratios were Firms/Farvs = [0.15,0.22,0.36,0.52,0.58]. This importance

0 2 4 6 8 10 12
Time(hours)

Fig. 12. Time series of motion for different boulder sizes over Haiyan simulation using 0.75 Hs.
Different lines show range of motion using same hydrodynamics and same boulder properties, but
with 20 different start locations evenly spaced from —50 m to 25 m.

1640004-17



Coast. Eng. J. 2016.58. Downloaded from www.worldscientific.com

by 134.246.166.26 on 08/28/16. For personal use only.

A. B. Kennedy et al.

of inertia for larger boulders is not in accord with many other studies, which tend to
assume that inertial forces are “relatively insignificant” [Nott, 2003]. However, bore
fronts in the surf and swash zones have large accelerations which become increasingly
important in the transport of larger boulders, as might also be expected from an
examination of Keulegan—Carpenter numbers [e.g. Dean and Darymple, 1991].

4.1. Initiation of motion criteria

One of the main goals of boulder transport analysis is to recreate details of unknown
historical storms or tsunamis using observed boulder locations and characteristics.
The most common techniques used for this are the various initiation of motion
criteria [Nott, 2003; Nandasena et al., 2011]. These use measured boulder (a, b, )
length scales and density combined with the assumption of a drag-dominated system
and estimates of quantities such as drag and frictional coefficients to arrive at the
velocities required to initiate either sliding or rolling motion. A secondary step often
estimates either storm wave or tsunami wave-heights from the inferred maximum
velocities. For a boulder shaped like a rectangular prism, the Nandasena corrections
to Nott’s equations give the inferred velocity at the initiation of sliding

9 2gc(ps/pw — 1)(pcos @ + sin9)
> :
Ustide 2 Calc/b) + nCy ©)

For the initiation of overturning,

02> 2gc(ps/pw — 1)(cos 0 + (c/b) sin 0)
roll = Ca(c?/b?) + Cy '

Comparisons between inferred velocities to move field-measured boulders and mod-
eled Boussinesq velocities at different cross-shore locations are given in Fig. 13. Par-
ticularly for the sliding mode, inferred velocities tend to be significantly less than
modeled velocities using 0.75H, which gave the best overall comparison for trans-
port distances. However, because of the uncertainty in wave-heights, it is difficult to
make strong conclusions here. A more direct comparison uses inferred velocities for
modeled boulders and compares them to Boussinesq maximum velocities at different
cross-shore locations. Because the Boussinesq wave model provided the depths and
velocities used to drive boulder transport, and because all coefficients used in the
model simulations are known, this provides a direct evaluation of the accuracy for
initiation of motion criteria when compared to a more complex dynamical model.
Figure 9 thus also shows bin-averaged inferred fluid velocities to initiate sliding and
rolling for modeled boulders. As with the field boulders (whose mean velocities are
close to the means of the modeled boulders) maximum Boussinesq velocities at a
site tend to significantly exceed estimates using initiation of motion criteria, par-
ticularly for sliding motion. This suggests that initiation of motion criteria tend to
work best as a lower bound on velocities, and may significantly underestimate actual
conditions encountered during a storm.

(10)
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Fig. 13. Inferred fluid velocities to initiate boulder motion, plotted against onshore distance. (a)
Velocities to initiate sliding; (b) Velocities to initiate rolling. (e) Inferred velocities from observed
boulders. (—) Average inferred sliding and rolling velocities from numerical boulder transport,
averaged in 10 m bins. Black lines are maximum fluid velocities over the storm taken directly from
Boussinesq model outputs using 0.75 Hs, for instantaneous depths greater than (from top) [0.5, 1,
2, 3] m, averaged over 20 model runs.

This data may be seen differently in Fig. 14, where inferred velocities for mod-
eled boulders are individually compared to Boussinesq maximum velocities at the
modeled terminal boulder positions. Again, it is clear that initiation of velocity cri-
teria are very much lower bound: all D = 0.5m boulders have inferred velocities
to initiate sliding less than actual maximum velocities at their terminal location,
while the percentage is 99.5% for inferred rolling velocities. These underpredictions
decrease with increasing boulder size: for D = 3m boulders, only 88% of inferred
sliding velocities are underpredicted, while 53% of inferred rolling velocities are
underpredicted. For small boulders, errors likely arise from the short durations of
maximum velocities, which do not allow boulders to move as far inland as they
might with a more steady current. For large boulders, inertial forces are considered
to be “relatively insignificant” [Nott, 2003] in the initiation of velocity criteria but
are important in modeled transport: this means that modeled boulders can actually
be transported with lower velocities than if just drag were considered, leading to
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Fig. 14. Comparison between maximum Boussinesq numerical velocities Up at boulder end loca-
tions at times when (h+n) > D, and inferred (a) sliding, and (b) rolling velocities for all numerically
simulated boulders. (x) D =0.5m; (0) D =1m; (¢) D =2m; () D =3m.

a smaller difference between inferred and recorded velocities. For all cases, mean
modeled velocities at the terminal positions are much greater than mean inferred
velocities.

4.2. Wave loads

For near-coast structures, boulder transport has relevance largely because it shows
where historical inundation with high velocities has taken place. Estimates of the
loads required to transport boulders with given size, shape, and density provide
additional constraints on the hydrodynamics. Together, these have the potential to
estimate the historical loading climate in a given location, which may then be used
to inform planning and design. No field data will be used in this section to facilitate
a more direct comparison between inferred and modeled quantities — all estimates
arise from inferred maximum velocities using (9), which are then used to estimate
drag forces. At the final resting place of a modeled boulder, the inferred drag force
potential per unit width may be calculated from the square of the inferred velocity
multiplied by the depth at the time of maximum velocity. This is sometimes referred
to as the momentum flux parameter [e.g. Linton et al., 2013] and is given here by
U?(h + n). For inferred forces, two choices are used for the depth scale. The first
takes the depth as the boulder height, which here is the shortest axis dimension:

Finferred
el 173 (11)

An alternate depth scale suggests itself from the often-used incipient motion assump-
tion that the Froude number of wave flows is one [e.g. Nott, 2003]. This leads to a
depth of (h 4+ 7n) = U?/g and thus

-Finferred 4
s . 12
O5pCd’U) sllde/g ( )
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Fig. 15. Maximum numerical drag force potential over entire storm, evaluated at numerical boul-
der terminal position (Fyumerical), compared to force potential from inferred sliding velocities and
boulder properties (Fipferred). Different colors indicate different classes of numerical boulders (x)
D =0.5m; (o) D=1m; () D =2m; (O) D = 3m. The solid black line indicates 1:1 correspon-
dence. (a) Inferred forces using boulder length scale from c-axis; (b) Inferred forces using a Froude
number of unity.

Maximum drag force estimates may also be found directly from model outputs, as
the maximum of the depth-integrated momentum flux over time at the terminal
boulder position,

Sl (2 (h+ 1)) (13
Figure 15 compares inferred and modeled drag force potentials at the modeled termi-
nal boulder locations. When the boulder height is used as length scale (11), modeled
loads in all cases greatly exceed inferred loads, often by many multiples, and in no
cases are the modeled loads less than inferred loads. This discrepancy arises because
inferred boulder loads have no knowledge of water depths exceeding the boulder
height, which appear to be significant. In contrast, estimates of loads using a Froude
number of unity show significantly better correspondence with the computed hydro-
dynamics, particularly for the larger boulders. For D = 2m and D = 3m, the ratios
of computed to inferred loads using (12) are 1.36 and 1.13, respectively, although
there is significant scatter. Inferred loads using the smaller boulders are still poor.
Clearly, a hydrodynamic-based depth estimate is much more accurate than can be
found by using boulder height scales. Results here further suggest that the largest
boulders moved during a storm may contain the most useful information about
hydrodynamic loads, and these should be the focus of field investigations. Simple
initiation of motion estimates may have some value in estimating the potential loads
that might have been encountered during a storm, and could provide useful informa-
tion if used prudently. However, even in this best-case scenario where all numerical
coefficients used in the simulations are known exactly, scatter remains large and any
designs should use a significant safety factor.
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5. Discussion and Conclusions

The extreme runup from Super Typhoon Haiyan generated boulder transport to dis-
tances approaching 200 m inland. Boulder sizes decreased with increasing distance
inland, although there was considerable scatter, and largest boulders in the beach
region exceeded 5m in length. Boulder sources appeared to vary: some were clearly
pre-existing and either buried in the sand or resting loosely on the land surface pre-
storm, while others likely became detached from highly karstified headlands during
the storm. These pre-existing boulders had very likely been generated during previ-
ous events, although it was not possible to identify these events with any confidence.
Boulder sizes and transport distances are in line with other descriptions of trans-
port observed in other large storms [Khan et al., 2010; Goto et al., 2011], but also
overlap with the size range of boulders transported by tsunamis [Goff et al., 2006;
Goto et al., 2010; Nandasena et al., 2013].

High-resolution Boussinesq modeling of boulder transport during Super Typhoon
Haiyan predicted motion driven by infragravity swash bores, causing highly episodic
travel in the case of larger boulders (D > 1m). Once onshore, transport was almost
exclusively shoreward, causing boulders to be stranded. The inland distance traveled
was found to be a strong function of the incident wave-height and the boulder
size. Storms with larger waves led to much greater distances traveled than storms
with smaller waves. Uncertainty in parameters such as drag and friction coefficients
played a much smaller role in determining terminal locations. Predictions of boulder
transport using hindcast wave-heights showed transport further inland than was
observed, but slightly smaller wave-heights produced good agreement. Inertial forces
were non-negligible, with the importance of inertia increasing with boulder diameter.

Simulations also gave an opportunity to compare velocities that were used to
drive the boulder transport model with inferred velocities from widely used initiation
of motion criteria. Inferred velocities were almost always significantly underpredicted
when compared to the actual velocities in the model at the terminal boulder location.
This indicates that inferred velocities [e.g. Nandasena et al., 2011] are very much of
a lower bound as shown in Fig. 14, particularly for smaller boulder sizes.

Inferred drag loads using boulder height as a depth scale gave very poor results,
and should not be used. Inferred loads using a Froude number of unity to esti-
mate depth gave much better results, particularly for the largest boulders. However,
although inferences were able to estimate order of magnitude loads, they had poor
precision. Knowing this, it might be possible to apply safety factors to provide con-
servative results, but any implementation would require considerably more research.

Models suitable for computing detailed time series of inundation are relatively
well developed and, given incident wave conditions and detailed bathymetry, should
be able to compute reasonably the storm wave or tsunami hydrodynamics at these
locations. Models for computing detailed boulder motion are significantly less devel-
oped, and should be a focus of future research. Processes that could benefit from
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improvements include local obstructions that prevent boulder transport, boulder
generation from rock masses, or breakage during the storm, shoreline erosion lead-
ing to buried boulder mobility, and quantification of the modes of travel, whether
from sliding, rolling, or saltation. The 1D nature of the present simulations may
also prove a limit to fidelity, and 2D simulations should be explored in the future.
However, the overall hydrodynamic-boulder model appeared to provide an advance
in the detailed description of boulder transport during strong storms.

At the largest scale, events like the 2011 Great East Japan Tsunami can transport
larger blocks greater distances than may be possible from storm waves [Nandasena
et al., 2013; Goto et al., 2014]. However, the tsunami literature sometimes discounts
the competence of storm waves to transport boulders long distances, which may lead
to misdiagnosis of boulder origins. For example, applying Eq. (1) of Lorang [2011]
to the conditions at Calicoan Island leads to estimates of 1-2m final elevation for a
2m diameter boulder, which is far less than was observed. The present work demon-
strates that the potential to transport large boulders far onshore to high inland
elevations does not lie exclusively with tsunamis, but can also be achieved by strong
tropical cyclones. Because swash hydrodynamics vary strongly with inland distance,
estimates of paleostorm intensities might profitably use boulder terminal positions to
constrain hydrodynamics and thus wave-heights through modeling exercises similar
to those presented here. Regions of tsunami and tropical cyclone hazards overlap in
the Philippines, South of Japan, Indonesia, Samoa and many other areas. Analysis
of existing boulders in these regions should carefully consider both types of events.

Finally, the intermittent loading of boulders onshore by swash bores has direct
implications for loading on manmade structures, which may be located in similar
regions and will experience similar forces. This type of loading is generally not con-
sidered in existing codes and standards, but should be a priority for future studies.
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