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ABSTRACT

Two of the largest earthquées to affect water levels in Monterey Bay in recent years
were the Loma Prieta Earthquéke (L PE) of 1989with a moment magnitudeof 6.9, and the Great
Alaskan Earthquéke (GAE) of 1964with a moment magnitudeof 9.2. In this study, we compare
the sea level resporse of these events with a primary focus on ther frequency content and how
the bay affected it, itself. Singular Spectrum Andysis (SSA) was employed to extract the
primary frequendes assodated with each event. It isnot clear how or exactly where the tsunami
assodated with the LPE was generated, but it occurred insgde the bay and mog likely began to
take on the characteristics of a seiche by thetime it reached thetide gaugein Monterey Harbor.
Results of the SSA decompostion revealed two primary periodsof ostillation, 9-10 minutes, and
31-32 minutes. The first ocillation is in agreement with the range of periodsfor the expected
naura ocillationsof Monterey Harbor, and the second ostillation is consistent with a bay-wide
oillation or seiche mode SSA decomposition of the GAE revealed several sequences of
oillationsal with a period of approximately 37 minutes, which correspondsto the predicted,
and previoudy obsrved, transverse mode of o<cillation for Monterey Bay. In this case, it
appears tha this tsunami produed quater-wave resonance within the bay consistent with its
seichelike response. Overall, the sea leve responses to the LPE and GAE differed greatly, not
only because of thelarge difference in ther magnitudes but al so because thedriving force in one
case occurred indde the bay (LPE), and in the second, outside the bay (GAE). As a reault,
different modes of oscillation were excited.
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1.INTRODUCTION

In the past 50 years, two of thelargest earthquaes to affect water levelsin Monterey Bay
were the Loma Prieta Earthquée of 1989 and the Great Alaskan Earthquéke of 1964. The
epicenter of the Loma Prieta Earthqué&e (LPE) occurred relatively close to Monterey Bay (Fig.
1) and the bay was part of the area affected by the event whereas the Great Alaskan Earthquée
(GAE) occurred in Prince William Sound, Alaska, over 3000 km northwest of Monterey Bay.
Also, the magnitude of these events differed greatly. Whereas the LPE had a surface-wave
magnitude of 7.1, the GAE had a surface-wave magnitude of 8.3 on the Richter scale.
Additiondly, the tsunami assodated with the LPE was generated indde the bay whereas the
tsunami assodated with the GAE was generated near the epicenter in the northern Gulf of
Alaska, propagated as a tsunami across the Pacific basin and down the west coast of North
America and was then trandormed into a seiche upon entering Monterey Bay. In each case,
these events were recorded at a tide gauge at 36i36.3', 121i533' in Monterey Harbor located in
the inng bight of southern Monterey Bay. Fig. 1 shows Monterey Bay, the epicenter for the
L PE, and certain aspects of the tsunamis and seiches assod ated with each event.
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Figure 1. Thisfigure shows Monterey Bay and depictionsof the 1964Great Alaskan Earthqudke
(GAE) tsunami (outsidethebay) and the correspording seiche (insddethe bay), andthe 1989
Loma Prieta Earthquée (LPE) tsunami and seiche (both ingdethebay). Thedatted lineacross
the entrance of the bay represents the assumed location of thenodd linetha correspondsto the
nodefor transverse ocillationswho orientation is orthogona to thisline
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The naural o<tillationsof Monterey Bay, or seiche modes, have been a topic of interest
for at least 40 years. Wilson, Hendrickson, and Kilmer (1965) examined the o<tillating
characteristics of Monterey Bay usng a number of andytical and numerical techniques to
estimate the expected peiods of otillation. Andytical and numerical methods were applied
usng various smple geometrical shgpes to approximate the bay in order to extract its natural
modes of otillation. In applying these methods a nodd line was assumed to exist across the
mouth of the bay from the Monterey Peninaula to Santa Cruz (Fig. 1). In describing the
oxillating characterigtics of the bay, the mode of osillation oriented in the North-South
direction tha spansthebay is referred to as longitudinal, and the modeof oscillation oriented in
the East-West direction, where the existence of a nodd line is assumed, is referred to as
transverse. The results of Wilson, Hendrickson, and Kilmer (1965)indicated tha in addition to
longitudind and transverse modes of otillation, many highe modes of oscillation can be
excited tha are primarily restricted to certain parts of the bay such as Monterey Harbor and the
bight located in the Northeast quadrant of the bay east of Santa Cruz. They aso foundthat the
Monterey Submarine Canyon (MSC) has a profoundeffect on the naural o<cillationsthat occur
within the bay. The canyon serves to separate the bay into two semi-indgpendent halves with
only weak coupling beween them. Findly, peiods were predicted for the lowest modes in
Monterey Bay. The peiods for the first 6 modes were 442, 296, 282, 233, 216, and 204
minutes. Separate predictions were made for Monterey Harbor with periods ranging from 1-2
minutes, to 133 minutes. Observationd studies have consstently shown naura periods of
ocillation for thebay of approximately 55, 36,27, and 21 minutes (e.g., Lynch, 1970;Breaker et
al., 2008) where an oillation with a period of 55 minutes correspondsto thefirst longitudind
mode and an o<cillation with a period of 36 minutes correspondsto thefirst transverse mode

Thus it is the primary purmpo< of this study to compare the sea level respon® of these
events in terms of ther frequency content as recorded by the tide gauges in Monterey Harbor.
However, where the daa permit and sufficient suppoting information exists, we examine other
aspects of these events as well.

2. MATERIALSAND METHODS
Data Acquisition

In this section we provide background information on tidd measurements in Monterey
Harbor and the tide gauges tha were used to acquire water level daa during the 1964 Great
Alaskan Earthqudke (GAE) and the 1989L oma Prieta Earthqude (L PE).

On May 23, 1960, Prof. Warren Thormpson of the U. S. Naval Podgraduae School in
Monterey, California, recorded sea leve fluctuaionsin Monterey Harbor, assodated with a
magnitude 8.5 earthqudke that occurred off Chile. He noted seiches, or water level ostillations
tha caused the sealevd to rise and fall as much as six feet over a 20-minute period. Thonpson
was not able to witness thetsunami's arrival, but was able to record water level otillationsin the
bay tha occurred as aresult of theinitial perturbation (Berkman and Symons 1964). This lead to
an interest in recording tsunamis and othe water level ostillationsin southern Monterey Bay.
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Thompson indalled a Standad Tide Gauge in June 1963, which opeated continuousy until
1974.

Therelatively smple Standard Gauge measures water levels directly througha system of
pulleys and counterweights. It recordswater level on a strip chart or marigram, which is pulled
forward by a clock mechanism. A floa indde a protective well tha extendsat least a meter
bdow the lowest anticipated tide level measures the water level. The standard opening at the
bottom of the floa well that is exposed to the ocean is reduced to 2 to 4 cm, to minimize
interference by shorter wind waves. A pipe of the same indde diameter extendsdown 1.0to 1.5
m bdow the orifice to reduce nonlinearities assodated with highe frequency waves (Noye
1974) The Standad Gauge records waves with periodsfrom 30 to 60 seconds, to periods of
several months (Bretschneder, 1983; Theberge 2005). According to Cross (1967) the Standard
Tide Gauge similar to the oneused by Thonpson, Qjives a good representation of tsunamis for
periodslarger than 5 minutes and wave heights of 2 feet (0.61 meters), or 15 minutes, for wave
heights of 20 feet (6.1 meters).O We note tha the periodsand wave heghts observed during this
study did not exceed these limits.

In 1989,a Bubbler Tide Gaugewas indalled at Monterey according to the standads of
NOAAG Nationd Ocean Service (NOS). This gauge served as a backup for other tide gauges
tha were in opeaation at Monterey at tha time. This ingrument, which produed an andog
record, was used to record the Loma Prieta earthquake during Octobe 1989. Rabinovich et al.
(1999) found tha the dynamic respons of the Bubbler Gauge indalled to NOS standads is
highly dependent on period, but for periodsof roughly 10 minutes or greater, the response was
95-98% of the observed changesin water level. Thus therespon of this gaugewas margindly
aufficient to reproduce the 9-10 minute period oscillationstha we observed during this event.
Since the Bubbler Gauge produed an andog record, it allowed us to digitize the daa at
aufficiently high resolution to insure tha the highest frequendes, as recorded by the ingrument,
were retained.

Data Preparation

For the GAE, paoe records in the form of strip charts were obtained directly from the
output of the tide gauge in Monterey Harbor for a period of approximately 72 hours starting
several hours prior to the first arrival of this event. These strip charts were concatended to
produe a continuous 72-hour record. This record was next eectronically scanned using a
CONTEX FSC Modd 5010,36-inch Full Scale Color Scanne. A scannead record aready existed
for the tidd record at Monterey for the LPE. The scanned files were then imported into
Photoshopwhere an image mask was applied and the origind traces were isolated and assigned a
color. Next, aprogram was written to import thetracesinto MATLAB and convet them into an
RGB pixel image format. The image was then scanned to identify the trace in the MATLAB
environment. Then information obtained from the origind traces and from NOAA@ Tide Tables
was addeal to calibrate the records The find step in each case was to digitize the traces at a
resolution of 39 seconds between samples along the abscissa, and to less than one centimeter,
alongtheordinae. Thefirst 5 hours were digitized in this manne for the LPE, and thefirst 47
hours for the GAE.
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Singular Spectrum Analysis

Singular Spectrum Andysis (SSA) is based on aforma mathematical decompostion that
congsts of four steps The first is the embedding step where a trgjectory matrix is congructed
from lagged versionsof the origind time series, second, a Singular Vaue Decompostion (SVD)
of thematrix formed by the produd of thetrajectory matrix and its trangpose, which corresponds
to an eigenvdue problem tha yields eigenvalues and eigenvectors, third, grouping, which
involves splitting the matrices from the SVD into groupsand summing the matrices within each
group, and fourth, tranorming the matrices into individud time series tha can be summed to
produe patial series, orif al of theindividud series are summed, the origind time series itself
(e.g., Elsner and Tsonis, 1996;Golyandinaet al., 2001) The method essentially decomposes the
daainto a set of independent modes where the user specifies the nunber of modes.

The embedding step can be accomplished by forming a trgjectory matrix obtained from
thetime series, x;, of length, N, wheret =1, 2,....., N, as

1 NIL+1

= = "M XX X
#lj NI |_+1 o (X|+t!1' X)(Xj+t!l' X) (l)

L is the window length or embedding dimenson and corresponds to the numbe of lagged
vectorsthat are produeed, each with dimensonlL, 1! i! K, wheeK = N-L+1,1! j! L,and! j
is the trajectory matrix whose dimensonsare K x L. Themean value of thetime series, | has
been removed in each case prior to calculating! ;.

A lagged-covaiance matrix, M , is then formed from the trgjectory matrix, ! j, as
follows

Ay 2)

where! Tisthetrangpos of ! . Fromthe second step above SVD is applied toM to extract the

eigencomponeants which indudeeigenvadues, eigenvectors, and thetempora prindpd
componats. When the square roots of the eigenvadues are plotted in descending order, we
obtain thesingular spectrum.

In conduding SSA, a suitable window length, L, mug be chosn. L dgermines the
nunber of lagged vectors that are used to form the trgjectory matrix, and thus the resolution of
thedecompostion. Vaues of L can vary from 2, to N " 1, butusudly vary between N/15 and N/3
(Vautard, 1995) According to Golyandina et a. (2001) the choice of L depends on the
application but should be large enoughso that each L-lagged vector indudes an essential part of
the behavior of the system. As arule, L isusudly varied over a range of values before a find
value is choen, but experience with the method and familiarity with the data are extremely
hdpful in making this choice.
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3.RESULTS
Loma Prieta Earthquake of 1989

On Octobe 18,1989at 0104GMT, a surface-wave magnitude 7.1 earthquée occurred
on the San Andreas fault in the Santa Cruz Mountains approximately 16 km northeast of Santa
Cruz, Cdifornia (McNutt, 1990) The correspondng seismic moment for this event was 6.9 on
the moment magnitude scale. Congstent with this general description, a tsunami was generated
tha propagaed across at least part of the bay, arriving at the tide gauge in Monterey Harbor
approximately 20 minutes after the main event (Schwing et al., 1990) However, from the
variousreports tha appeared following the Loma Prieta earthquée it is not exactly clear where
and how the tsunami was generated. According to Schwing et al. (1990) and Gardner-Tagget
and Barminski (1991) thetsunami may have been caused by vertical uplift fromtheinitial shodk
wave at the coast near Santa Cruz. However, subsequent observations in Monterey Submarine
Canyonindicate tha this earthquae produaed offshore landdides along the walls of the canyon
(Gardne-Taggeat and Barminski, 1991, dumping alongthe south wall of the canyon (Greene et
al., 1991) and turbidity currents (Garfield et al., 1994) processes that each could have generated
a tsunami. Ma et al. (1990) produed a synthetic tsunami for the bay based on the seismic
characteristics of the earthquae and condudeal tha large-scale Sumping near Moss Landing
could have geneaated a tsunami similar to tha observed at Monterey. It is possible, and perhgps
likely, tha more than one process contributed to the observed sea level response at Monterey.
Theheght of atsunami can berougHy estimated near the source of generation accordingto

LogH = 0.75M B5.07 3)

where H is the wave haght in meters and M is the Richter or surface-wave magnitude (e.g.,
Camfield, 1980) However, this empirical relationship does not completely take into accountthe
characteristics of the generating mechanism or the coastline Also, we prefer to use the moment
magnitude ingead of the surface-wave magnitude because of its improved physcal bass
induding the fact tha it does not tend to saturate at highe magnitudes (e.g., Bryant, 2001)
However, as we shdl see in the following section, usng the moment magnitude ingead of the
surface-wave magnitudedoes not always produce beter results. Using (3), with avaluefor M of
6.9, we obtain a value of 1.3 meters for the LPE. The peiod of a tsunani can be estimated
accordingto

LogT = 0.625M D3.31 (4)

(Wilson and Torum, 1968) where T is the period in minutes and M is the magnitude In this
case, we obtain a period of 10.1 minutes. Estimates of the amplitude and period of this event
provideabasis for comparison with the observed sea level respong at Monterey.

In thetop pand of Fig. 2 (Fig. 2a), thetide gauge record for the three-day period from
17-20 Octobea 1989is shown. In the lower pand (Fig. 2b) we have extracted a 5-hour segment
of thisrecord for closer ingection. The primary respon to this event appears to have taken
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place during the first 15 hours or so after to (the first arrival of the event), althoughweaker
indications could be observed in therecord for up to 3 days. Following the main event, thetwo
largest aftershodks were of magnitude 5.2 and 5.0 on the Richter scale (McNutt, 1990) and so
were not sufficient to generate additiond tsunamis (e.g., Wilson et al., 1962) According to
Murty et al. (2006)and Murty et a. (2008) the influence of tsunamis can last for severa days
dueto arrivals from the same event tha have taken multiple paths throughreflections energy
trapping, and seconday unduktions

Sea Level at Monterey: October 17-20, 1989

m)

C

October 17 1989

Height |

Time in hours

Figure 2. Thetop pand, (a), shows a segment of the tidd record at Monterey during the period of
the LPE from 17 to 20 Octobe 1989 Thearea shaded in gray correspondsto thefirst five hous
of this event. Thelower pand, (b), showsthefirst five hoursin greater detail where tp indcates

thefirst arrival of thisevent.
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The appaent maximum range of variability during the period shown in Fig. 2bis of the
order of 45cm. However, dueto therespong characteristics of thetide gaugeemployed and the
subsequent data processing, this record may underestimate the true amplitude of the signal,
significantly. If our estimate of theinitial wave height (1.3 meters) is realistic, then a maximum
observed rangeof 45 cm is smaller than the predicted wave height by amog a factor of 3.

Singular Spectrum Andysis (SSA) has been applied to the record shown in Fig. 3bin
order to extract the primary frequencies contained therein. Theeigenvauesin Fig. 3ashow how
thevariance is partitionad by mode A windowlength, L, of 300(3.25 hours) was chosen.

Log Scale

es

NS
o O O

d
o
(=]

Amplitu

Reconstructed

N OON A

o

Eigenvalue versus Mode Number for L = 300

2 4 6 8 10 12

Reconstructed and Grouped Modes

MODES 1-4
(b)
18 19 20 21 22
MODES 5-6
(c)
18 19 20 21 22
MODES 9-10
(d)
18 19 20 21 22

Time in hours

Figure 3. Thetop pand, (a), shows thedistribution of eigenvdues for thefirst 12 modes of the
singular spectrum andysis for therecord shown in Fig. 2b, for awindowlength of 300(3.25
hours). Thescale onthevertical axisislogaithmic. Thesecondpand, (b), shows thefirst four
recongructed modes which correspondto the astronomical tide Thethird pand, (c), shows
recongructed modes 5 and 6, which reveal an ocillation with a period of 31-32 minutes, and the
bottom pand, (d), shows recongructed modes 9 and 10, which reveal an otillation with a period

of 9-10 minutes.
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Thefirst 4 modes accountfor 88.6%, and thefirst 10 modes, 93.6%, of thetotal variance.
When the first four modes are recondructed and groupel, they closely approximate the
undelying tidd signd (Fig. 3b). When modes 5 and 6 are combined (Fig. 3¢), they correspond
to an oillation with a period of 31-32 minutes. Agan, this period is not fixed, but varies
dightly. A peiod of 31-32 approaches the expected period of transverse ostillation for the bay.
Thetransverse modeas described by Wilson et a. (1965)has a nodd line across the entrance of
the bay and an antinodeat Moss Landing (Fig. 1). The expected peiod is approximately 36
minutes and has been observed on a numbe of occasions and, again, as we shdl see, after we
examine the GAE. Modes 9 and 10, taken togehe (Fig. 3d), reproduce an oillation with a
period of 9-10 minutes, congstent with the findingsof Schwing et al. (1990) This otillation
does not represent a pure tong but, rather, onewhose peiod varies dightly, i.e,, it is frequency
modulated. The period is close to the predicted period of the tsunami itself which was 10.1
minutes. However, it is likely tha the tsunami assocdiated with the LPE was at least patialy
influenced by the boundaies of thebay when it arrived at Monterey Harbor and o its frequency
content may have been altered asit propagaed south and began to take on the characteristics of a
seiche Findly, a period of 9-10 minutes fals well within the range of seiche peiods for
Monterey Harbor as predicted by Wilson et a. (1965).

The Great Alaskan Earthquake of 1964

On March 28,1964 at 03:36 GMT, a shdlow earthquéke of surface-wave magnitude 8.3
and a moment magnitudeof 9.2 occurred at 61.0iN, 1478{W in Prince William Sound,in south-
central Alaska (Page, 1968) Uplifting caused vertical displacements as large as 16 m on the sea
floor in the vicinity of the epicenter (Malloy, 1964) According to Plafker and Mayo (1965)
submarine uplift of the continental shdf within Prince William Soundand congderably beyond,
genegated a train of longpeiod large-amplitude seismic sea waves, or tsunanis, tha were
recorded at tide gauges throughoutthe Pacific basin. The tsunami tha was generated by this
earthqudke propagaed across the Pacific basin and south alongthe west coast of North America
reaching the latitude of Monterey Bay at approximately 08:18 GMT on March 28,1964. During
thefirst day following the main event there were 11 aftershodks of surface-wave magnitude 6.0,
or greater (Page, 1968) butnonelarge enoughto generate a secondtsunani.

Cylindrically symmetrical dispersive waves decay approximately according to 1/r, where
r is the distance from the epicenter, and the effects of bottom depth are not taken into account
However, when the tsunami approaches the coast the effects of botom depth mug be taken into
account, and both refraction and dispersion may become important. Thus withoutthe hdp of a
numerical modd that contains the governing physics and the appropriate initial and bounday
conditions it is nat a smple matter to estimate the height of the tsunami when it reached
Monterey Bay. Since the peariod remains essentially condant we can estimate this parameter, and
usng equdion (4) with amagnitudeof 8.3, we obtain avaue of 754 minutes. Thisvaueisvery
close (a difference of less than 1 minute) to the peiod of postive surge observed at Wake Idand
following the GAE (Van Dorn, 1964) We note tha usng a moment magnitude of 9.2 in this
case predicts a period of admog 4.6 hours which is far greater than the period tha was observed
for this event.
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Fig. 4ashows a digitized version of the strip chart tha was origindly recorded from the
tide gauge in Monterey Harbor for the two-day period (actudly, 47 hours) following the first
arrival of this event at to. In Fig. 4b, we have extracted a 5-hour portion of therecord. The peak-
to-troughrangeof the ocillations associated with this event approach, or even exceed, 100 cm,
rivaling theamplitudeof the semidiurnd tideitself. Over thefirst two days, the amplitudes of the
ocillations assodated with this event decrease by roughly an order-of-magnitude However,
ocillatory behavior could be deected for at least four days following the main event, dueto
multipath effects, which spread the arrival patern over time.

Sea Level at Monterey: March 28-29, 1964

cm)

March 28 1964

Height

Time in hours

Figure 4. Thetoppand, (), shows a segment of thetidd record at Monterey during the period
of the GAE from 28to 29 March 1964 Thearea shaded in gray correspondsto thefirst five
hours of this event. Thelower pand, (b), shows the first five hoursin greater detail where to,

agan, indicates thefirst arrival of this event.
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An examination of the record in Fig. 4a shows tha two bursts of 6 or 7 oscillations
followed within 2-3 hours of theinitial burst, which congsts of 10 ostillations After thefirst 20
hours, the ocillationscontinuebut are no longe burst-like. They are more continuousin nature
with amplitudes tha gradudly decrease with time. This trend continues out to four days at which
time the ocillations were barely detectable (not shown). The second two bursts that follow the
initial burst suggest tha they could be dueto reflections tha occurred relatively close to the
epicenter because of thar similarity to theinitial burst. Because there are no obviousreflecting
boundaies outside Monterey Bay for great distances it is unclear how reflections could play a
significant role in contributing to these seconday o<cillations unless they occurred much closer
to the epicenter. The initial disturbance could have been reflected from bathymetric features
along the Aleutian Chan as it spread southward from the epicenter. However, without detailed
calculations that take into account the possible propagaion paths tha could have producd
arrival times matching thos in the record, we cannot answver this question. Thus we aso
condder energy trapping and seconday undukbtions as processes tha may have contributed to
the extended o<cillations Energy trapping can take the form of continental shdf waves tha are
trapped ove the continental margin by the doping bottom and are strongly influenced by the
earth@ rotation. However, because these waves are genearated and propagae aong the open
coast it is unlikely that they are responsble for the extended oscillations observed in the tide
gauge record at Monterey. Energy trapping can also generate infragravity waves called edge
waves, which appear to have been previoudy observed in Monterey Bay (MacMahan et a.,
20043 MacMahan et a., 2004b) Yanuma and Tsuji (1998) showed tha usng a shdf dope of
1/1000and a shdf width of 1 km, a period of approximately 27 minutes is predicted for thefirst
standing edgewave mode In the shdlow shdf regionsof Monterey Bay, away from MSC, edge
waves with periodsof the same order are predicted.

According to Kowalik and Murty (1993) seconday unduktions are otillations whose
periodscorrespondto the nomal modes of the bay and can be excited by a numbe of different
sources, induding tsunamis. These seconday undulations can be classified rather generally as
oneof three types, A, B, or C, depending on the geometry of thebay (Nakano, 192). In typeA,
the seconday unduktions appear as cohaent wave trains with approximately the same
waveform. In type B, they are not as regular and coheent as in type A, but are not completely
irregular. IntypeC, they are essentially irregular in form. Thetype of seconday undubtionscan
beroughly determined by plotting the depth of the bay versus 10Sh? where S corresponds to the
surface area of thebay and b isits breadth. For Monterey Bay, with a surface area, S, of roughly
800 km?, a breadth of approximately 20 km, and an average depth of 100m we find tha
seconday unduktionsfall into category B, where they are not as regular and coheaent asin type
A, but are not completely irregular. On a quditative basis, we find this result is geneally
congstent with the oscillatory paterns exhibited in the record. In summary, athoughthe par of
seconday bursts between hours 8 and 18 in Fig. 4amay be dueto reflections we are nat able to
identify any reflecting bounday near Monterey Bay tha may have been responsble. Both edge
waves and seconday unduktions indde the bay provide reasonable explanaions for the
observed patern of ocillationstha lasted for upto 4 days following theinitia burst.

We have applied SSA to thisrecord as well. Fig. 5a shows thefirst 10 eigenvaues, which
accountfor over 90% of thetotal variance. A window length of 10000r 10.8 hous was used,
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which is about 23% of the record length. When the first three modes are recondructed and
groupa (Fig. 5b), they approximately represent the predicted semidiurnd tide, at least for the

last two cycles.
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Figure 5. Thetop pand, (a), shows thedistribution of eigenvdues for thefirst 10 modes of the
singular spectrum andysis for therecord shown in Fig. 4, for awindowlength of 1000(10.8
hours). Thesecondpand, (b), shows thefirst three recondructed modes, which correspondto the
astrononical tide The dashed line shows the corresponding semidiurnd tidefromthe NOAA
TideTablesfor 1964 Thethird pand, (c), shows recongructed modes 4 and 5, thefourth pand,
(d), recondructed modes 6 and 7, and thefifth or bottom pand, (€), recondructed modes 8 and 9.

Theperiodin each case is approximately 37 minutes.
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During the first 10-15 hours, nonlinear interaction between the tidd signd and the tsunami-
driven seiche may have occurred, leading to distortion in the observed waveform. When modes
4 and 5, 6 and 7, and 8 and 9 are recondructed and grouped, they each have a peiod of
approximately 37 minutes, £0.5 minutes. Each grouping appears to represent a different aspect of
the same oscillation, mog likely, separate arrivals tha occurred during the period of observation.
An observed ostillation with a period of approximately 37 minutesisin close agreement with the
past observationsof Lynch (1970)and Breaker et a. (2008) A period of 37 minutes corresponds
closly to the expected transverse modeof otillation for the bay tha assumes anodd lineacross
the entrance from the Monterey Peninsula to Santa Cruz (Fig. 1). This mode of otillation is
congstent with atidd wave tha enters the bay from thewest. As thewave conforms to the bay®
dimengons it is trandormed into a seiche whos period has often been observed, and at least
approximately predicted by Wilson et a. (1965) We aso note tha a period of 37 minutes
correspondsto a frequency tha is approximately twice the frequency assodated with the period
of the 1964tsunani, which was about 75 minutes. This raises the question of resonance between
theincoming tsunami and the corresponding seicheit producd. If we consde the case of harbor
resonance, as described by LeBlond and Mysak (1988) where the wave motion is excited by
forcing at the entrance, the response may be expressed as the ratio of the maximum amplitude
indde the harbor to the amplitude at the entrance. The simplest case of a resonant response
occurs for quater-wave resonance. In this case theonly processes that limit theamplitudeinsde
the harbor are dissipaive in naure. In harbors where this hgopens the entrance correspordsto a
nodd lineand the antinodeoccurs at a distance of onequater wavelength insgdethe harbor (Fig.
1). This appears to bethe same situaion tha has occurred in Monterey Bay with respect to the
GAE. And since theresonant frequency of the bay for the transverse modeis aimog an integer
multiple of the forcing frequency, the oppotunity for resonant interaction to occur may have
been enhanced. Findly, athoughthe groupings for modes 4 and 5, 6 and 7, and 8 and 9 are
indgpendent, each represents the same frequency, a result tha we have not previoudy
encountered in the application of SSA.

4. CONCLUSIONS

Singular Spectrum Andysis (SSA) was paticularly effective in extracting the primary
frequendes associated with each event, congstent with the findings and recommendaions of
Golyandinaet a. (2001) and Ghil et a. (2002) It is not clear how or exactly where the tsunami
assodated with the 1989 Loma Prieta Earthqueke (LPE) was generated in Monterey Bay,
althoughthese questionshave been discussed in theliterature. 1t may have been initiated at the
north end of the bay near Santa Cruz, along the south wall of Monterey Submarine Canyon, or
further up the canyon near Moss Landing. It is mog likely tha the tsunami generated by the
LPE began to take on the characteristics of a seiche by the time it reached the tide gaugein
Monterey Harbor. Our results indicate that the LPE was responsble for generating onemode of
oillation with a period of 9-10 minutes, generally congstent with the predicted periods of
ocillation for Monterey Harbor, and a second ostillation with a period of 31-32 minutes that
mog likely correspondsto a bay-wide ocillation.
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Theinitial peak-to-trough amplitude of the sea level respon® to the GAE was close to
100 cm and thusof the same order as the amplitude of the semidiurnd tide itself. Two bursts of
6-7 osillations followed within 2 to 3 hours after the initial burst of 10 o<cillations and may
have been dueto reflectionsof the main event and thustaken a dightly longe path on ther way
across the Pacific. We condude that edge waves and secondary undultions may have aso
contributed to the oscillatory behavior observed inthe sealevel record outto a period of amog 4
days. SSA revealed ocillationswith a period of approximately 37 minutes, which correspondsto
the transverse mode of o<cillation tha has previously been observed. Althoughdifferent arrivals
were indudel in the SSA decompostion, only a single frequency with a period of ~37 minutes
was found, consstent with a strongly resonant respong. This mode of oscillation is congstent
with a tidd wave tha entered the bay from the west where a nodd line extends across the
entrance from the Monterey Peninaula to Santa Cruz. We condude tha the tsunami producd
quater-wave resonance within the bay consstent with the observed seichelike respon® in sea
level.

Thesealevel responsesto the LPE and the GAE were entirely different, not only because
of the large difference in the magnitudes of these events, but also because the driving force in
onecase occurred inddethe bay (LPE), and in the second, outside the bay (GAE). Asaresult,
different modes of oscillation were excited.
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ABSTRACT

This paper summarises thefindings of two field trips to the Aceh Province, which were made by
theauthors, in early 2006andlate 2007.The purpose of the trips was to assess and provide guidance
to therebuilding process following the 26 December 2004earthquéke and tsunami. The paper will

discuss the key issues raised and show how thevariousagenciesinvaved in therebuilding process
have met the challenges encountered.
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1.INTRODUCTION

The Indian Ocean earthqudke tha occurred at 07:58:33 local time on the 26 December 2004,
originaed jug north of Simeulue Idand, off the western coast of northern Sumatra, Indonesia. The
earthqudke triggered a series of tsunamis tha spread throughoutthe Indian Ocean, killing large
nunbers of people and devastating coastal communities in Indonesia, Sri Lanka, India, Thaland, and
as far afield as Somalia. Aceh, in Northern Indonesia, was the worst hit region where it is estimated
some 170000 people died, and numerous buildings and infrastructure were completely destroyed,
leaving more than 500000 people without homes, access to water and sanitation, and livelihoods A

second mgjor earthquae on 28 March 2005, with its epicentre north of Nias caused further loss of life
and damage
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Figure 1 Principd Locationsand Geological Features of the Aceh Province
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This pgoe presents the findingsof two field tripsto the Aceh Province. The purpose of theinitial
trip, in early 2006 was to carry out a technical review of the existing congruction programme of the
NGO Mudim Aid, in order to assess the adequacy of ther structures. As a consquence of the
information gathered during the trip we also provided key findingsto UN agendes and other NGOs
so tha these could bendit all parties and thewide recondruction effort. The secondtrip, in late 2007,
looked at reviewing the achievements made by various organizations involved in the rebuilding
process. This pape aso provides recommendaions for the ongong process in Aceh and future
earthqudke recondruction and disaster risk redudion projectsin developing regions

Thefocusof thetripswas on the construction of rural housng, water and sanitation, schools and
health centres. For the pumpos of this pgoe we shdl concentrate purely on the rural housng and
water and sanitation issues, thoughmany of the observationsapply to all forms of condruction.

Figure 1 shows the Aceh region and identifies the princpd locationstha were visited during the
two visits, from Singkil on the south west coast to Lhokssumawe on the north east coast of Aceh.
Each trip covered more than 1000kmof the Aceh coastline
We would like to thank all the people and organisationswho gave up ther precioustime to meet and
discuss ther respective projects and in paticular Fadullah Wilmot the County Director for Mudim
Aid.

2.NATURAL HAZARDS

One of thekey issues identified was a lack of undestanding of the variousnaural hazardswhich
could affect Aceh. Many of the paties involved in the re-congdruction process were focused on
protecting againg another tsunami, to the detriment of other potentially more important concerns (see
Figure 1).

This pagpe does not present a once and for al authoritative list of al naural hazards relevant to
Aceh, rather we hopeto show the need for a holigtic assessment of naural hazards and so provide an
indght into the difficult baances tha need to be struck between available location for building,
econonic meansto engineer aganst and methodsof managing the implicationsof the variousnatural
hazards

In an ever increasingly popukbted world due care and attention mug also be given to man made
hazards and sudainability prindples to ensure tha any building process is propely undestoodin its
entirety and appropriate strategies to handle the situaion are decided upon

2.1 Tectonic Setting
Sumatra lies jud to the east of the SundaTrench and ddineates the subdudion of the Indian and
Audralian Plates bdow the SundaPlate. Aceh province lies at the apex of this junction. This tectonic

collision zone has given rise to the mountin range along the spine of Sumatra and the numerous
volcanoes, earthquaes and tsunamis tha have characterised the geological history of theregion.
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2.2 Volcanoes

Mog of Indonesias volcanoes lie along the Sundaarc. Data on the current activity of volcanoes
can be obtained from the Volcanologica Survey of Indonesia (see http://www.vsi.esdm.go.id/), whilst
alist of active volcanoesin Aceh can befoundat thefollowing web site: http://www.volcano si.edu.

Since the probability of a mgjor event may be very small, it often proves neither politicaly nor
econonicaly viable to prohibit building within the volcano eruption risk zone Neither is it practica
to design structures for pyrodastic eruptions Ingead, monitoring of potentially active volcanoes, such
as Seulawah Agam, and the design, training and i mplementation of evacuaion plans can ensure that
future lives are saved. Structures outside the mog hazardouszones will be affected by ash fall from
eruptions It istherefore important to congder the additional weight of ash when designing rodfs.

2.3 Tsunami

Indoneaia has along history of damaging tsunanis, which have been caused by earthquaes and
volcanic eruptions Othe nonseismic events, such as a landdides, man-made explosons and
meteorite impact can also generate a tsunami. Information on historic tsunanis that have affected
Sumatra can befoundat: http://www.ngdc.noaa.gov/.

Designing structures for tsunani with water heghts of more than a couple of metres is both
difficult to achieve and codly. One possible solution is therefore to locate structures away from
exposed coastline areas. However, local econonics and soda needs dictate tha people will tend to
relocate back to where they lived previoudy. For a small more common event, the combination of
planting and landscaping of the coastline can be used to protect vulnerable communities. Wherever
possible, housng should be built away fromthe sea on highe level groundto mitigate atsunani risk.

For a large rare event, tsunami warning systems have been shown to work effectively in both
Japan and Hawaii. However, for such systems to be effective they require suitable evacuaion routes
to be provided togehe with an extensve education program. This will ensure the popuktion at risk
will be able to self-evacuae prior to any future event. Unfortunaely in Aceh houss are being
condructed on an individud basis rather than as pat of an integrated urban plan tha facilitates
provision of evacuaion routes.

2.4 Earthquakes

Major earthquikes tha have affected Sumatra over the last two centuries are generated either
along the SundaTrench in the Indian Ocean or from the Sumatran fault, which runsthe length of
Sumatra.

Earthqu&es onthe SundaTrench are generated by the subdudion process. These are anongg the
world@ largest earthquékes. Thee is a general academic consnsus (McClosky et a., 2005, Sieh,
2005and Nalbant et al., 2005)tha there is now an increased risk tha the next part of the subdudion
zoneto the south will rupture in the next few years.

Earthquaes on the Sumatran Fault are generated by the strike dip motion along tha fault. It is
interesting to note tha the Aceh segment has no recorded rupture in thelast century, which may
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suggest that an earthquéke may be imminent. Furthermore, McClosky et a. (2005) Sieh (2005)and
Nabant et a. (2005)all raise concern tha segments of the Sumatran Fault closest to the 26 December
2004and 28 March 2005events might also betriggered by the changes in stress associated with these
large events.

It should be nated tha any earthquée induced rupture along the SundaTrench would be at |east
100km from Banda Aceh, whilst an earthquéke rupture on the Aceh section of the Sumatran Fault
could belessthan 10kmaway. As aresult, the ground motion and hence damage dueto themore local
event could potentially be more significant even thoughthe magnitude of an earthquéke along the
SundaTrenchislarger.

25 Other Hazards

25.1Wind

Aceh Province lies just to the south of the tropical storm bdt however it is ill subject to
relatively high prevailing winds Appropriate design to the latest structural codes and competent
condruction should ensure adequéae structural performance of buildings

2.5.2 Flooding (Rainfall)

Theaveragerainfal for BandaAceh isaboutl.6min ayear, with the principd rainy season being
between Septembe and Januay. The region is therefore susceptible to large water run-off tha can
lead to flash flooding. This requires adequae drainage design. Locating housng on high ground, or
elevating it on stilts reduces the impact of flooding. Where developments are to be built on or near
dopess, it is important tha terraces and drainage channds are sufficiently engineered to ensure their
stability (Figure 2a).

The cod of propely designal engineering works to create suitable sites for housng development
from steep hillsides, is significant butirrespongbly ignored al too often because there are not enouch
people with the appropriate professiond skills in a postion to influence early plans of those engaged
in the building process.

2.5.3 Flooding (Plate Movement)

Flooding can also occur dueto changes in topography following major earthquéaes. Following the
26 Decembe 2004 and 28 March 2005 earthquekes, the SundaPlate has sunk by about 1m with
respect to sea level. This has had a dramatic effect on towns such as Singkil (Figure 2b) and Rigaih,
where large areas have been Qo to the seaOor highly susceptible to tidd flooding (the maximum
tidd rangeaongthe Aceh coast isabout1.5m). As aresult many villages have been displaced or have
been made uninhabitable.

Where there has been significant loss of coastline dueto large scale plate movements, one mug
congder the future viability of the affected settlements. Engineering solutions can be provided, but
they will require deailed investigaionsand significant civil engineering worksto provide a safe,
flood free environment. Hydrological and topographica surveys will be needed to asses the validity
of potentid re-location sites, and re-location carefully planned to ensure access to utilities, community
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facilities and liveihoodactivity. If only part of acommunity wishes to re-locate, condderation needs

to begiven to the on-going care and maintenance of the fragmented community which remains as well
as those who re-locate.

(b)

Figure 2 Examples of housng arisk dueto nontsunami hazards (a) landdides dueto rainfall (b)
inunddion by thesea

3. HOUSING GUIDANCE AND LEGISLATION

3.1 Seismic Design Code

The Indoresian seismic design code (SNI.03-1726-2002) provides an appropriate methodobgy for
designing againg the forces induwced by an earthquake. It is comparable to seismic design codes from
USA, Japan and Europe Theintent of thecode is to prevent damage in a smal earthquée that has a
high probability of occurring during thelife of the structure (maybe severa times), and to protect loss
of lifein amgor earthqude that has alow probability of occurring during thelife of the structure. In
the later case the bulding may be significantly damaged but should not collapse. Unfortunaely the

design of single storey residentia houses and other similar structures fals outside the scope of the
Indoresian seismic code.
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3.2 Building Regulations

In July 2005the Ministry of Public Worksissued a Building Code for Aceh. This doaument provides

minimum reguirements for the design of single storey residentiad houses termed Qiwelling housesO
Section 2 of the doaument provides the technicd requirements for reliability of a building structure.
These cover severd design issues and principles which should be followed, including: building type
and form, type and minimum dimensons of foundaions, minimum column and beam dimensons
minimum reinforcement quantities and spacing, requirements for diagona bracing and types of
concrete mixes permissible.

During our first visit it became clear tha the requirements of the Building Code were not beng
enforced, and many houses built at that time did not comply with these basic requirements (see Figure
3). Furthermore, it is noted that most international codes have restrictionson the use of unreinforced
masonry for regionsof moderate and high seismicity, such as Aceh. However, the Building Code for
Aceh permits the use of masonry for wals pands, but provides no guidance on fundamental seismic
prindplesincludng: maximum size of wall pands, openingsin wal pands, minimum thickness of wall
pand, tying of wall pands and provision of ring beams.

4. HOUSING IN ACEH

4.1 Housing Types

Housing in Aceh can be classified into three main categories, namely:

¥The QpermanentOhouses, which are built from brick, often with reinforced concrete frames.

¥The Gemi-permanentOhouses, which are built from brick and timber.

¥The QraditionalOhouses, which are timber structures,

It should be noted tha the definition of QpermanentOand Gemi-permanentOreflects terminaogy
used during colonid times when the Acehnese were discouraged from building QpermanentOhouses in
order to prevent acquisition of land title. (Bemi-permanentOhouses are therefore conddered inferior.

Examples of these housng types are given in Figure 3. Most houses are the minimum size 36m2
QoreOhous, but frequently have veranda andor kitchen extensons which increase the size up to
48m2 which is sufficient for a five person family based on a minimum of 9m2 pea peson. Most
people in Aceh lived in QpermanentOhouses prior to the tsunami, and many where larger than those
being provided.

4.2 Assessment Methodd ogy

During the initid fiedd mission ten different housing projects were reviewed as a benchmark of
housing quality. This was doneusing a modfied FEMA 154 approach (FEMA, 2002) Since, at that
time, many of the houses were under condruction, it was not possible to assess qudity in terms of
habitability, durability, access to water and sanitation, eectricity and adequate communa facilities.
The focus of benchmarking was therefore whether, both in terms of design and condruction quality,
the new houses were earthquée tolerant. During the second mission the other issues were dso be
assessed.
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PermanentO CBemi-permanentO Orraditiona O
Figure 3 Examples of housng types

4.3 Key Obervations

Thekey observationsfrom theinitia field surveys were as follows:
¥ PermanentQ Gemi-permanentOand QraditiondOtimber houses have been condructed, though
most of the Gemi-permanentOhouses were intended as transtiond shdters only.
¥Thedesign and workmanship qudity for many houses (reinforced concrete frame with
unreinforced
masonry infill) were foundto bevery poor when reviewed usng the FEMA 154 approach. Many
new condructions are thought likely to collapse in the next mgjor earthquéke.
¥1t was interesting to note however that thegood examples were designed by experienced
engineers and used a high degree of on-site supervision to assure tha the quality of condruction
met the design intent.
¥A variety of other condruction methodobgies includng pre-cast frames, and reinforced
blockwork has been used for QrermanentOhouses. These structura systems have al been
developed by experienced engineers, to withstand earthqudkes.
¥Thelightweight congruction of Qraditiona Ohousing means these houses will probebly meet life
safety criteria, and thdar seismic resistance depends less on either design or workmanship.
However, there was evidence of other problemsincluding leaks dueto poor workmanship or
timber shrinkage, and termites.

As a congquence of our observationsArup highlighted these issues to the agendesinvolved and
provided genera guidance to therebuilding process (see
http://www.arup .com/geotechnics/project.cfm?pagei d=8403.
Thekey condusonswere:
¥Expeienced earthquae engineers should survey structures that survived the earthquéke of 26
Decembe 2004and address theissue of retrofitting.
¥Expeienced engineers should develop a basic and comprehensve codeof practice for pod-
tsunami housng, and possibly a complimentary training programme to reinforceit.
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¥Procedures should also be developed to regulate the qudity of condruction. These are critical to
ddiver aprodud that isfit for pumpo<se, and reduce vulnerability to future events. In paticular
expeienced engineers should review congruction of critical facilities; hogitals, schools,
bridges etc.

¥An education programme on hazards should beimplemented at all levels of govenment, in
NGOs, and within thewider community to raise awareness.

OpeninggWall Pandls Concrete Qudity Qudity of Materids

Figure 3 Examples of poor workmanship

This was jug one of several initiatives during 2006 to address these concerns. On the second
mission we were very pleased to obsrve a marked improvement in the qudity of bath design and
workmanship of the housng. Many agendes had employed experienced engineers and/or contractors
to achieve these improvements. Furthermore there was often a large degree of training to develop a
more skilled local workforce. However, some congrudionissues still remain.

The second mission aso allowed the issues of habitability, durability, access to water and
sanitation, electricity and adequae commund facilities. A series of questionnares were developed to
undestand whether these issues had been propely addressed. It became appaent that many agencies
had taken a holistic approach, which encompasses these factors, so tha the houss tha they were
building could become homes tha families could live in and grow. Furthermore, based on loca
govenment statistics, it was clear tha the occupaion rates for those agendies who had jug ddivered
houses were much less than those who had taken the holistic approach.
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5.SITE SELECTION

Site provision was the responsbility of the local Government. There appeared however, to be no
formal process, either within local government or the variousagendes, for assessing the suitability of
a site identified for development or carrying out the enabling and infrastructure works that may be
required to ensure the selected site is viable. Typical site selection checklist, guiddines and
background information can be foundin Corsdllis and Vitale (2005) Cobum et a (1995)and The
Sphee Standads (2004.

There are many issues than can affect the site selection process, and they may be geographical,
econonic or political. One example where this has impacted is in the development of the US Aid
Road from Banda Aceh to Caang. Many new houss have been demolished soon after ther
completion to make way for the new road.

Prior to commendng any housng program it is essentia tha the roles and resporsibilities of
variousstakeholders are clarified. A site assessment should be carried out at each location to identify
the needs for local infrastructure, identify who is respongble for implementation, and how this
impacts on the housng programme. It is also recognised tha short term and long term solutionsfor
water supply may berequired. It is also noted tha water supply was a large problem in Aceh prior to
thetsunami.

6. CONCLUSIONS AND PRACTICAL RECOMMENDATIONS

This pgpe summarises thefindingsof the authors following two missionsto Aceh in early 2006
and late 2007.1t is hopel that the prindpd findings can hdp direct further work in Aceh and
influence the decision making process carried outin other pog-disaster situaionsand where disaster
risk redudion is bengimplemented.

¥There anumbe of different natural hazardstha should be considered in providing new housng
for those affected by thetsunani.

¥ The consequences of volcanoes and large tsunamis are impractical, if notimpossible to design
agang, and can only be mitigated through management, education and planning. This indudes
early warning systems, evacuaion plans and routes which should be accountd for in urban
planning and site layouts.

¥ Risks induding flooding, landdides, and fault rupture can be avoided completely by locating
houses away from these hazards. However, this is not aways possible, paticularly where
people wish to re-build on thar own land which is at risk. Alternaively these risks can be
mitigaed to some extent by providing well engineered drainage systems, and earthworks. The
need, cog and timescale for carrying out such works, mug be consgdered at the outset as pat of
a site selection process.

¥ The pod conflict and disaster situaion place severe stress on traumatised communities and
requires careful managements to ensure appropriate qudity and speedy ddivery of housng
whilst al'so resolving land rights issues to avoid future problems.

¥Providing appropriate training to those who actudly do the congruction will ensure tha the
condruction workforce has a greater undestanding of seismic design condderations the specia
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significance of good qudity robug seismic deailing to ensure houses will withgand future
earthqu&kes safely, and ther vital role in ensuring tha houses are compliant with the
appropriate requirements.

¥ The importance of specifying the appropriate qudity for the raw ingredient tha are used to
build

¥Theimportance of high qudity and fundiond detailing to ensure correct congruction.

¥ The importance of qudity control and qudity assessment, especially in a pog disaster or

conflict environment.

In the end however, the most important issue is tha we recognise the needs of the people who have
been affected by these and similar tragedies. An earthquéake tolerant hous is an enginer® god, but
we mug also recognise the people@ needs and follow a holistic approach in the condruction process.
The new houses therefore need adequae water and sanitation, access to community facilities,
electricity etc., and only then will these houses became homes where families and communities can
re-build thar shatered lives.
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ABSTRACT

This is a study of tsunami wave propagaion along the waveguide on a bottom ridge with flat
doping sides, usng the wave rays method. During propagaion along such waveguide the single
tsunami wave trandorms into a wave train. The expression for the guiding velodties of the fastest
and dowest signds is defined. The tsunani wave behavior abovethe ocean bottom ridges, which
have variousmodd profiles, is investigaed numerically with the hdp of finite difference method.
Results of numerical expeariments show that the highest waves are detected abovea ridgewith flat

doping sides. Examples of tsunami propagaion aong bottom ridges of the Pacific Ocean are
presented.
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INTRODUCTION

The quditative theory of waveguides in a media with varying optical dendty (velodty of
signds or waves in it) as well as the conoept of waveguides with total reflecting boundaies have
been discussed in the literature (Brekhovskikh [1]). Based on such previouswork, the present study
introduces the conoept of waveguides in an application related to the tsunami problem. In a two-
dimensond space the velodty of wave disturbance propagation caused by a sudden disturbance is
condant and represented by v,. In a linear regime it decreases monobnically and reaches a

minimum value along the axis. This linear axis where wave propagdion velodty islessthan v, is

named QvaveguideQ If awave origin source is initially located on such waveguide, a portion of
the energy will be captured and the waves will propagae alongits length for a long time - more
than likely to the very end of it. The present study examines the linearly varying but increasing
wave propayation velodty alongthe axis of the waveguide The podulated waveguides look like
bottom ridges with flat doping sides. A plane wave on the mean water surface is assumed to be the
origin source and theinitial propagation direction of thewave's front is dongthe waveguide® axis.
The present study developsthe quantitative theory of the wave propagaing process for waveguides
of thistype

Deter mination of waveraysabovethe sloping bottom.

Wave rays, widdy used in wave kinematic investigations can be determined as curves,
orthogondly directing the propagaing wave front at every moment of time. In other wordsthey are
the trgectories of wave front-line points during wave propagation. In an area of congant depth all
such rays have the form of straight lines. Based on long-wave theory the propagaion velodty for
tsunami waves dependsonly on water depth and is defined by Lagrangeés formula

c=4/gH . (1)

Wave-rays can be defined as the quickest routes of a perturbaion’'spropagaion. Wave rays
are the orthogoné lines of energy directivity along a tsunani's wave front In ocean areas of
variable depths the wave rays do not usudly follow straight line pahs Thus in genead, the
problem of tsunami travel-time deerminaion from one point to another, cannot be easily and
accurately determined. The integral which describes the time required for a perturbaion (tsunami
wave) to move beween points A and C, inthe XQOY planeis given by:

ds

=n , (2)
L S(X,Y)
where dSis an element of the! curve, connesting the points A and C (Fig. 1).
Y
B (8!
4
b
X

A i D

Fig. 1. Diagram of problem of determining the tsunami travel-time from the source to the point on
theshore line (the wave-ray definition problem)
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We mug now deermine the curve ! which minimizes the integral (2). After the trace
determindionit is easy to calculate the required tsunami travel-time from point A to point C. One
of the possible ways in determining a wave fronts ray trace is by numerical solution of the Cauchy
problem and the use of govening differential equations. In the case of smple distribution of water
depth H(X, y) onecan find andyticaly they(x) curve of interest, and obtain the explicit formula for
the time required for tsunami wave propagaion. We can aso proceed with this procedure for a
doping ocean floor. The derived solution can explain some of the effects which take place during
thetsunami wave propagaion in the near shore zone

Let us now consder the following problem: we have a rectangular section ABCD of the
ocean, near the shore (Fig. 1). Thesidesare a and b long. The point A, which is on the shore-ling,
we shdl assume to be the zero point of the Descartes coordinae system XOY. Let us aso assume
tha the depth will increase linearly from AD sidetowardsBC side, as pe thefollowing rule

H(xy) =tg(")!y, H(B) =H(C) =altg(") = H,, 3)
H(A)=H(D) =0,

where! isthebottom indinaion angle with respect to the horizon.

Let usalso assume tha at the point C at the moment in time t=0, atsunamigenic earthquéke
took place. The problem is to degermine the time interval at which the wave will reach point A.
The earthquake generated tsunami wave will propagae in al directions but there is a certain
optimal trgjectory !, alongwhich the perturbaion will reach point A at the shortest time. This is
precisely thetrgectory which we determinein order to find thetime required for the propagation of
this tsunami wave along this trgjectory. As aready stated, because of the relationship between
frontal wave propagaion rate and depth (1), the optimal trgjectory is nota straight line, connecting
C and A points. In fact, it will be a curve, which lies to the right of the AC diagond lineg, in
moving from the point C to the point A - in other words in the area of greater depth (see Figure 1).
Thus thetime of the wave movement alongthey curve is given by:

T=0 N/dx + dy? L1+ (y"y 1 0%414;/(7)/')2 . (@)

“Womaas) orhas)  JoRe®)

whee ' =dy/dx. To solve the tsunami travel-time minimization problem it is necessary to

determine the minimum of the integral (4) along al possible curves y(x), connecting the points C
andA.

X X, A
/
B y
y

Fig. 2. Diagram of thebrachistochroneproblem
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Let us now make use of the mechanical andogy, assuming tha there are two points A(0,0)
and B(a,b) located on the vertical plane XQOY. In this case, the OY axis is directed downward and
coinddes with theforce of gravity (Figure 2).

It is necessary to find such curve, conrecting points A and B, aongwhich a heavy bdl, by
rolling down unde theforce of gravity, from point A, will reach point B in the shortest time. Such
bdl starts its movement from a state of rest (brachistochrone problem). Because of the energy
congrvation law, the bdl modulusof velodty can be expressed by thefollowing formula:

v=4/2gy . (5)
It can be easily seen that in this case the time required for this bdl to move along the curve I,
connecting points A and B, may beexpressed as follows:

T:"V1+(y!)2dX: 1 "'1+(yl)2dX. (6)
' | \/793/ \/27' \/y

By compaing formulas (4) and (6) onecan easily see tha thetime T and Ty, differ in terms of a
condant factor

|
1w S0y

In other words we are to minimize the same integral as in the case, related to the tsunami wave
propagaion. The problem of therolling bdl isa classical problem of mechanics, which is solved by
usng the variation calculus method (Elsgol'ts [2]). Let us now express the bdl@ travel time (6)
fromthepoint A(0,0) to point™ (x1,y1) asafundiond of thecurve shgpey(x)

F(Y(0)=T(())- \/;—g | V“f(yy) X, Y(0)=0, "+=(y(#). @)

The integrand of this fundiond does not explicitly contain the x coordinae. So, the condition of
minimum of thisfundiond [2] is expressed as

F"yF,=C,
where C isacondant. For this paticular case (arolling bdl)

VIFO)TL )
—=C. (8)
Jy v+ (v)d)

After smplifyingwe have

1

Vya+(h?)

YA+ () =5 =C,. )

:C’
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After introdudng a new paameter t, which is defined as "' = ctg(t), formula (9) can be
trandormed to

C,
= =Cgsin’t =—L & 1! cos(2t
Ve (11 cos(20).

dy _ 2C, sin(t) cos(t)dt
y' ctg(t)

dx =

= 2C, sin?(t)dt = C,(1! cos(2t))dt,

sin(2t)"

X= Cﬁt# o C, ——1(2t#sm(2t))+C

Findly we have the parametric form of the curve, tha provide the minimum of the badl® moving
time

x! C, :%(2“ sin(2t)), y=%(l! cos(21)),

Where t=0 at the starting point A(0,0). The condant C; is equd to zero, because the curve begins
from the zero point A(0,0). After subditution 2t=t; we will have equdions of the cycloid
(trgjectory of thepoint onacircle duringitsrollingover harizontal liney=0) in parametric form:

x:%(tll sin(t,)). y:%(l! cos(t,)),

where C,/2 istheradiusof therolling circle, which can be deermined on the basis of the cycloid
passagethrough thepoint” (x1,y1) (the second point is the starting point of the coordinaes).

So, the solution of this problem, in other words the optimal trajectory, would be a cycloid,
which in its parametric form will bewritten as follows

x=C(t! sin(?)),
y =C(1! cos(t)). (10)
At thepoint (x3,y1), thet paameter valuewill beas follows
Y1 )

t=t =arccos(l! .
C(x, 1)

Further, thetime of the movement of the bdl, fromthe point A to point B aongthe cycloid may be
expressed by thefollowingintegral:

sin®(t)
T I f\/l S os(OF . -
" ey T e oty R

1t JaC .
=—|+J2Cdt=—t . 11
N AT -
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L et@ go back to thetsunami problem. If thetsunami wave propagates across the area with a sloping
bottom, then ingead of velodty,/2gy in formulas (6) and (11), thee will be the value

Ja'ltg(")'y. Consquently, for the tsunami travel-time between points (a,b) and (0,0) the
following expression will bevalid:

J2C

- b
T= larccos(1 c ), (12)

Valtg(#)

where, as adready mentioned, C is a condant, which is defined on the basis of the cycloid passage
throughthepaint (a, b).

| nvestigation of waveguides using waverays

Let us now study the process of tsunami wave propagaion above the submerged ridge with flat
doping sides (Fig. 3). Let usaso use the limited bottom dopewith the fully reflecting bounday
for such an investigation (Fig. 4). The 2D view on this rectangular water area with doping bottom
is presented in Figure 5. In the Cartesian coordinate system the depth is linearly increasing from
zero onthe OX axis (y = 0) by formula H = y"tg(! ), where !/ isindinaion angle of the bottom

dope

e,
o,
LIRS
A ot e o o e OO es 2 ’::2:4‘23"0,
04?7, s, LA IR LALAL 2, e s
R A A S LA
A A AT A A AR AL A AR AL AL IR AL TATAL)
= .,lo/l;,:?:‘,"o,:lii;q 2 :',:o,:' a,:;,;: ,'c,::,‘:,'l
27 A PRI AL I F LA ALTATAT
LAAZ PR AT AL IA LAl
20, AT 4:0:’0/'0','
AL :z'o 7%, z:,'l,:'o,’l,“:

LFHTAL LTS Z
s
AT AT

Fig. 4. 3D-view onawave ray trgectory abovethe botom slope
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If from a point (0,2C,) the wave ray started in parale to OX axis direction, it will look like a
segment of cycloid having radius C, (the radius of the rolling circle), and its trajectory can be
described by equaions

x=C,(t" sin(t)" ! ),
y=C,(1" cos(t)), t#(!,2!). (13)

Theray will reach an axis OX in apoint ( X, , 0) (Fig. 5), where x, =! "C,. If the plane of bottom
has the same declinaion, but the decreasing of depth stopson theline y = y, where thereflecting
bounday is indalled. Theray, after arriving to the point M, that is situated on the distance v,
from the OX axis, will reflect from theline y = y,. After reflection the wave ray will go to the
point M, alongthe new cycloid with the same radius (see fig. 5). The condition of reflection of a
waveray onaline y = vy,, iscaused by symmetry of a picture relatively to theaxis y = vy, that is

truefor symmetrical waveguides. Thestrip region yo<y<2C; in Figure 5 simulates the doping side
of thebottom ridge (waveguide).

Ua

Yo

0

Fig. 5. Trajectory paameters during the wave ray motion abovethe battom slope

Let us now determine the length of a step of this truncated cycloid, and also the wave travel time
aongit. As length of a step of a full cycloid is expressed as L = 2! C,, the length of a step of a
truncated cycloid (Fig. 5) will be expressed as follows

L=x! =L 206! x). (14)

Thevaue (x,! x,) easly can bedefinefromthe equaionof acycloid (13)

A Y, " y,  H##
L, =2/ C,$2C, ggrecos(1$=7) $sinogrecos(1$ =) gg. (15)
' o ' o f?

Thewave travel-time alongthis cycloid can bewritten as follows

2,/2C, #
T= Lo/ %arccos(l%%o)-$. (16)
1 *

INCIC@))
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Here ! istheindinationangle of the bottom plane to horizon, C,- radiusof acycloid. If maximum
depth H, outside of thewaveguide and minimum depth onaridge H, isgiven, then

H, — H,
gy T w0

» 1=(2C" ¥p), (17)

where | is a hdf-width of the waveguide if the waveguide is twice wider (1,=2l), but the depth
variation remains the same. In this case the declinaion of bottom tg(/ ) will be reduced down to
hdf of theformer valueand will become

Dueto this, the radius of cycloid appropriate to "lateral” rays, reaching the edges (borders) of the
waveguide, will bedoubked, C, = 2C, . Thevaluey, aso will increase (y, = 2y,). Thewave travel-

time from the axis up to the edges of thewaveguide alongthe new cycloid will bewritten as

2[4
T, = ?1 %1 oarcoos19622) S= ot (18)
J(g(tg("))/2) 2C, "«

Thelength of thecycloid step will beincreased also by 2 times. Therefore, the average speed along
the waveguide of the signds which propagate along "extreme' rays does not depend on the
waveguidewidth and is determined only by the difference of depths H, and H, .

Let us now investigae the propayaion velocity of different segments of the wave front
along the waveguide depending on their initial distance from the axis. In Fig. 6 the trgectories of
the wave rays, which are started at distance 2y, and y,away from the axis of the waveguide and

thewave ray, traveling alongtheaxis, are shown.

2y1

Fig. 6. Waveraysin the symmetric waveguide

Let | bethe hdf-width of the waveguide, ! - angle of indinaion of the planes of botom, H,, -
depth outside of thewaveguide Thebasic values we need for calculation are defined as

H =H," I#g(’), y,=H,/tg(!), (19)

where H, isthedepth abovearidge Thevaue C, (radiusof cycloid) depends on initial distance
y, froman axis of the waveguideto awave-ray starting point

Ci=(Yoty)/2 0! y L1,
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Using expressions (15) and (16) theratio between an average wave velodity V alongthe waveguide
andvalue y, (or C,) can bedefined

#
2! C, %2C, <garccos(lo/ )%sm&arccos(l"/ )
L. ( S S
(20)

T 2,/2C, #

7&’ %arccos(lo/ )

Va*a(") (
where thevalues C, and vy, are determined by formulas (17). Thevelodty of an appropriate wave
motion along the waveguide depends on value C, (or y1) and it isasless, as closer theinitial wave
ray to theaxis. Let'sfind a speed limit V, when parameter y; isgoingtoy,. Let y, differsfromy;
by asmall value! .

! n
Yo = Y.(1" E) =2C " IC,.

Then, keeping in theformula (20) members of theleast order by ! , we arrive at

¢ 2C @%(#%\/_)h/—) S5 90, 1)

\/EQ%(# %"))

tha correspondsto a disturbances propagaion velodty along the axis of waveguide calculated by
LagrangeformulaV =,/gH, , which is applied to thetop of ridge

C, = i, )
2tg(!)

Thus each waveguide (not only with flat bottom planes) has a specific dispersion, which is
discovered in expanson of the initia plane wave along the waveguide during its propagdion.
Findly the initia single wave will trandorm into a wave "train". This dispersion ability of each
waveguide can bemeasured by value q =V, /V,,,, where V,  istherunning speed of fastest rays

min ?

aong the waveguide and V_.. the running speed of the dowest wave ray tha coinddes with the

axis of waveguide

Let ussubsequently study the problem of wave energy focusng by thewaveguide Abovea
flat bottom the amplitude of a circle tsunami wave is decreasing due to cylindrical divergence
propottiondly R'Y?, where R - distance from a source. Getting into the waveguide, the wave
amplitude is not more decreased due to cylindrical divergence. However from this moment the
wave eneagy disperses by stretching the initial single wave along the axis of waveguide that also
causng redudion of amplitude If the rate of amplitude loss due to wave dispersion along the
waveguideis less than the possible amplitudeloss dueto cylindrical stretching of the front, in this
case awaveguide has focusng propeties. Mathematicaly it can bewritten asfollows:

(Ve " Viin) #T 2 R”2 (22)
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Here T - time of motion of a waveguide waves, K - value indicating, wha part of circle front of an
inddent wave has got in the waveguide, R - distance from the wave source up to a position of front
in the waveguide after time period T. Thus not every waveguide causes a focusng effect. It is the
broader waveguides with small depths differences (H,! H,) tha have the greatest focusing
ability. The mog favorable situaion for focusng arises when thetsunami wave source is situaed
abovethe waveguide

Let us now remark aboutasymmetrica waveguides, where the declination of flat bottom is
variousfor different sides from theridge Let the declination of oneside be 2 times greater, than the
other. Thedepth outsidethewaveguideis equd to H, and ontheridge(axis) - H,. Let usconsder

trajectories of "lateral” rays, which reach the borders of the waveguide. In theinitial moment they
lay outondistances y, and y, =2y, onbath sidesfromthe axis of waveguide (Fig. 7).

Fig. 7. Trajectories of "lateral" raysin an asymmetric waveguide

As previoudy-stated, the radius of cycloids, along which wave rays propagae above the more flat
side is twice greater than the radius of bath of the rays unde condderation, when propagaing
abovethe other side which has greater indinaion. As seen in Figure 7, both rays have identical-
length pathsbefore reaching cross-sectionx = x,, and each congsting of two cycloid pieces. Thus

on the cross-section x = x, therays arrive simultaneoudy. The cross point M of these "lateral”

wave raysis notlocated on theaxis of the waveguide Ox. In spite of point M being a cross point of
wave rays (a caudic), the noticeable increase of a wave amplitudein it is not detected, because the
rays do not come to this point smultaneoudy. Let us show this asy, =2y,, thenx, =2x,. The

wave travel-time aongthe "large’ cycloid is more than twice as tha aongthe "small” (time T,).
Taking into accountthat the travel-time alongthe curve PC isequd 2T,, the travel-time alongthe
curve PA will belessthan T,, because thelength of PA islessthan thelength of AM. Furthemore,
along PA thedepths are greater. Moreover, the wave travel-time alongthe curve AM will beless,
than dong BM, because the length of AM is less than the length of BM, and the curve AM is
located along greater depth. Thus the wave reaching point M along the curve PM will arrive much
earlier, than that alongthe curve QM. Let usaso estimate the propagaing velodity of "lateral" rays
aong the waveguide, i.e. V, . . These rays will arrive smultaneoudy at the cross-section x = X,

and thdar travel-time will be 3T,. Therefore the average wave speed along the waveguide is
expressed as x,/T,, tha isequd to V,, for symmetrical waveguides with the same depthson a

ridge and the outside of the waveguide Theefore the statement about the independence of the
wave propagaing velodty aong the waveguide from its width is correct also for asymmetrical
waveguides.

Now - as mentional above- let uscondder aratio of tsunani amplitudes in thewave train
tha arises as a result of dispersion. Using relation (20), we find some values of propagaing
velodty V alongtheridgefor wave rays, which are disposed at different distances from the axis of
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the waveguide The derived values of propagaing velodty V for tha waveguide suggest that the
relation V from vy, israther close to linear, butfor rays initialy disposed closer to the waveguide
edge thevarying rate of V depending on distance y, is lower than for rays initially located closer
to theaxis of thewaveguide Thus thedispersion of the waveguide impacts a little bit stronge on
the dowly moving part of a Qvave trainOand, consequently, the leading waves from a dispersing
signd have dightly greater amplitude than in the "tail" of the same Qvave trainO

In the case when on an entrance of the waveguide is perpendicular to its axis there are not
one buttwo consecutive waves. Let usassume that between postive maximums of these waves the
initial distance is equal to 2" . Then above the waveguide the waves will tranform into Qvave
traing) The "leading” pat of the second wave can reach the "tail" of the first wave and that will
cause amplification of wave amplitude abovean axis of the waveguide. It is possible to determine
the caudng conditions Assuming tha the initial distance between wave maximums in the
waveguide is equd 2" . Let the maximum and minimum wave rays propayaing velodties of the
waveguide be equd to V,, and V... . The distance between the "tail" of the first wave and

"leading” part of the secondwave will be expressed as
| =V, T+2A-V T, (23)

where T is the propagating time. Therefore, in timeT,, when | will become zero, the dispersed

signds from both waves will be imposed on each other, and tha will cause the amplification of
o<illations near the axis of waveguide on the distance T,!V,_ ., from its beginning. Hereinater if
there isimposng (supepostion) of signd, the osillation frequency in the waveguide fades out, as
the process of waveguide dispersion promotes easing (attenuaion) of both wave trains Thus the
maximum level fluctudion in the waveguide is watched apart T,!V, .. from a beginning of the

waveguide Thetime period T, isdetermined by the characteristics of thewaveguide
Tp=———. (24)

If the initia wave signds, propagding in the waveguide, have negative parts, then a picture of
interaction of this waveguide waves will bemore complicated.

Numerical experiments

To confirm the theoretical description of tsunani wave behavior in the waveguide of the indicated
type, numerica modding was carried out of tsunami wave propagation above undewater ridge
having a modd relief as shown in Figure 3. A numerical algorithm based on variables splitting
method (Titov [3]) was used for tsunami propagaion modding. The size of the computationd area
was 720km x 400km (720 x 400 grid-points), and the width of the waveguide was 200km. The
depth along an axis of the waveguide was equd to 500 m, and outside of the waveguide - 1,000
meters. Theinputtsunani was 4 meters high and was shgped as a long narrow rectangle (20 x 200
grid-points) with the profile, which is deermined by the expression

v =2426nt o ¥ (i=1,...,20). (25)
10 "2y VT
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Fig 8A-8E. Water surface abovethewaveguidein varioustime moments

Figures 8A-8E show the ocean surface in different moments of wave propagdion aong the
waveguide with flat sides (Fig. 3). Theinitia elevation of thewater surface (fig. 8A) isforminga 2
meters high tsunami wave. The water surface at subsquent moments of time (2000 sec, 4000 sec,
8000sec, 10000sec) is shown in Fig. 8B-8E. As shown, tha initial wave expands alongthe axis of
waveguide and is transformed into a Qvave train" with narrow front tha completely confirms the

theoretical results.
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Fig. 9. Tsunani time series across the waveguide

Figure 9 shows tsunani time series (marigrams) at a distance of 650 km from the tsunami source
(thetotal length of the computationd area being equd to 720 km). These marigrams correspondto
20 grid-points (650 100+10(-1)), which are located across of the computationd area. Here
j=1E20 isan index of time series (Fig. 9). Numerical results confirm the wave amplitudegrowth at
thewaveguide axis. Time serieswith index 11 (Fig. 9) was recorded jud at the waveguide axis. The
maximum tsunami wave heght was detected here.

The profiles of water surface aong the waveguide axis at the different time moments are
shown in Figure 10. The Figure 11 presents free surface profiles alongthe same line (j=200) for the
case of flat bottom (depth is equd to 1000 m) without any bottom ridge In both computationd
expeiments the initia 4 meters high source (25) geneates the identical 2 meters high wave (top
drawingsin Figues10and 11).

Fig. 10. Wave profile visudizationsduring tsunami propagation abovethe botomridge
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As an example, let us estimate the average propagaing velodties of fastest and dowest waves
alongthis waveguide For numerical computationsthe following parameters of the waveguide were

used: Ho=1000m, H;=500 m. The fastest wave signd moves along the Qateral Owave ray having
radius

:—HO :L
Yoag() 2]

where Hy isthedepth outside bottom ridge The other parameters are linked by formula
Yo= y1/2 = C1 .

Expression for thefastest wave propagaion velocity (20) in this case will bewritten as

_2C,(s#%/12+1) _\2C.'gtg(99 , 2. ., 1+2/3),
V= = 1+=)=V,———
2,/2C, ($#$12) 2 $ V2

V9'tg(%9

Here V, = Jng = \/gcl "tg(! ) is the dowest wave propagaion speed (above the waveguide
axis). This estimate isin goodagreement with numerical results (Fig. 10).

' 1171V,

Fig. 11. Wave profile visudizationsduring tsunami propagation abovetheflat bottom
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The compaison of wave amplitudes in the waveguide above the flat botom indicates the
significant amplitudegrowth abovetheaxis (199 cm as compared to 85 cm withou waveguide). In
other words the amplitude of a tsunami wave which is propagaing along this waveguide doesn®
decrease during the first 3 hours of propagaion.

A numbe of different ridgeprofiles were used in numerical computations Theprofile of the
bottom ridgewas determined by the following formula

H(y)=H, +(H," Hl)yl-k#sin("—y), (26)

where y is the distance from an axis, H; - the water depth on the axis, Ho - the depth outside the
waveguideand K is paameter, which varies from-150 to +150.When k=0 theridgesides are flat.
Waveguide sectionsfor k=-100, k=0, k=+50, k=+150 (from the top to the bottom of thefigure) are
shownin Fig. 12,

-600.00

-800.00

-1000.00

-500.00 +

-300.00 4

-1000.00

-600.00

-800.00

-1000.00

Fig 12. Profiles of the bottom ridgefor different values of parameter k

The comparative andysis of numerical results presented in Table 1, leadsto the conduson that the
mog effective waveguide for the generated waves, is the onewith flat sides (parameter k=0). Such
a waveguide yields the greatest wave amplitude during propagation of a tsunami with the initia
height of 2 meters (Table 1).
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Table 1.

Codficient k Minimum wave amplitude | Maximum wave amplitude

- 150 - 88 + 87
- 100 - 82 +113
-50 -91 +121

0 - 167 + 184

50 - 110 +119

100 -73 +45

150 - 106 +60

Numerical modding of tsunami propagaion along the rea Pacific waveguide was carried
out with the modd tsunami source, which produced theinitial two meters high tsunami wave. The
600x720points computationd grid induded the 1zu-Nanpo idand chan southward of Japan (Fig.
13). The bottom relief was taken from Smith-Sandwell 2 arc minute Globd digital bathymetry [4].
The initia tsunami source has the same profile as in previous computation experiments but its
length is equd to the whole computationd area width (600 grid steps). Looking at Figures 14(a-C)
it is seen tha wave energy is coneentrated abovethe bottom ridge Tsunami waves here are much
highe than ones outside this natural waveguide The maximum of tsunami heght was detected at
thelzu peninaula, where the botom ridgecomes out from the degp ocean onto a shdf.

Fig. 13. Thebottomrelief in numerical computations of tsunani
propagaion aongthelzu-Nanpoidand chan
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Fig. 14. Water surface during twnamrvil'aove propagaion abovethe lzu-Nanpobottomridge

Anothe example of the ocean bottom ridges influence to the tsunami propagaion process
can befoundin anothe study[5]. In this paper some field data of tsunami 26 December 2004and
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results of numerica modding of its globd propagdion are presented. Based on a comparative
andysis of the maximum of the caculated amplitudein World Ocean (Fig. 15) and the World Ocean
bahymetry (Fig. 16), it may be concluded tha some bottom ridges (dash linesin Fig. 16) acted as
tsunami waveguides. The trave-time charts of the tsunami of 26 December 2004 [5] aso confirm
the waveguide mode of tsunami propagation above some Pacific bottom ridges.

26 Dec.2004 Tsunami Max Amplitude (resolution TNM)
70N , > .-

40N

80S — i =
20E 140E 100W 20E

CENTIMETERS
B B

<100 0 01 02 025 05 2 3 4 &§ 75 10 20 30 4 &0 80 100 300 500

Fig. 15. Maximum of the calculated amplitude in World Ocean [5]

World Ocean - Bathymetry
90N IE——— :

45N f§

908
20E 140E 100W 20E
meater
= D . - IS
-40 0 200 500 1000 2000 3000 4000 5000 7000 10000

Fig. 16. Ocean bathymetry tha was used for numerical modding [5]
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ABSTRACT

Reinforced conaete (RC) buildings with openings in the masonry infill pands have shown
supeior peformance to those without openingsin the devastating 2004 Indian Ocean Tsunani.
Undeastanding the effect of openingsand the resulting tsunami force is essential for an econonical
and safe design of vertical evacuaion shdters aganst tsunamis. Oneto-one hunded scale
building modds with square shgpein plan were tested in a40 m longhydraulic flumewith 1 mx 1
m cross section. A mild slopeof 0.5 degree representing the beach condition at Phuke, Thaland
was smulated in the hydraulic laboratory. The modd dimensonswere 150 mm x 150 mm x 150
mm. Two opening configurations of the front and back walls were investigaed, viz., 25% and
50% openings Pressure sensors were placed on the faces of the modd to measure the pressure
distribution. A high frequency load cell was mounted at the base of the modd to record the
tsunami forces. A bi-linear pressure profile is proposd for determining the maximum tsunami
force acting on solid square buildings The influence of openings on the peak pressures on the
front face of themodd is foundto be practically inggnificant. For 25% and 50% opening modds,
the tsunami forces reduce by about 15% and 30% from the modd without openings respectively.
The redudion in the tsunami force clearly demondrates the bendfit of openingsin reduang the
effect of tsunami on such buildings

KEYWORDS: Tsunami loading, Building, Opening, Experiment, Pressure
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1. INTRODUCTION

It has been observed tha alarge number of reinforced conaete (RC) buildingsnot designed for
tsunani in Southen Thaland have survived the devastating 2004 Indian Ocean Tsunani.
Furthermore, RC buildings with openings in the masonty infill pands have shown superior
performance to those withoutopenings(L ukkunarasit and Ruangrassamee, 2008)

The tsunami loading on vertical walls has been experimentally investigaed by Fukui et al.
(1963) Cross (1967) Ramsden and Raichlen (1990) Ramsden (1996) and Hamzah et al. (2000)
Cross adso developed a smple theory to estimate the force exerted by a surgetraveling over adry
bed and impinging on a vertical wall. Asakura et al. (2002 carried out two dimensond and three
dimengond hydraulic modd tests on a land structure behind a vertical seawall. Tsunani waves
with variousperiodswere generated in theinvestigaion usng both wave flumes and awave basin,
respectively. A practical formulawas proposd for the wave pressure profile on the structure. Yeh
(2007) reviewed existing design guiddines and proposd a rationd methodobgy for determining
tsunami forces on land structures usng inundaion map information.

Appaently there is little work on tsunami forces acting on 3-dimensond buildings especialy
when openings are present. Thus there is an urgent need to investigae tsunami loading on
buildingswith openings The findingsare useful for an economica and safe design of buildings
especidly vertical evacuaion shdters, agand tsunamis.

2. EXPERIMENTS

A one- to - onehunded scale building modd with square shgpein plan was tested in a 40 m
long hydraulic flume with a square cross sectionof 1 m x 1 m (Figure 1). A very mild opeof 0.5
degree, which represented the beach condition at Kamala, Phukdé Thaland, was adopted for
tsunami ssimulation in the hydraulic laboratory. The modd dimensonswere 150 mm x 150 mm x
150 mm. Three configurationsof the front and back walls were investigated for wave forces, viz.,
0%, 25% and 50% openings (Figure 2). Pressure sensors were placed on the front face of the
modd to measure thevertical pressure distribution. A high frequency load cell was mountd at the
base of the modd to record the tsunami forces. The tsunami wave was generated by a sudden
release of water througha controlled gae at the bottom of the water tank located at the upgream
end of theflume. Three nomna wave heghts were investigated, viz. 40, 60 and 80 mm. Thewave
height is defined as the maximum inunddion height tha would occur in a flow without the
presence of the modd measured at thelocation of themodd.

Water tank Kamala , Phuket
Model scale 1:100
Unit: m

Direction of wave

- »>- > - -

Figure 1 Expeimental set-up
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Figure 2 Configurationsof thefrontand back pands of building modd with sensor locations

Figure 3 Formation of bore on dopebeach (Nomina wave haght= 80 mm)

3. Reaults

3.1. Velodty bWave Height Relationship

Thegenerated wave brokewhen approaching the beach at about20 m upgream from the modd,
trandorming into a bore before hitting the modd (Figure 3). Thetypica time histories of the
velodty of thewave and wave height at thelocation of thebuilding modd (in theabsence of the
modd) are depicted in figure 4. It isto be noted that theleading edgeof thewave attainsa
maximum velodty at theingant it reaches thelocation of interest when thewave heightis still
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very small. As the wave increases in height, the velodty decreases significantly. Figure 5 shows
the relationdhip between the measured maximum velodty of the leading wave front, V, and the
maximum wave height, h. The assodated pesk wave velodties generated varied from 2.4! (g*h) -
3.0! (g*h), where g is the acceleration dueto gravity. In the absence of a laboratory test, it is not
known in advance thevaueof V corresponding to a particular value of wave height Thus itisfor
convenience to express the maximum velodty in terms of the maximum wave heght

o Vel .
100 /\l.n Velocy ; ] 25
M. Wave height

t 2.0
.’“.-. L\V 1.5

%

e Wave heght

Velocity (m/sec)

Velocity

wave El(.'{‘.’,'l! {mm)

2

hme {sec)

Figure 4 Typical time history records of wave height and velodty at location consdered (without
structure) - nomnd wave height = 60 mm

351 :
® V Test
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Figure 5 Relation between maximum velodty (V) and the maximum wave height (h)
3.2. Model Without Openings

When the leading edge of the wave hit the modd, the wave splashed up its front face much like
awave striking awall as depicted in the phob shown in figure 6. However, the energy imparted to
the structure in the case of the 3-dimendond modd was consderably less than tha on a 2-
dimengond wall (taller than the splash-up haght) since pat of the splash was diverted sideways
uponimpact, and pat of it overtoppel the modd for the cases of 60 and 80 mm nomnd wave
heghts with the splash reaching more than 2 times the modd haght No overtopping occurred for
the40 mm wave haght

Figure 7 depictstypical time recordsof the pressures at the upgream face of the bulding modd
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without openings As expected, one may note the high impact pressure at impingement of the
leading tongueuponthe modd. Figure 8 shows the typical nomrmalized pressure on the solid modd
(without openingsg at different ingants of time, correspondng to the attainment of pesk pressure
readingsat different levels. The pressure distribution at the instant the wave force is maximum s
also shown inthefigure. It is noted tha uponimpingement of theleading tongueon themodd, the
pressure at the bottommog sensor (located at 9 mm abovethe base) attains a very high value of
more than 4 times the hydrogatic pressure, and the pressure concentrates over approximately haf
the maximum wave height As time progresses, the pesk pressure near the base decreases while
thevalues inaease a highe levels. At theingant the wave force on the modd is maximum, the
pesk pressure dropsto about 2.4 times the hydrostatic pressure. The pressure profile assodated
with the maximum wave force can be conservatively approximated by a bi-linear distribution
shown in Figure 8 with a value of 2.75 times the hydrodatic pressure over onewave haght above
the base and decreasing to zero at 2 times the inundéion height The pressure, pi, at height z can
thusbe expressed as follows:
pi/"gh=1! 55" 275z/hforzh>1 # (3.2)
$2.75 forzzh#1%

whee" ismass dengty of water.

It should be noted tha designing the building usng the pressure profile envdop would
significantly overestimate the actuad peak force exerting onthe structure.

(a) frontview (b) rear view

Figure 6 Sngpshots of flow past themodd at impact
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Figure 7 Typical time recordsof thepressures at the upgream face of the building modd without
openings
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(Nominal wave height = 80 mm)

Thewave force-haght curve computed based on the proposd pressure profile is practically the
uppe bound curve for the experimental results as depicted in the figure 9. Also shown in the
figure are the hydrodynanic forces (drag forces) determined in accordance with FEMA 55 (2000)
guiddines based on the maximum wave velodty measured from the experiments. It may be noted
tha the calculated drag forces onthemodd are, in geneal, large than the experimental values by
12% 44%.

Squae modd withoutopenings Kamala, Phuke

6O '

>0 e Experiment

10 .
< -
AP = Modified FEMASS
5 30 t ! ‘ ’ ‘
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s 20 ' ) )

. Force from proposed
10 4 { pressure profile
0
0 20 40 60 s0

Wave height (h) : mm

Figure 9 Comparison of tsunami forcesobtainedfrom experiments with those basd on FEMA-55
guiddlines
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3.3. Effects of Openings

Theinfluence of theopeningson the peak pressures on thefront pand of themodd isfoundto
be practically inggnificant as can beseen in Table 1.

Table 1 Normalized pressure (Pi/" gh) at postionsPFO, PF1 and PF2 Bsquae modd with different
opeanings

Opering Nominal Wave height
40 mm 60 mm 80 mm
00% 6.8 (100%) 18.1 (100%) 37.9 (100%)
25% 5.1 (75%) 15.5 (85%) 31.5 (83%)
50% 4.3 (63%) 11.2 (62%) 26.2 (69%)

Note: PFO, PF1 and PF2 denote pressure sensor on thefrontface of modd at levels 9.3 mm, 42.3
mm and 75.3 mm abovethe base, respectively.

Table 2 shows the variation of tsunami force, Fs, onthe modd with wave heightfor various
opening configurations It should be noted tha Fsis thewave force acting on thewhole structure
and, for the case of modds with openings it indudes the forces exerted by thewave on both the
frontand back pands of themodd. Since the pressures on the updream face of themodd is not
significantly affected by the presence of openingsas discussed earlier, theredudion of thetsunami
force ontheupdream pand may betaken as propationd to theredudionin thepand area by the
openings Thus for the case of 50% opening, in the absence of test results onemay have to
approximate thetotal force Fsto beequd to tha acting on a solid modd (withoutopening).

However, as evidenced in thetest resultsin table 2, Fs decreases by about30-40%in
comparison with the solid modd. The corresponding redudionis about15-25% for the case of 25

% opening.

Table 2 Tsunami force (N) on square modd with different opening configurations

Nominal Wave height

Opening 40 mm 60 mm 80 mm
PFO PF1 PF2 PFO PF1 PF2 PFO PF1 PF2
0% 2.65 1.23 0.49 3.96 208 | 111 4.36 3.10 2.30

25% 2.80 1.04 0.33 4.56 2.04 1.19 4.61 271 214
50% 2.99 1.16 0.13 4.94 1.93 1.26 4.66 3.07 240

Note: Vauesin paentheses are percentage of themodd withoutopenings
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4. CONCLUSIONS

Based on the expearimental daa of the pressure distributons on the face of the square building
modd without openings a various instants of time, a simplified bi-linear pressure profile is
proposd for determining the maximum tsunami force acting on the structure, with the resulting
force - wave height relation boundng the experimental results. The presence of openingsallows
water to enter the building, creating counteracting pressure on the inside of the upstream pand.
Moreover, there exists a shielding effect which reduces theforce acting ontherear pand. Thetests
show that there is aredudion in thewave force acting on thewhole building in the order of 15%-
25% for the 25% opening configuration, and 30% - 40% for case of 50% opening. The
corresponding redudion for the force on the front pand based on pressure recordings can be
assumed to be 25% and 50%, respectively. The redudion in the tsunami force clearly
demondrates the bendfit of openingsin reduang the effect of tsunami on such buildings
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