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PREFACE

The investigation reported herein was authorized by the Office,
Chief of Engineers (OCf), U. S. Army, in a letter dated l-)+ February 197\

and vas perforrned. for the Fed.eraf Insi:¡anee Administration, Department

of Housing and Urban DeveÌopment, under Inter-Agency Agreements IAA-H-

L9-7\, Project Ord.er No. p, and IAA-H-L9-J!, Project Order No. l+. Pro-

ject coordinator was lulr. Jerome Peterson of OCE.

The j,nvestigation vas conducted. from March 197! to January l-975

by personnel of the Hydraulics Laboratory (ru), U. S. Anny Engineer

lJaterways Experiment Station (W¡S), under the direction of Mr. H. B.

Simmons, Chief of HL, Dr. R. W. i{halin, Chief of the Wave Dynarnics Di-
vision, and. Mr. D. D. Davidson, Chi.ef of the l^lave Research Branch.

Messrs. A. W. Garcia, Research Oceanographer, and J. R. Houston, Re-

search Physicist, both of HL, conducted the study, and this report was

prepared by Mr. Houston vith the aid of Mr. Garcia.

A significant portion of the nunerical computations was performed.

on a CDC-?6OO computer at the Los Alamos Scientific Laboratory through

the cooperation and. under the supervision of Dr. Kenneth Ol-sen of Group

J-9. Also, Mr. H. L. Butl-er of the Harbor l"Iave Action Section, l{ES,

provided valuabl-e assistance in the perforrnance of these cal-culations.

Drs. Dean lnlclnfanus and Warren Thompson of the University of Washington

and the U. S. Naval Postgraduate School, respectively, provided unpub-

lished data which greatly aided in the perforuance of this studY: &s

did the staff of the National Ocean Survey, National- Oceanic and At-

mospheric Adrninistration.
Attend.ees of the Tfpe 16 Flood Insurance Study Tsunarni Coordina-

tion meeting held at the U. S. Anay Engineer Division, South Pacific'

Office in San Francisco, California, on ll- and l-2 November 197\ are

listed bel-ow.
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Jerome Peterson
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AND SAN

l_. This study was conducted to determine lO0_ and 500_yr runupdue to ts'namis of distant origln for parts of Monterey Bay, sanFrancisco Bay, and the straits of Juan de Fuca and puget sound (raure i_).A r00-yr runup is one that is equaled or exceeded with an average fre_quency of once every J-00 yr; a 5oo-yr runup has a corresponding defini-tion. Runup varues in this report are referenced. to the mean sea r_evel(msr) datun. = NqV| n|-q
2 ' A f inite-d.ifference numerical computer progran r^¡as used tosimur-ate tsuramis and propagate them across the deep ocean to the mouthsof the abo'¡e-mentioned vater bodies. The governing equations used inthe prograr were the linearized. l0ng-wave equations. fn order to simu_l-ate the generation of a tsuna¡ni, an upJ_ift d.eforrnation of the watersurface at a selected ts'nami source site was used as an initial cond.i_tion in the finite-d.ifference progra¡n. As discussed. in Reference J_, thelarge size of the generation areas considered. and the short time inter_val during which displacement occurs cause the water surface d.eforma-tion to display the same topographic features as the perrnanent verticar_dispracement of the ocean fr-oor resulting from the earthquake.3' The responses of san Francisco Bay and the straits of Juan d.eFuca and Puget Sound to an incoming tsunami Lrere d,ete¡mined using a com_puterized numericar- scheme which empJ_oys a finer spatiaJ- mesh grid thanthat used Ín the numericaL scheme for propagating the tsunami across thedeep ocean. This numericar- sor-ution cannot be var_idry appried tolnlonterey Bay, however, because this bay has a mouth that is wid.e rel_a_tive to the J-ength of the bay. Therefore, an anarrbic sor_ution in theform of a standing wave for the Linearized rong-wave equations r.¡as usedto propagate a tsunami across the continental shelf of r,fonterey Bay.l+ ' Ai-though tsunamis are generated. in many reas ar-ong the perim_eter of the pacific Basin, on,-y the Ar_eutian Trench generates tsunamis

PAIT T: INTRODUCTTON
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capable of causing significant runup in the study areas of this reportwith sufficient frequency to influenee l_00_ and 500_yr n¡nup values.
Historical- evidencer tsun¡mi source characteristics and orientation, and
nr¡merical- computer prograJns diseussed. in Reference I r¡ere used. in theselection of the Areutian Trench as the sor_e tsunarnigenic area. Theh¡>othetical uplift of the vater surface used and the dimensional- pararn-eters vhich can be varied to represent tsunamis of different intensities
in the seÌected tsunanigenic areas were arso formulated therein.

5' The probability of generation of tsunarnis of different inten-sities and the maximum height of the uprift deformation for the standard.
source were defined for these different intensities in Reference l-. TheAl-eutian Trench r+as divided into 12 segments and the r+ave amplitudes re-sul-ting frorn .r-ocating sources of varying intensities in each of the seg_ments vere car-cur-ated for points near the mouths of the bays considered..
The responses of the bays vere determined by the numericar_ and ana]_yti_
cal- solutions mentioned earr-ier. Each vave ampritude inside the bays
has an associated probabil-ity, and the total-ity of vave ampÌitudes de_fines a probability distribution from which the cumul-ative probab1.J-ity
distribution for a l¡ave arnpritude being greater than or equa,_ to a par_ticular var-ue is obtaÍned. Runup is set equar to l¡ave amp]_itude at the
shore.

6' A curnur-ative probabirity distribution, p(z), for ruaup at agiven site being equal to or exceed.ing a particur-ar vafue due to the
astronomicar- tide and a tsunami was deter:nined using an approach d.is_
cussed in Reference r-. This approach makes use of the for-r_owing rela_
tionships:

Lt.

r+here f f ))*
Þ

x For convenience,
and defined in the

is the probabiJ_ity for the astronomicai tide.

P(z) rß(À)Ps(z - r) ar

all unusuaÌ symbols used
l{otation (Appendix A).

in this report are listed

(r)



This equation was solved. numerically by superimposing tsrrn¡rni ¡¡¿1¡g

trains on the tides for a l-yr period.

T. A previous San Francisco Bay tsur¡mi study of the U. S. Geo-

logical Survey is d.iscussed and resul-ts ere compared. herein.

4ff

r

{
E



B. The numerical- calcul-ations used. in determining the ru¡up
values vill- be retained. at the U. S. Army Engineer Water!¡ays Experiment
Station (i'¡¡s) for an indefinite period of time. These cal-cul-ations by
themsel-ves are of l-inited useful-ness in direct deteruination of runup at
a particular coastal site because each raw cal-cul-ation appJ-ies only to
a specific intensity tsunarni originating at a particul-ar source. proba-
bility distributions, tide anal-yses, and. l-ocal- effects are calcu-l-ated
using these data but they comprise a nr:nber of different and. subsequent
operations.

9. The user of the infornation contained. in this report r¿il-l- have
to Judge for his purposes the ad.equaey of topographic information dis-
p]-ayed r+ithin, i.e. the accuracy and spacing of contour interval_s, the
currentness of indicated features, etc.

PATT II: LOCATION AND USE OF BACKUP DATA



l-0. Tabr-e 2 rists the names of the topographic quad.rangÌes con_
tained in this report by groups, according to their geographicar r-oca_
tion. Because of the geographic complexity of the i,ronterey and san
Francisco Bays and Puget Sound areas, it was not leasible to arrange the
section of quadrangJ-es in a continuous sequence following the shoreline
of the areas. It r+as decided j.nstead to arrange the quadrangÌe sect1ons
into subgroups by alphabetical- ord.er. Figures l-a and lb are sections of
indices to topographic rnaps of Cal-ifornia and Washington, respectivel-y.
To l-ocate the applicable subgroup of quad.-sections, J-ocate the area of
interest in Figure ra or ì-b; these figures give the name of the topo-
graphic quad. The figure number for each.quad. can be fo,u¡d. by re-
ferring to Tabl_e 2.

l-l-. Located within each figure (Figures 2-239) is the estimated
rì-rnup with the appropriate subscript designating the runup due to a l_oo_
and 500-yr tsunami. It is specified. in the form

Rr_oo = . ft
RSoo = 

- 
ft

The datum for aÌl- runup cornputations (or_oo.ru oroo) is nsr. As in Ref-
erence l_ the runup estimates will be applicabJ-e to those reaches of
coastl-ine indicated between the sol-id rines extending frorn the shore-
Ìine. l{here on]-y one pair of runup varues is dÍsprayed, those varues
will apply to the entire reach of coastr-ine shown in that figure.

r2. The figure titles al-so for-l-ow the form used. in Reference r
but the explanation r.¡il-l be repeated. here for the convenience of the
reader. Using Figure 2 as an exampÌe:

PART IIT: EXPI,ANATION oF RESULTS

Figure 2
l4arina

CaIi f.
53+N to 57+iI

3.2808 converts metres to feet

figure number.
name of topographic quadrangle fron which il_lustra_
tion was taken.
state in which area is focated..
digits indicating the l_OO-metrex Universal_ Trans_
verse lvfercator grid ticks used to delineate the



L

Unless otherrrise

l-: 2\ ,000

approximate boundaries of the section of quadrangle
il-lustrated. (Letter fol-Iow-ing d.igits vi1I be

either N or E ind.icating north-south directed' or
east-west directecl tick marks' respectively. A

plus (+) or minus (-) sien inclicates that the il-
lustration extends slightly beyoncl or falfs
slightly short of the indicatetL tick roark. )

- last letter ind.icating which boundary of the topo-
graphic quadrangle the grid tick marks are refer-
enced to, i.e. R-right, L'Left' T-top' B-bottom'

indicated, the scale of all- the topographie figr:res is



PA.RT IV: METHODOLOGY FOR RUNUP PREDICTIONS

Tsunami Sourees

13' As described in Reference 1, the ALeutian Trench is divided.into 12 segments. Ground d.isplacements which produce tsu¡la.¡nis with in-tensities ranging from 2 to 5 in intensity increment s of L/z are cen_tered' at the rnidpoint of each segment. As discussed in Reference r_, aninvestigation of tsulamigenic sites in the pacific ind.icates thattsunanis generated' along the Aleutian or peru-chil-e Trenches onÌy causesignificant runup aì-ong the r¿estern coast of the united states. Fur_the¡more, it was found. that the l_00_ and 5OO_yr runup values for thestudy areas reported' herein are d.etermined by tsunamigenic sites in theAl-eutian Trench al-one and are not significantJ-y influenced by tsunarnisgenerated in the peru_Chile Trench.
1l+' As stated previously, a computer progra¡n for a finite-difference numerical scheme was used. in Reference 1 to generate a tsr:.nani(using a given grou.nd displacement as input ) an¿ to propagate it across

. the d'eep ocean. The r-inearized J_ong-wave equations were the governing
equations in the progran. This program uses a cor¡monly availabre tapewhich contains bathyrnetric data at intervar_s of 1 deg of latitude andJ'ongitude' The progran then interpolates these d.ata to create anotherbathymetrie grid for computational_ purposes that has 15 bathymetric'data points per degree of latitud.e and. longitude. I{hile this proced.ureis adequate for those regions of the ocean that are rel-atÍvely featr:re-less' it is not satisfactory for vave propagation across the continental_rise and portions of the continentar_ sherf. To avoid this diffieulty,the progra.n vas modified to include bathymetrÍc d.ata obtained from Na_tionaÌ oeean survey bathyrnetric charts. These data r.¡ere smoothed. froma minimum of 180 points to 15 points (compatibte vith the grid used. forcomputation) per degree of l-atitud.e and. J-ongitude. This r"¡as done forboth the previousl and present stud.ies.

15' The prograrn rr¡as used, in this study to propagate tsu¡amis tothe vicinities of Monterey and. san Francisco Bays and. the straits of

l_0
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Juan de Fuea. Local bathynetric irregul-arities (shoal-s and. channels,
for example) which night not be resol-ved by the J-arge rnesh grid covering
part of the Pacific Ocean near the continental shelf, along with non-
linear terms and' vertical- accelerations rrhich are neglected in the
l-inearized l-ong-wave equati.ons, produce effects which must be determined.
by ealibration. Results of a computer simul-ation of the generati.on and
propagation of the 196l+ Al_aska tsr:¡¡ami r¡ere conpared vith tide gage
records obtained near the mouths of San Francisco Bay and the Straits of
Juan d'e Fuca; differences in comparison are attributed to these l_ocal
bathyrnetric irregul-arities and the neglected terms in the equations of
rnotion. rn this manner, the si-muLation of the 196)+ ts*narni was
cal-ibrated to reproduce the effects observed. at the bay mouths.

Bay Response

16. once the tsunami vave arnpritud.es at the mouths of san
Francj-sco Bay and. the Straits of Juan d.e Fuca vere known, the responses
of these partialJ-y encl-osed. bodies of water to the incoming tsr¡nami. were
d'eter¡rined by using a computerized numerical schern"2 which employs a
fine rnesh spatial- grid. The numerical method used is that d.escribed by
Leendertse.3 Variable bathymetry and Chezy frictional- coefficients in
the bay vere all-owed. as input to the program. The ratio of tsu¡rami
amplitude to vater depth in parts of the bay is great enough that non-
l-inear advective terms may be significant and. are therefore included in
the equations of motion. The period of the tsunerni waves entering the
bays vas chosen to be 38 min for san Francisco Bay and l_.g hr for puget
sound; these periods were observed d.uring the rp6r+ tsuna¡oi.2 The rea-
sons different -l-ocations can observe d.ifferent tsu¡ami r¡ave period.s are
d.iscussed in Reference l_.

I7 - The numerical, sol-ution discussed above cannot be val-idÌy ap-
plied to Monterey Bay because this bay has a mouth that is wide rela-
tive to its length. I,/ave recordings of the 1p6l+ tsunami obtained at
Monterey, california, ind.icate that resonance of the bay resulting
from tsu-nami excitation is not significant in determi.ning the maximum

11
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runup; a number of maJor ï¡aves of approxirnately the s¡r¡e ampritud.e wereobserved d.uring the 196l+ ALaska tsunami.*
18' Tàe analybical solution enpl0yed in Reference r_ to deterainethe nodification of a tsuna¡i after its propagation across the continen_ta1 sheff was used. at Monterey Bay to detemine runup. A computer sinu-lation of the generation and propagation of the 196l+ tsr.rnami across thedeep ocean Ì¡as coupled. vith the above analytical solution and the re_sul-ts were compared with gage recordings of the 196r+ tsunami at rdontereyto cal_ibrate the techníques.

tides on tsuna¡¡i
solution of the c

19. As men

l¡here

z = the r,nup at any time above r-ocar- mean sea r-eveler(z) = tlu cumur-ative probability distribution for runup at agiven site beÍng equal to or exceeding z due onJ_y tothe maximum lrave of the tsunami-
p 

u( 
z ) = 

lï.ï'.;:î:.::1";ir i;. . 
;*å1" ":"lli: ï..:ï:;;:,ïål_tide, here approxirnaãed uvã-cã""sian distribution (tiaatrunup equals the tidal level)

p(z) = the cumu-r-ative probability distribution for runup at agiven site being equal to or exceeding z due to themaxirn'ru r¡ave of thJ tsunami 
""ä'irr" astronomical tide

and where

dP^(z)
ru(z) = - #

¡t

r
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ned

up,
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I ear.L
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, in Reference l_ by an analytical
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1-

l-

and. t"(z) is the probability density for the astronomical- tid.e.
Þ

20- Tsunamis arriving at Monterey Bay, san Francisco Bay, and

Puget Sound have, in the past, exhibited charaeteristic wave trains
consisting of a number of vaves of significant çrnplitude. The statisti-
cal effect of astrônomical- tides on tsunnmi runup for such a situation
when more than a single maximum tsr:¡rami vave is important must be deter-
nined through a nunerical solution because a¡r analytical soLution is in-
tractable. A nr¡merÍcal approach similar to that used by Petrauskas and.

q
Borgman' to randomly combine the effects of astronomical tides and. tsu-
namis recorded. at Crescent City, California, was used. to solve this prob-
Ien. Data obtained during the 1p6O and l-961+ tsr:¡¡nmis vere conbined r¡Íth
tÍd.es at rand.om times d.uring a year by Petrauskas and. Borgman. fn this
study, the combination at random times during a year of a vave train con-
sisting of a specified number of waves of equal amplitude an¿ period and
the astronomicaL tides vas consid.ered.. The amplitud.es of the r¡ave trains
are not fixed, hovever, but are specified by probability d.istributions.

2r. A tine history of the tide for L year at any location of
Ínterest t¡as deter"¡rined by a computer progrâ?n r¡hich used the techniques
of Reference 6 and tide infornation from Reference J. The period and
number of significant waves of a tsuna.mi which could be expected at a

site vere d.etermined. by analyzing vave records obtained d.uring the
1961+ tsunami. It is assur¡ed. here that the number and period of l¡aves
observed. d.uring the L96)+ tsunami are ind.icative of the respective
response of these areas to other high-intensity tsu¡qrnis. Five vaves
vith a period of 38 min were chosen for the tid.e effect analysis for
san Francisco Bay, three rraves vith a,period of 1.8 hr for puget sound.,

and. ten waves vith a period of 36 nin for Monterey Bay.

22. A tsu¡ra¡ni vith an intensity between 2 and 5 in increments of
one-hal-f is generated in one of the 12 segments of the Aleutian Trench
and. arrives at a site on the vestern coast of the United, States vith its
significant vaves having an amplitude which can be deter¡lÍned by the
techniques described earfier in this report. The probabiJ-ity of such an
event occurring is equal to the probability of a tsunnmi of some partic-
ular intensity being generated. somevhere in the A-l-eutian Trench, given by

13



n (i ) = o. o65u-o' 7ri Q)
multipJ-ied' by I/I2, because it is assu¡red. that earthquakes occur uni-
form-l-y throughout the length of the l2-segment trench.l,8

23. Each of the possibl-e tsunarni wave trains of intensity range
2-l from l of the 12 segments is then superimposed upon the astronomical
tide occurring at a site during a year. For examp]_e, the 10 signifi-
cant l¡ave crests of period 36 u,in of a tsu¡a:ni arriving at Monterey Bay
are superimposed on the tid.es over a 360-min interval; the maximum

tsun¡rni pJ-us tide elevation for the period is assigned. a probability
equal- lo r/)'2 rnul-tiplied. by Equation 2, for a particurar intensity i ,
nuJ-tiplied by q (360 min/nr:mber of minutes per y€ar = 6.Bj x l0-l+)
The tsu¡rami is superimposed upon the astronomical- tide for 360-min
intervals for the entire year. By for]-owing this procedure for al_l-

tsunamis of intensity 2-J for the 12 segments, a cu¡¡ul-ative probability
d-istribution for runup at a given site equal to or exceed.ing some value
due to the superposition of the tsunani and the astronomical tid.e r¡as
determined.. The I in 1OO-yr and. L in 5OO-yr runup values at a site were
determined from this probability distribution.

Re sul-t s

il+- By applying the methocrofogy described in the previous sec-
tions and. in Reference 1,100- anci 5OO-yr runup values were caLcul-ated
for Monterey Bay, san Francisco Bay, and. the puget sotrnd area. The

runup val-ues (referenced to rnsl) are shown in Figures 2-239 which are
sections of topographi-c quadrangre maps published by the u. s. Geologi-
caI Survey.

25- The effect of the astronomical tides on rr::lup varied. from
l-ocation to location. The more pronounced. the tidar range, the more
significant r¿as the increase in runup due to the infl-uence of the astro-
nomical tides. For exa.mpJ-e, tsrlnami vaves in puget sound had smarL
amplitudes, and runup varues Lrere governed. largely by the effect of
astronomical tid.es. Therefore, aÌthough waves had larger amplitudes at
Port rownsend, washington, than at seattl-e, l^fashi.ngton, the greater

1l+



tidaf range at Seattle resulted in larger combined. runup values there.
26. The effect of the astronomÍcal- tides on runup was arso de_

pendent upon the probability distribution of tsu¡a¡ni vave amplitudes at
a location. The tidal contribution to runup is usually greater for
l-ocations protected from tsunanis than for those exposed. This can
readily be seen for an analylic solution of Equation l.

27. For simpricity consider onJ-y a singJ-e source region (e.g. the
Al-eutian Treneh) and r-et rjl)rrl be represented. by an exponentiar-
furrction

Ë

E

E

F

r¡here the superscript (l) denotes location I.
28. Suppose that tsunamis at a seeond.

same frequency as that for the first l-ocation
as great a runup. Then

where

rÁt)rz) = 4ru-ol-"

and

Therefore

rjr){, ) =

l-ocation occur with the
but alvays produce tvice

nj2)r â I

2z

-^;"D'
Azu

-2a^z
A2u ¿

-2anz
Azt ¿

29. rn
nomical tide
a shift of z

rj2)t â ) =

-a- z
Al"1=

Á=' 'l-

Reference l_ it
is to produce a

by an arnount

equal-s T¿¿-
m=_L

(¡)

C2
m

AZ and oI = 2oz

vhere C
m

vas fou¡rd that the net effect of the astro_
P(z) id.entical vith rr(z) except for

(o2 /z), . o2 is the tidal variance anir

(l+)

is equaÌ to the rth tidal constituent. To
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eval_uate Equation 1

30. Since o2 varies very
effect of the astronomica.l_ tide on
for l_ocation I as for Ìocation 2.

3l_. As an example of this
the easterly end. of San pablo Bay
less than one-tenth its height at

eu?)-t'(r)=*"
/@

cluding the effect of astronomical_
betveen 2 and 3.

32' An earr-ier study of tsunami 
^rnup in the san Francisco BayregÍon was perfor:ned in cooperation vith the Department of Housing andurban Devel0pment by John R. Ritter and noillia¡ R. Dupre of the u. s.Geologicat survey of the Department of the rnte"ior.t--;;" nr."r"r" ,._vestigation d.etermined. a 200-yr tsuna¡ri runup at the presid.io in sanFrancisco (r'igure er+o) ¡y extrapolating a frequency of occurrence cu¡vefor the maximum tsunami waves at the presidio which vas d.evel0ped by!,liegel-lO and based on historical data for the years IgOO_I96j. Tsuna¡iattenuation inside san Francisco Bay was based. on data of the May 1g60and March 196l+ tsunamis coll_ected. by M.goon.11 The maps of this earLierstud'y d'elÍneated areas r¿hich vor¡l-d be subject to inundation in the eventof a 200-yr tsurani occurring during the nean higher high vater tid.ar_stage.

33' The J-Oo-yr tsunami maximum wave height predicted by theextended frequency curve (figure 2 of Feference 9) is aþproxinately11 ft'lÉ The ordinate axis of thÍs graph is erroneously label_ed,,Maximum

little between two l_ocations, the
runup is approximately tvice as J_arge

-rzf zo2

effect note that aÌthough a tsuna.mi at
in San Francisco Bay is red.uced. to
the Presidio, ilre lOO_yr nrnup in_
tide is red,uced. only by a factor of

0.30,l+8 converts feet to metres.

E--

t6



lJave Height or Runup." wiegetlO plotted maximum wave height versus
recì.¡-rrence interval- for Crescent City and San Franciseo, California.
Runup was pJ-otted. versus recurrence interval- for Hilo, Havaii, in the
sarne figure. The word "Rlmup" vas intencled. to be the ord.inate axis
label for Hil-o onIy. Maximu¡o wave height in this case refers to vhat
is sometimes cal-led range, the sum of runup plus drawd.ovn, and thus
runup does not refer to r¡ave height.

3l+. Assuming that tsunami vaves are approximately sinusoid.al (as

noted. by wilson,t2 rh" too-yr tsunami voul-d have an amplitude of 5.5 fL
at the Presidio according to Ritter and Duprets analysis. NegÌecting
tidal effects, this is a 5.5-ft runup above nean sea level_. The loo-yr
nrnup at the Presidio cal-cul-ated in this report is 7.0 ft (predictions
in Figure 5l+ incl-ude tidal- effects ) above mean sea rever if tidal
effects are neglected. The Geological Survey analysis also pred.icts a

500-yr runup of 15 ft. This compares with a 1l+.6-ft runup value: D€-
gJ-ecting astronomical- tid.es, calcuJ-ated. in this report.

3r. Tsunami attenuation inside San Francisco Bay as calcul-ated.
in this report is simil-ar to the attenuation noted by Magoon (Reference

11) for the May 1960 and March 1p6b tsunarnis. The tsuna¡ni vave ampJ-i-

tud.e at Richmond on the north and Hr:r¡terts Point on the south is approx-
inateì-y half the height at the Presidio. The attenuation noted by Ma-

goon and. the attenuation cal-cul-ated in this report are compared j.n Figure
2l+0b.

36. The numerical method used. herein al-lovs prediction of tsu¡arni
runup in San Francisco 3ay over an area bounded. laterally by Point San

Pablo on the north and Point san Bruno on the south. The li-mits of
these boundaries are dictated. by a combination of smaÌl grid. size re-
quired to ad.equately clefine the incoming wave at the bay entrance and

maximum storage avail-abl-e using the lrES HoneywelJ- 635 computer. rt is
doubtfuL that the numerical- technique used voul-d give neaningful resul-ts
in very shal-l-ov areas of the bay because the tsunarni wave height becomes

a significant fraction of the vater depth. For those areas of the bay
not covered by the numerical grid, the tsu¡¡nrni t¡ave was linearly decayed

vith distance from the values at the bound.ary of the nr¡merical grid to
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the norroalized val-ue of O.-l- at the end.s of the bay. The fact that the
nunerieal grid did not include the entire San Francisco Bay is not felt
to be a d'eficiency vith serious consequences beeause the vave has de-
cayed to l-ess than hal-f its height j.n the dista¡ce from the bay entrance
to the bound.aries of the mrmerical grid.

Conclusi-ons

3T' The resonartce problen of Monterey and San Francisco Bays has
required partieular attention and ind.ivÍdual- treatment. The physical
configr:ration of these bays is such that similar techniques coul-d not be
used for both' For example, while San Franciseo Bay is characterized as
being very elongated vith a rer-ativeJ-y smalJ- mouth., Ì,ronterey Bay is
'more or less senicircu-l-ar with a re.l_atively wide ¡routh. l"foreover,
Monterey Bay is bisected. by a d.eep submarine canyon r¿hich effectively
partitions it into separate basins.f3 rn contrast, the overal1 problem
in the straits of Juan d.e r\:ca and. puget sound is not prinarÍry one of
resonaJlce but of the d'ecay of the leading vaves of the tsun¡rni as they
progress along a narrov body of water.

38. The adoption and. modificatÍon of techniques described by
Petrauskas and BorgmanS for combining tsuna¡ri an¿ astrono¡rical- tide
effects pe:mits a series of waves (of the sarne tsrurami) to a¡rive at
different times during a tidal cycle; in contrast, an earr_ier reportl
alloved. only the ].ead.ing wave (assumed. to be the J_argest) to Ue combined.
with the astronomical tide. Tl:-is approach results in greater accuracy,
especial-Iy in areas in vhich the tswra¡ni is smal-l relative to the tid.al
range.

39' use of the l-atest (in some instances unpubJ-ished) uatrr¡rnetric
inforuation for the Pacific coast of the united. states al-l-orred signifi-
cant improvement in the detailing of the coastline an¿ continental_ shelf
area. The finite d.ifference numerical program normal_]y interpolates
inforzration avail-able from the l-deg-square batlr¡rmetric tape from one
point per square degree to nine points per square d.egree. However,
for this area' the interpolation process was not used; instead.,

18



bath¡m.etric d.ata conpatible vith the nr:merical progrpm l¡erel+0. For the three areas considered., analysis of the
buted to each of the various steps in -the proced.ure resu-r_ts
mated ma:<imu¡t average uncertainty of about +l+O percent.
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error attri_
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Monterey Bay

Santa Cruz Harbor and Small
Craft Harbor

Monterey Harbor
The beaches of Monterey Bay

extending fron pt. pinos ÈoPt. lerrence

Table I
Areas Deffnitely Included or Excluded

San Pablo Bay

San Franclsco Bay

Richardson Bay

Golden Gate as far seaward
PÈ. Bonita and pt. Lobos

Seattle .rrd *rr"r*
Tacoma and vicinfty Saratoga passage
Vfctorfa and vicfnlty Skagit Bay and Holmes HarborEverett and vfcinity port Susan
Port Angeles and vlclnfty Sooke Harbor
Port Townsend

San Francisco Bav

Carquinez Strait
Napa River
Petaluma River

as Sonoma Creek

Redwood Creek

Salinas Rlver
Pajaro River
l4oss Landing Harbor



Quad I'Jame

Monterey Bay

Marina 2-,
Monterey 6-7
Moss Landing B-ff
San-ua Cruz 12-13
Sea Side ll+
Soqueì- Ir-l7
Llatsonvil_l_e W. 18-19

San Francisco Bay

Benicia ZO
Hunters Point 2I-23
Mountain Viev 2\-26
Ner¡ark zT-zB
Oakfand E. 29
Oakl-and I,/. 30-35
Petaluma Point :6-)+O
Redwood. Point l+f-l+l
Richmond LB-50
San Francisco N. ,I-r7
San Francisco S. 58-60
San Leand.ro 6t-6>
San lufateo 66-68
San Quentin 6g-16
San Rafael ll-lg
Sears Poin+- 79

Puget Sou¡d Area

Anacortes Bo-B:-
Angeles Point 82-81
Brerierton E. B5-BB
Ca¡nano 89
Cape FJ-attery 90-91
Clallam Bay 92-93
CoupeviJ.J- e 9lt-9¡-
Deception pass 96-99

Tabfe 2

Topographic QuadrangLes

Applicable
Figure No.
( Tnclusive ) Quad Name

Euget Sound Area (Continued)

Des Moines
Di sque
Dungeness
Durrarni sh Head
Edmond.s E.
Edmonds W.
Everett
False Bay
Freeland
Friday Harbor
Gard lner
Hansvif l_e
Joyce
Langley
MarysviJ-le
Maxwelton
Mulil-teo
Nordl-and
Orcas Isl-and
Port Angeles
Port Gambl_e
Port Torrnsend
Port Tor¿nsend S,
Por+- Tovnsena n.
Poverty Bay
$rsht
Richardson
Roche Harbor
Seattl-e N.
Seattfe S.
Sequim
Shil-shole 3ay
Suquamish
Tacoma N.
TuJ-alip
Twin River
Vashon

Appl-icable
Figure No.
( Inctusive )

100-103
101-105
l_06-]]-o
t_tt_-11_7
1tB-r1g
120-123
IÐl
I2,-I2B
r2g-r32
r33-138
l3g-1]+l+
rl+:-f )+ g

150-l5l_
r52
r53-r5'
r56-r59
úo-ú5
166-\7r
r72-r75
176-177
178-r82
rB3-lBT
rB8-tB9
190-192
193-tgl+
r9r-196
r97-r99
200-203
2d4
2or-206
207-2rO
2II-216
2r1-220
22r-228
229-232
233-23\
23r-239
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