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FOREWORD

This report presents the results of a sclentifie study of some
of the ipter-reiationships between the natural wvarlables involved in
beagh phenomsua. The work was done during the period, March to May 1942,
under the sponsorship of the Bemch Brosion Board, War Departmant, and
the Department of Mechanioal Engimeering, University of California at
Berkeley, by W. 0, Krumbsin, Senior Geologist. Ths agthor wap holder of
i John Simon Ougganhsim Memorial Fellowship at that time.

Publioation of the results was origipmslly delayed by the war
gltuation, but because of recent emphasis on benah information 1t ia now
desirable to meke the resuvlts of the study available, It is felt that
the method of mpproach employed =s well as the factusl data will be of
valus to those condsrned with beaches and shore processes,

MWashingbon, D. C. W.C.K.
May, 1944

NOTE FOR SECOND PRINTING

This paper was publivhed with a restricted slaselflecation in
May, 1944, as Bogineering Notes No. 17, Military Intelligence Diviwion,
Office, Ohief of EBnginesrs, U. 8. Army (Technical Memorandum No. 3,
Beach Brosion Board),

Clasaification has been removed and the paper is now reprinted
for the uee of all interestad sestions of the general publie.

September 1947
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SHORE PROCESSES AND BEACH CHARACTERISTICS

EXPERIMENTAL DESIGN FOR BEACH STUDIES

The study of slure proocesses in naturs fe somplieated by the presence
af a large number of mutunlly dependent varlshles, more of whioh 1s sua-
geptible %o sontrol In the fleld. As a conseguenca |t has been difficult
to dlseern and largely Llmpossible to specify the physioml law or laws con-
tr4iling the bYehavier of the enviromment. Tt le belisved, however, that
the study of m relativoly simpls natural aituvation by the "olosed system®
method famillar %o the exact sciemces will allow %the discovery and speasi-
flieution of, ot leass. the prineipsl fundsmental relatlons governing the
baehavior of matter ia the aydtem.

By 4efinition n olosed systam is one i2 which the boundary sanditions
and the tats] enargy of the system Are known, and in which the transforma=
tiona of mabtter may be observed and memgured, In %the ztudy of bessh proo-
essss Llecleted bays most peerly stiafy the sonditlons for closed systems.
Ao iaplated bay say be considered ms s partiocular combination of boundary
conditiones, matter, and energy. All three of these may be measured and
axpreassd to 4 degree satinfscotory for s Pirst mppraximation o theory,
Compariscn of & pumbter of bays effords a basls for eveluating boundery
effeckts, s trat prinaiples ostabllehed loocally may be applied gecerally
% beash phencmena,

The problem t» be studied was than formulated ez followg: given a
bay with assopieted headlands, besch, snd cliffs, % ewmluate the physias]
processes which pecur there. Beazhes are compoted of pasticles which must
be der'ved frem tome soyree; e particles gust be sarrisd fromx the source
to tha ppint of deposition, and the agent which carries them must be ener-
gieed iz some mancoer or other. The source of the beach material is the
adjmcent terraln, which may be studied by gealogzionl methnds. Energy is
suppliad by waves which strike the shore. The study of thess waves, in-
eluding their role in genersting shore curremts and carrying meteris], 1is
o problem in sarth phytiss. ‘e interectics of matter and smergy as it
affects the land-forme developed (besches, bars, spite, sew oliffs, ets.)
may be studied by geclogioal or geophysicnl methods; an swmiuwstion of the
processes in terss of beach riablilipation and zontrol lg in the dosain of
Mg inmAT INg.

This analysis of the problem indiocates the kinds of dats % be obtainm-
ed. These include (1) the characteristios of the waves is terms of helght
and period, as Ao index of the anergy being supplied to the system; (2)
the supply of beach and assccieted material, in terms of the smount svalil-
able, as well ns the sige, shaps, snd other dynmamiosl] attributes of the
partinles; (3) specillcatliopr of the erosionsl and depogitional land.forme
in the envircnment, ahd thelr relatlon to processes whieh form them and
metorinle whileh compoge them; (4) deafinition of the boundary conditions
which control the distribution of wave energy Ln terma of refrmction pat-
terns, apd whleh axert an effest on the meterinls and lend-forme adjscent
to the boundaries.

The predent study ls mppromeh to this experimental design. Limita-
tions arising partly from war oconditions preventad the anlleation of come
plete data on esch of the four fmotors Involved, They wmre mll touched



wpon, howsver, bto frame the study within its larger bmockground.

The ccast of California ia ldeal from the alosed aystea point of
view, !n that many of its besches sre found om relatively isclated por-
tions of the comgt, eash bounded by headlands which to & lurge extent pre-
vept the migration of matter or wavye energy {rom one system to another.

Jn shoosing a bay and beaches for study it is desirable that the beachss
ba free from artifipia]l ptructures and the bays represuat a type, so that
the results say be extended to similar bays. Halfmoon Bay satisfies both
v& these gonditlons. It ia complicated by very few artificial structures,
and in form Lt ie typlios)l of a nupber of other bays, including Drake Bay,
Bolinas Bay, and San Pedro Bay.

By designing n study which repeats certaln seasuresmants at ietarwmls,
information regarding the stability of the beach in terms of width, =slope,
sand sige, ete., may be obtained. The study should extend throughout at
lsast a year to svaluste seascoal effecta. At Halfmoon Bay the atudy was
canlined to the spring wemdon, but data are awmilable on winter and summer
oopditlons from previous work by M. P. O'Briem (unpublished reports in
Beach Eroslon Board files),

THE PHYSICAL SETTING OF HALFMOON BAY

., EEE!"F! and %‘%- - Balfmoon Bay lies about 26 miles
south of the an R & sheltered on the north by Pillar Point,
whiok rises l81 fest above the sem, and on the south by Polnt Miramontes,
6.5 mlles south-southeast of Pillar Point measured along the curving shore.
the purmture of the ghoreline is greatest at the northern end, gradually
diminisking to the south, in the manper of a logarithmies spiral., The bay
Le bordered by a sandy besch which terminates agrinst a sea oliff out into
loosely tonsplidated gand and gravel, BSand dunes oocur looally amlong the
shore, e bay is showm in figure 1.

Immediately east of Pillar Polnt Lo & belt of low land which extende
porthwesteard towsrd Polnt Momtars. Although this belt repembles a tldal
alougn filled with detritus, the San Mateo topographic map indipates that
the surface rises to more than 50 feet above sea level within 1} miles
north of the tay., The sedimects sxposed In this trough sre the same sp»
the terrace materials to the esst. This low land is therfore part of the
general téarrace which rima the bay. The surface of the terrace ia gently
tilted im & porth-south diregtion slong en sast-west axis) it lies only a
few foet above sea level nt Pilisr Polnt, but rises to some 680 [est nbove
the pen ot Mint Miremoptes, A gentle warp §s superimpossd upon the tilt,
#0 that the height of the terrace wariesr somewhat along its extent, rising
e ita greatest height et Polot Miramontes. The terrace merges inland
with the rapge of hills which parallels the bay to the east and south,

Several spall streams entar Halfmoon Bay from the north and east,
e tots]l druipsge ares of the bay is sbout 35 square miles, but no data
Are known to the writer on the total stream dissharge,



Balfmoon Bay despsns gredually with the regularity interrupted by twd
(] ¢h trend to the south-southeast from Piller Point (see figures 1
2). The morthern reef is just submerged at low tide and extends about
s mile from the Foint. The southeast reel has depths of about 20 feet over
it at low tide, The grestest depth withim the bay im about 10 fathoms,

the southeast reef., The battom is generally sandy, slthough
the reels suggests that thoy ure submmrine extensioas of the
bedrock a4 Pillar Point.

b. Geology. - The terrsces slong Balfmoon Bay are composed of
Fleiatocens and gravel. The elewtion of the terrace and the pres-
enos 0f sea 2liffes attests to the relatively recent development of the
bay. The large mass of Nontars Mountain represents the oldest reock inm
the viecinity. Pillar Point, as well as the hills which 1ie to the sast
of the town of Halfmoon Bay, and an eariy marine terrace sxposed at ses
level at Point Miramontes, are all composed of Tertiary sadiments.
Pigure 3 is » geologiem] sketch map of the ares,

The only formatione which lie along the bay other than Plelstooene
and recent deposites are the Purleime and Merced formations, The Purlelma
is of Miocoene«Pliooene age. The particular beds whinoh are exposed at
Foint Mirsmontes are dark gray to black fossiliferous shale, with s gen-
aral northwest-southeast strike, and a moderats dip townrd the northearst.
The beds are truncated and the Plelatocens deposlts rest unconformably
upon. them. The roocks of Pillar Point belong %o the Merced formmtion, of
late Plioocens age., They oconaiast of marine conglomerate, sandstens, and
shale, folded into m serles of minor symelloes and antiolines, The mem-

bers wary in their resistance to erosion. The struoctural pattern of the
rocks is revesled by recent cutting of Pillar Polnt,

The geological hiatory of the bay area includes the intrusion of
quarts diorite intc ancisnt sedimentary rocks, probably during pre-
Jurassic timee, The Jurssslic and Cretaceous perlods left no rock recordas
nsar the bay, but during this interwal uplift and erosion expoted the
quartz diorite at the suwrface, The Teritary ls representsd by pevernl
formations, which rest unconformably upon the older rocks. The Tertiary
sediments sre largely marine, and represant an inundation of the region
by the sea. At the close of the Tertiary came a marked disturbence, iu
whioh the rooks were uplifted, folded, and faulted. Brosion developed
parine terrases, s portiom of which is sxposed on the Purisima at Point
Kiramentes. Following trunoation came depression of the somst, during
which Fleistocens sand and gravel ware deposited as an apron on the west-
ern slopes of the kills, This episcde wap followed by uplift, wmrping,
and tilting. The preasent sea oliffs were out into these elewmted Fleis-
tocene deposits, and the modern beach with its fringe of dunes was develop-
ad.

o, Meteorol and Dul;lﬂﬁ?. = The looal wind rcse shows that
porthwesterly prewail dur pril and May. At San Prancisco winds
blow from this direotion 38 per cemt of the time in April and 6] per cemt
of the time in May. BSeawnard of Hallfmwoon Bay the percentages are Z0 and

32 for April und May respectively. These winds have sn average foroe of
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4 wuits on the Beaufort soale, Winds from the north blow less thas 10 per
eent of the time during both months st San Pranciscs, but seawmrd they
oocur 18 apd 1P per cent of the tipe, The genersl prewlence of winds
from s morthwestarly direction is probably explained by & relatively perma-
sent high-pressure area over the Facifie west of the Golden Gate.

The Californis ourrent in the open sea to the west of the bay has a

x:nnny southarly direction, but sccording to Sverdrup (Deceanography

NMetoorologieta, p. 203) areas of upwelling north of the Golden Gate
and south of Honterey Bay cause swirls during the Sprisg and early suamer
sonths. These swirls develop & northwmrd cwrent along the cosst west of
Balfmoon Bay. ¥o dsta are given within the bay itself. The writer knows
of no specific data on waves in the open sea along the cosst from the
Golden Oate to Santa Crus, Wave cbesrvationy were made within the bay
during this study; the results are given later.

The Lidal oyule in Halfeson Bay cocurs abouwt an haur esrlier thas
at the Oolden Gate. The tides are mixed with the long rumeut following
higher high water; the high wmter interwal is 1D howrs 30 glaytes, The
moan range of the tide is 5.8 feet and the diurmel range 13 5.3 feet.

OBSERVATIONAL DATA

The present study extended from 4 March to § May 1942. The beash
wua visited each Saturday and esxcept for the [lret recomnajssance visit,
& systesmtlo plan was followed ln oblalning dats on emch vislt. Btakes
were sot along the base of the sea Sliff at approximately half mile inter-
vals and numbered 1 %o 13 from south to north. The losation of thess
stations ie¢ shown on figure 1, and a deseription is given ip table 1.

All statioms wore not visited esch Saturday, but un altermation wae fol-
lowed sc that about 10 sets of cbserwations wore made sach time within
the tida] limiks,

&, The State of the Beach, - The weatern ajde of Pillar Polat 1s
bordered By fmumerous raals, e eastern side la ringed with reefls st
its southern end, but dewelops inte n oobble besah to the porth, A roak
spur separates this pocket beach from the mmim strand to the east. The
spur tially preventsa the migration of eobbles ta the east, although
ome of the fine sand from the bay shore has moved westeard, Bast of
the apur s sand besch extends uninterrupted nearly to Foint Hirasontes.
Rock 8 appear at low tide adout & mile north of the point and become
more prominent to the souwth. At Folot Miramontes i{teelfl a continuous
reef axtemds outsard from the sed oliff. [n this vielnlty the sand
beach becomes discontinuous and patshy.

i

On 11 April 1042 1t was 250 feot wide sast of Plllar Polnt and diminlehed
scnewhat irregularly to 140 feet wide sorth of Moint Mirasontes, During
ch widened to some axtent along its entire sourse.
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Brosionm is active at Point Miramontas and north to station 3, a die-
tanse of about 1 mile. Slumped portioms of the eliff are common slong
the beach, Beyond station 5 the cliff is protected by a well developed
berm, which is present continmwously %o station § juet morth of Miramar,
Beyond statiom § the forsshors extends to the base of the sem oliff,
which is awagh at high tide, Brosion becomes prominent again at station
1l and continuss to Princeton, where extensive cutting is evident.

Several area: of dune sand fringe the beach between atations 4 and
8. Thepse Jdunes are best developed iln the vicinity of station 7. but nowhere
do they extend inland farther that = few hundred feet beyond the beach.
Flate 1 includes several photogrsphs of the beach showing the varying char-
soter of the beach along its extent,

b, Profiles and Beack Slcpes. - Ten bemch profiles were seasured on
April 11, They were loeated aiong the ¢rests of beach cusps sherever the
latter were present. The profiles mre shown in figure 4; they indicate a
decreasing alope of the faorsshors from south to surth and show & well de-
veloped berm from staticas 3 to §. A trscs of ap sarlier berm was founmd
at station 12, protected by a re-entrant intc the sea oliff. The points
marked "S" indicate send smmples taken at the time the profiles were
meagured,

The berm on April 1l appeared to be largely the result of the previ-
ous winter's wave conditions, The height of the berm above MLIN aversged
12,7 feet; the individual vslues are shown 1o table Z. It is interesting
to note that O'Brien's cbservations in 1930 indicated an averags elewvetion
af 13 feet for the previous winter's berm.

Table 2
Elewatior of Berm above MLIN, 11 April 1942

Station Berm Elewvntion, [eat

1 Not present

3 14

4 13

& 11

T 14

8 12

) 13

io Not present

11 Not present

12 10 (Trace ounly)
1% Fot present

Limitations of time prevented the mesasurement of complete bsach pro-
files at later dates, but beach slopes were meagured during each risjt
with a Brunton hand sompass. The oomplets data are shown in figurse B,
arranged mocording to dates. O'Brien's obserwtions of Jume 1530 are in-
cluded., Despite the seatter of the individual points there is = definite
trend to the data. The position of O'lrien's points within the scatter
suggests that the alope relations of the beach have not changed aignifi-
cantly within the last 12 years.



Station

11

12

Deseription of Btations slong Halfwoon Buy

Miles from
Pe. M!

1.20

2.0

2.0

4.10

5,10

6. 10

Genera] Remarks

Rock reefls abundant, sand wery cosrse,
beach fairly marrow, cliffy & feet
high, erosion evideat,

Oocanional rock reefs, sand coarwse,
oliffa B0-8D0 feet high, sroalon svidemt.

Well developed berm, oliffs 40 feet bigh.
Well developed besm, oliffy 20 feet high,

Well developed berm, sand moderately
conrse, sand dunes on terrace,

Berm present, stream parullels oliff
laland of beash. ClAfr 15 Fest high.

Well developed berm, prominent dune belt
parallels wide beach

Well developed berm, dune belt ende Just
north of statlon.

Partially ercded barm, wide beach, sand
soderataly fine. CLlLfTe 10 fest high.

B0 berm presemt, wide besch, sand rathar
rine. BSome eroslonm evidemt., Qliffe 10
feet high.

3o berm pres=nt, sotive erosion along
oliffs which are 20 feet high.

Small treee of berm in re-antrant. Wide
beach, very (lom dark sand. Very sctive
erogion along oliffs which are 1§ feet

nigh.

Bo berm presemt. Very wide beach, wery
fine dark sand, always moist, OCLifT
hers about 1 - £ feet high.



Fiailes 1, sksving reck resfu. Borin from 3tatice §, shovimg old cuspe.
Elge tids, April b, 152, May 2. 1982,

PLATE I

Tiew narth Frea Baqiea Li. Bets sabsanse
of barm and recenl sreslon. Map 2, 1942,
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Table 3

Qbasrvations on Beach Cusps

Humber Svandard
te Station Maasured Av 1 Devlation Eemariks
1942 aot per cemt
h‘u 1 n 147 16.7
a 13 1 g2.0 Vinter cuspal
" 13 1 25.9
1] ﬁ 5 “‘ Elﬁ'
" 1 2 1 .9
Ly [ 10 1 17.1
" 9 6 175 5.4 ¥inter cusps
h‘ll 2-3 11 g2z 15.% ¥inter cusps?
u 10 182 15.2
u 5 g 1 n-
" T B 1 5.0
" 8 12 152 25.1
" 9 17% 3.h Same ae before
h{ﬁ 2.3 1 208 27.0 Storm cuspal
& 014 cusps eroded
v 5 0ld cusps eroded
" 1 & 126 4 old cusps
- 8 No cusps at all
5/2 2 11 149 18.2
. 3 12 143 22.2 Also 6 old cusps
: 5-6 10 147 9.0
. g 10 153 15.8



13

:.nfll‘!w. = Neagurements and observationd om cusps were made
during ] Halfmoon Bay. ‘The number of cusps, thelr aversge
length, and the standard deviation of length for esch statiom are givem
in table 3. Standard deviation 1s n measurs of the average soatter of &
series of gbeerwvtions about their mean walue, Formulss for the osleuw~
lstion of the standard deviation are given In all statisties taxty,

On April 1] ousps wwre wel] developed and spparently continusus from
stations 1 %o §. A moderate sea wana rumning, with waves approashing the
bay from the southwest, 0On April 18 conditions had sheaged. A southwest
storm ooourred during the week, mnd some of the previous cusps were partly
eroded; elsewhare entiraly new ausps had formed. A striking feature of
some of the ousps, especially near station 3, was thelr asymmetry., The
orest lines trendsd northward of the normal by as puch as 329, The asym
metry waz not completely systematic, however, bescause undistorted crests
coourred amopg them.

On April BS the aspect of the ouspa had pearly completely changed.
In the south a new pet of shorter ocusps wns present, with truses of the
earlier cusps on s higher berm. At station § the old ocuaps had been com-
pletely out ammy, and & sea oliff & Ceet high had been cut into the berm,
At station T new cusps were faintly discermible, but at stmtion € no trace
of ocusps wns found. By May 2 the newer cusps were well developed as far
porth s station 8. The ollff at seation 5 wans atil) prominent, und mo
new ousps had formed there. On May § the sea was relatively calm, with
wnves approaching the bay from the northwest, and ousps were well
developed.

™e observations suggest that cuips formed daring the winter and
early spring are longer snd are asscoiated with higher berms than those
formed in lste spring and summer, The writer sssembled sll swnilable
data, lnoluding O'Brien's 1930 cbaerwations, and sade &4 tentative alasai-
fication of the cusps into tey maln groups, with & possible intermediata
group., The results are shown Iln figure 6. The upper serles of points
includes lomg cuspa formed during wister or during spring storma, The
lowermost line repressmts short cuspe formed in susmer or during guiet
conditions in the spring., Betwesg the two sets are goattered polnty which
represant & trunsition betwees the sxtrmmes. If the classification is
sound, it suggests tep thinge: (1) ocusp length is & fumotiom of the aver-
age wave and tide]l conditions shigh prevaill st the time of their formmtion,
and (2) cusp length within any seriss decrmmges systematioally from south
to north along the besch. The writer Is not prepared at presemt to discuss
theories of cusp formation in tarms of wave periods, lengths, or heights.
Apparently ousps represent & steady state sondition along the shore; al-
though abrupt changes in conditions may destroy cld ocusps by ercsion, new
ones begln to form almost slsul tanecualy and resain relatively comatant
in size and form se long as the pew conditions prewmil. It is observed
that cuspe are present only whare 4 berm cocurs along the beach, The sea-
ward odge of the berm Ls serrated, but the low water line i2 nearly
etraight, The ousps mre therfore marginal lsnd-forms sssccisted with
the berm.

An oft-mentioned lfeature of ousps iIs their regularity im length.
When detailed messurements are wade, however, it 1p found that gecagjonally
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an unusually long or short ousp occurs within a series:. The sffect of
thege irregularities ls that the standard deviation of length 1s larger
than sxpected. In the present instance the average standard deviation
of all ouaps ls of the order of 15 per cemt of their lemgth, but this
walue varies along the beach, as table 4 indicates.

Table 4

Varistion in Standard Deviationm of Cusp Length

Staticns Btandard Davietionm
1,2,3 20 per cent
4,5,8 s " -
7.8,9 11 = »

Thus the warliability of the cusps diminishes to the north, perhaps as »
functicn of the degree of shelter from direct wave attack afforded by
Pillar Point and 1ts assooiated reefs,

d. Sand Samples and the Properties of Sediments, - Sand samples
wara ppllected at low water, mean wmter, and high weter levels, and from
the oreat of the berm. All samples were taken frum the erest linss of
beach susps, whesrever the latter were present. 3Sampling was repeated
at lntervals, espeoinlly from mesn wnter level, which was sampled on
April 11, 25, and Mey 9.

The sand samples wers taken tc & depth of one food, in order to aver-
age out nongystematic variatione. They were guertered in the fisld, and
in the laboratory they wers washed, dried, and sieved.

The present report includes only the site data of the samples, but
other attributes may be equally elgnificant. Work with sediments haa
shown that six particle properties sre Important., These are size, shipe
(spherisity), roundness, mineral composition (density), surfece texture,
and particle orientation. In addition, sediments have wvarious megascopie
mass properties, az porosity, parmeability, compmotibility, ets, The
treatment of the sise data in the present discussion is an example of the
attack which may be made on each partisle property,

The particle attributes may be used in interpreting dynamical proe-
msses, ‘Two such proosssas are saleative transportation '[iﬂrt.ins sction)
and particle sbrasion. Sorting sctiom is largely a funstion of settling
velooity, and sxpressea itsell In terma of slie, shape, and denaity,
Abragion, on the othar hand, changes tie roundness and surface texturs
of the particies most markedly. Psrticle crlentation (the arrangement
of the particles within the deposit) appears to reflect the partioular
gonditions under whioh deposition ococurs.

The size data of the samples were expressed as weight frequénoy per-
centages, and plotted ms oumulative curves on probabllity paper. The use
of probability paper permits the graphical determination of the median
diameter, the geometrio mean dismeter, and the logarithmic standard devi-
ation. The geometrin mean diameter will be used in the following discus=-
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slon. It s related to the center of gravity of the logarithmic sise dis-
tribution, and is stated by Bouse to be the most signilicent sverage for
dynamical studies of particles.

Figure 7 shows the geometrio mean diameter of all mean water level
sanples plotted as & function of distance alopg the besch, O'Brien‘s 1980
datas mre lnoluded, A negative axponential fumotion is suggested, which 1a
shown by the semi-log plot of figure 0. The agresment with the streight
line i1» satisfactory asd indisates that the Munctionmal relationahip i of
the form

2 rge-axr . . . . (1)

whers r 1s the size of any goint x along the besch, ry 1e the initial sisze
&t £ = 3, and & in the coefficlent of site deoresss

One of the questiona whioch srose in the present study was the sxtent
to which repasated aamples would give the same alie data. This was answered
by plotting sach set of samples separstely on semi-log paper, and determin-
ing the parsmeters of the straight lines, These are the initia]l site Fos
snd the coeffielent & of equation 1.

Table 8

Size Parsmetsrs of Wean Water Level Samples

Du tw Initial size, r, Coefficient s
8/12/30 1,18 ==, 0.35 (1/ile)
811/ 1.18 9.41

4/24,42 1,19 0,42

5/ /e 1.8 0.48

The wmristion shown by these flgures Lo within the reage of scatter of
any sne set of data, and indicatea that on the whole any single set of
samples affords = good npproximation to the tread, although any one sample
my show considerable differences.

The samples ogllected from other Jewvels were also plotted on semi-
log paper, as shown in [igures ¥ snd 10, The parameters {mllmq the
sverage of the mean water set) are gliven in table & The aystemmtio in-
sTease in the wive of ry in the table indiosntes that average slfe increases
dowmplope borsal bo the beach, The systesatio increase in the coefficient
o indicates ThAt the lower ssmples have & relatively greater rate of site
decrease along the beach.
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Tbin €

Size Parameters of all Samples

Samples Initinl sfze, r, Coafficleut 8
Berm 0.54 mm. 2.17 (1/mile)
Bigh water level 0,88 2.5¢
Hesn watar leve] 1.25 9.4l
Low mater level 1.0 0.46

The logaritimis standard deviation, ﬁ ¢ Iv & meagure of the spread
of the sise frequency ourve about the mean diameter. [arge vajues indj-
sete poor sorting, because Jp inoresses with inereaping spread of the
surves, There 1a & wide scatter of the individusl vmiues of Jé 1n the
moan water level samples. However, whem the data of nny one set of san-
ples Lo averaged, trends Appear., Two of these are shown In [lgure 11,
The upper graph representa moan water ssmples, snd shows & marked maxi-
mum (representing poorer sorting) at stations 8 and §. [t was chaerved
dur ing ssmpling that very ocoarse material géourred bemeath several inches
of finer eand at the murfuce. Thie dowmmmrd comrsening was empoumtered
on all three sampling occoasions. The large walus of % apparently arises
from & mixture of two size dlatributions in tha samples, Ths lower mats-
rinl may represecut s coarse layer from the winter beach, mow sxposed at
low water.

The lower graph of figure 11 represents the high water sand samples.
The aAbsence of the maximum at stations B and § suggests that the scarse
layer has beem sovered to s greater depth by the ppring besoh scoretion.
The straight line in the greph indiostes s gradus| improvement in sorting
from south to morth, The parallelism of this line with the dashed line
\n the upper [igure indioates that the genersl change in sorting is the
same for both levels of samples, if the lag effeot In discounted. The
relation in the lower graph is typical of many beach sands. Oenerally
tha sorting impraves in the diredtion in which esize dearemsss, which |»s
the case here.

o. Relation between Sand Blize and Beach Blope, - Pigure 12 shows

beach alopé ploteed agalnat tha corresponding geometric mean diameter
of the mean water level samples collected at the time the slops was meas-

ured. The data show s distinet tremd, and the finite aboidsa At tero
slope suggesty & positive exponential fumetion, This ls shown ln flgure
13; the falr agremment with the straight llne sugrests that the Munection
holde at least to & firet approximation, From the graph,

repeetd . (3)
Bere r 1o the slte associated with any slope of § degrees; R, is the ini-

tial size for 8 « D; and b {q & ccefficlent of size incresse. If size 1s
taken As the (ndependent veriable the funetlon becomes logarithmie.

8= (1/0)loge(Re) . . . . (3)
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Bquations 1 and 2 may be used to examine the relation between slope
&nd distance, which was illustrated in figure §. Thoee data full to yleld
A straight lines on either doudle log or semi-log paper. However, by elimi-
nating v between the two oquatione, S may be found ag s funotion of xi

Roe®8 o r e-ax
§+ -(u/b)x F (1/0)loge(ras) . . . . (4)

The predicted relation is linear, in which -{a/b) is the slope, and

“fﬂhhfl'ﬁn} ig the y-intercept. The numerical valumes of the several
constants may be read from figurea B and 13,

Table 7
Gonotanta from Figures 8 mnd 13

r° = 1;:‘ | ™

By = 0.07 s,
e = 0,41 (1/mile)

b = 0.23 (1/=ile)

Substituting these wmlues in egmation 4, we obtain,

Ss -1.78x £ |2,82

The ocoeffioient of x represents the tangent of nearly 619, The predloted
line is shown in figure 14, which is figure 6 redrawm with equal soale
units for degrees and miles. The agresment i3 excellent beyond about the
first milefrom Point Mirsmontes. The lower slopes ln the initial parts
of the besch csm be explained as belng due in part to boundary sonditions.
Rock reefs in this stretoh, extending outemrd from shore, est partly as
groins, with the result that the oormel beach slope is reduced in their
vieiniky.

f. Waves and Currents. - The waves in Halfmoon Bay are muoh larger
at Point Mirapontes thao near Pillar Point. This situstion Ls 11lustrated
im Plate 1I. A visual device was used to measure the relative wawve
heights from shore, It consisted of a slet eut inte a sheat of 2losely-
Tuled graph paper, which was held st a fixed distance in front of the eye,
and the wave height at the plunge point was measursd on ths scale, The
firet meagurements were wade with some skepticise, but after it wss found
that rathsr sonaistent results were obtained, a systematioc series of
reading was pade, Thable 8 includes ell the data, based on averages of
twelve wave heights at each station. The average wave periods were also
indioated,







Observations weres also made on April 25 from a boat anchored off-
shora, Tha depth of mber at the wave orest and trough, and the tige
of pagsage of the oresta were resorded for 25 succennive maves, The am
ms relatively rosgh, but fowr seta of satlafastory data were abtained,
e average beight snd period were determined for each etation, and the
plotted curves of flgure 15 show the results.

During the chbesrmticns waves approsahed the by froa the nor thwast,
and & fresh oorthwest breese wus blowing. Wavre measuwresents on shore the
sane day yislded perilods shorter than from the boat, but this L» attrib-
uwied In part o the rumning sur{, whigh rendered it diffioult to sort sui
the ipdividesl perlods.

The combined wave data, including Wwth shore and boat observetionas,
are shown in figuwe 18, The arbitrary ssales of helght were converted to
their aumerion] equiwmlient of spproximately ]| unit = 1.5 Feet. The wave
height at Point Nireasontes wms of the order of 7 feet at the plunge
point. Back set of observations Ls ilndicated separataly om the graph.

In each instance {except possibly om April 18) the waves approsched the
bay from the northwest, but the effests of refraction were such that the
waves appesred to be essentially normal at all points aloag the ghore,
The weather was puch 2ilder on May § apd the wave helght was lsas, but
the ourve bas the sume general trend as the others.

Table &

Wave Heipghts and Periocds

Station Data +/18/e2  4/25/42 5/2/42 5/% /a2
| Bedght= 3.5
Por lodee 10.4
2 Helght 4.10 4,% 4,18
Par lod 9,0 0.6 1R. 58
3 Beight 4.086 4.12 4.3 3.80
Period 9.6 0.7 1.8 11.86
. Haight 4.10 3.64
Perlod 0.8 P.5
5 Beight 5.80 3.08 4.18 542
Perlod 8.8 10.4 10.7 10.1
? Halight 5.50 3.58 -
Period .o 0.7 i2.8
8 Beight 3.1 2,68
Per iod 11.1 iL.8
v Beight 5.04 2.8
Period a.7 -



Station Duta 4/18/42 4/28/42 8/2/42 5/9/42
ie Helight 2.62 2,48 2.1
Pericd - - -
11 Beipht 2.04
Period .9
12 Beight 1.98 2.0 1.57
Period 9.2 11.8 11,8
13 Beaight 1.80 1.056
Period 8.3 11.4

“ Arbioury seale anita. | ondt = approximately 1.5 [eet.
sa Periods im ssconds.

KB Bost dats ure sumsarjsed in fligure L&

The bodt data were transformed to the shorsline somle by adjusting
the obaerved height st station & with the shore obserwations. The remain-
ing points wers plotted aceording to the ratic thus obtained, and are
ahown a4 biack olreles on the graph The agresment betaeen boat and shere
date 1¢ feir: the steeper slope of the boat data pay be s result of the
negcessity for anchering the boat Lo fairly deep water o swold swf, so
that the wnves were oot always at correspoanding points Ln thelr approach
ta the ahore.

‘The average period of all wmvyes observed during this study la of the
arder nf 11 seconds. This oorresponds to ap aversge wave leagth of 820
feet in deop water.

Observations oo currents and heach drift wers much leds satisfactory
than wave obsarvatlons, WNo equipment or colored dyes were upsed, What
Jittle data were cbtained were contradictory, with maried revermmis of
diresction due partly to conflleting ourrents set up by the beach cusps.
O'Brien's 1730 repori indioates s similar situstion, with owrremts revers-
log their directlon abruptly, or leaving the ahore st an angle. On May 9,
at gtation 6, & strong southward current aloog 4 shallow bar was found to
run at 2.5 feet per second, Converstailons with looal fishermen indiosted
4 ocomplex surrent system, which varies with the sesson and the weather.
One believed that the ptrongest currsnts were toward the north, due to
winter storms, but that drift was to the south io quister weather. Asother
wa: of the opinion that olroulation within the bay centered about stations
§ and 6, besause driftwood tends to ocollect along this atretah of the
bemch It 1ls poesible that currents In the open ses to the west may

geaerate slow eddles within the bay, whioh In turm mre modified by loeal
winds and waves.

Indirect evidence of the directlion of shoare drift is obisined from
the beach matarial itaalf. The average sand siae decreasss markedly to
the north, and the sorting lmproves to the aorth, This suggests drift of
the send (rom Point Miremontes to Pillar Point. Fine sand is common in



ascording to O"Brien. Such removal would tmpoverish the beach in u down-
drift direction, and Lt ls posaible that the relatively recent ervalon
betwoen Miresar and Princeton may Mve arisen from this loterfersnce with
normal beach drift, The ercsiomal aspects are disouseed later, but if

the reasoning applies, Lt indleates predominent northwmrd shore ocurrents
in the “rt

Despite the lack of direct cbserwtiomal evidencs, the writer sgrees
with O'Erien’s coneclusion of 1930 that the net shere drift is frem Point
Hiramontes townrd Pillar Foint,

g+ Wave Hefraction and Wave Bue in Halfwoon Bay. - Differemces in
wave Beight aTong e Baydhors are evifenss Wt rafrastion sontrols the
distridution of wave energy along the shore. The refraction pattern 12 &
funotion of the boundary conditlons within the bay, of the direction of
wave approach, and of the wave perisd. A refrection diagram was pre-
pared, using the prinoiples deseribed by O'Brien and Bapon in thelr sum-
mary of wave theory. Flgure I was used an & base map. Waves of 12-second
period were brought in from northwest, Lo reproduce approximstely the
conditions on April 28,

Pigure 17 shows the refrection pattern. It was sssumed for simplie-
ity that refraction does not coour until depths of 100 feet or less are
encountered. The projectad distanses of travel of the wave were taken as
the product of the average veloolty between the limiting depths and the
time of advance (chosen as 34 seconds for somvemience). The effect of
the southeast reef is probably greater than that shown om the disgram,
beosuse the graphical results are in part & functlon of the time lntarwal
chosen. That cross-waves sre genorsted by the resfl s supporisd by obser-
vation, however. On may # waves of essentially the same poricd were ap-
proaching the shore from teo directions at station 5. The shore ocurrent
inside the plunge line was to the scuth, suggesting & stronger of fect of
the southward refrscted waves. Te interference pattern may also bear om
the obhsarvations of a loeal fisherman that drift temds to scoumulate in
thie vioinity.

The prineiple that sdjaoent orthogonsls %o the wave orests inclose
reglons sarcss which no power flows lsaterslly was used to appraise the
snergy distributed along the deash. The distances between the orthogommils
anlang the besch iz figure 17 were wossured, sad from thelir reciprocals the
proporticnal power was computed. The relative wave emergy slong the beach
ms aleo computed from the wave observations on the primciple that the
smergy of any wave is proportional to the squars of {ts amplituds, The
results of the computations are given in table P and are shown is [igure
18,
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Teble &

Relative Wave Energy, (h/h )2
(Hore hy is the greatest h recorded on the given date. Of. T=ble 8.)

Station 4/18/42 4/25/42 5/2/42 5/9/42

1 1.00
2 1,00 1,00 0,92
3 0.98 0.92 1.00 1.00
4 1.00 0.68
8 0,868 0,82 0,92 0.96
T 0.73 0. 70
8 0.51 D.55
B 0.566 G,38
10 0.41 0.33 0.58
11 0,23
12 0.23 0.21 020
13 0.134 0.0¢
Boat Data
Station L/!l{ﬂ
8 0,80
B.6* 0.50
11.7 0.158
13 0.011

Refraction Dilpu Duta

Station 4/ glf_’ 42

2 1.00
3.5 'D.-Bﬁ
6.8 0,71
10 0.48

* Station 8.8 lies 0.8 of the distance between § and 9.

The curved lime in figure 18 shows the tremd of relative emergy per
unit crest lemgth per unit time on the basis of the shors observations.
Te refraction diagram gives results in good agreement with this trend,
although the slops of the line joiming these points is less steep than
that for the wave chservations. WNevertheless, the diagram indicates at
lsast the order of energy deorsase along the shore, and in the abaence
of other data would be acceptable ag a first approximation.

RELATIONS BETWEEN WAVE ENERGY, BEACH SLOPE, AND SAND SIZE

In the first seaotion of this report it wms pointed out that a com-
plete beach study includes informstion on the boundary conditions, the
beach materials, and the emergy of the system. It Ls appropriate to con-
sider how the relative energy along the shore ecorresponda with the other
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cheervad data.

Figure 15 shows a linear relation between beash aslope and relative
wave energy a4t all stations where the two were messured st the same time.
The equation of the straight line i»s

B2 FE ... . (B)
whers B & the relative energy. The constant k has the value 10,0, and K
has the valus 0.8.

The widest scatter of the points ocours where the slope is most stesp.
These pointe elsc fall below the predicted stralght line of equation 4 in
figure 14. Thus the boundary conditione, represented by rock reefs, do
exert an influence on the bemah slope, although the general agresment of
the trends in figures & and 18 indiocates that the energy relation is prob-
ably the more important of the two,

The reistions sxpreossed in the aquations previously glven permit DMar-
thor predistions, flrst of the relation between relative emergy and sand
site, and secand batween relative energy and dlstance along the shore.
Inssmuch aF bemoh slope and enmergy are linear, and beach alope and sand
aige are logarithmia E:qutian 3), one may prediot that sand sice s a
positive sxponential Cunction of relative energy. This may be shown by
pliminating § from equations ¥ and 6§ and solelng for r»

(1/o)loge(r/Ry) = 1 / K
r-.ia.hl.hﬂ ',_q,(ﬂ}

Bquation 6 indicates that if r is plotted against B on semi-log paper, a
straight line should be obtained, in whieh the parameters may be deter-
mined from previpus knowledge. Thus from table 7 we have b = §,.23 and
By = 0,07. From figue 19, k= 10,0 and K = .8, Hence Rge™ - g, 08,

and bk = 2.3, so that the predicated line is
r = 0,08 o2.3E

The atraight line of figure 20 i3 drewn sccording to the prediction, und
indioates a satisfactory agreement.

In gimilar manner the functional relstiocnship between relative emergy
and distanoe along the shore may be foumd by eliminating S betwesen equa-
tions 4 and B and solving for B:

B /K= (o)A (1/5) 1oga(roa/Ry)
3= -(nm}'f’{lmna&(ra’hﬂ} - (K%) . . (")

Again the parameters of ths line may be predicted, The slope of the line
is -(a/bk) * -0.178, and the y-intercept is 1,252 - 0,08 = 1,182, Figure
21, redrawn from figure 18, shows the predicted line, The slope has been
drawn in sccordance with the different seele units. The valuss above 1.0
on the energy axls are imaginary, and indicate that the linear relation be-
gins at the point along the beach where refraction due to Pillar Point mnd



the southeast reel begioc to manifest themselves,

The {pternal consistency of the observatiomal date from Halfmoon Bay
strengthems the writer's bellel that if reletively simple nmatural aitua-
tions are chosen, it 1s possible to diseern the underlying physical laws
which contrel the behavior of matter in the enviromment, A purely theo-
retical approach, with a predicetion of the exast nature of nl] the fune-
tions, 18 probably not possible at the present state of kmowledge, but a
ocombined obeserwmtione]l mnd snnlytical sttack is feasidble. From a theoreti-
oal viewpoint, equations 5 and & are probably the most fundamental of thoss
given, beoause thay bring in the relations of sand sicte and beach slope to
the relative wave energy. The rates of ehange of these two equations are:

d3,/48 » ¥
dr /4R = i

From thess relations it would mppoar that the slop® La & linear Mumotion
of energy sssentially imdependent of other faotors, whereas average sand
size iy influenced by itsell snd by the slope relntions mlomg the beach.
Before the full implieations of these squations ean be analyzed, addition-
al beaches of the same genersl type as Balfwoon Bay should be lovestigated.

EROSION AND DEPOSITION AT HALFMOON BAY

Comparison of earlier maps with the |ntest chart of Hallmoon Bay
ghows no noticeable change in the geners| aligmment of the shore. This
puggests & stadle atrand, but fleld avidenoe throaws mome doubt on the sub-
Ject, A stable baagh would have & source of material to replenish the
annua] down-beash drift of send, so that n stoady state shorelime wnuld
coour aleng the antirs atretsh, At the down-beach end of ths bay would
be & trap or other means for disposing of the btransporbed material, such
a8 a belt of ssnd dunes., Along Halfmoon Bay erosion {s sotive near Poimt
Mirmmontss, but Lt 1s elso aotive near Princeton. Maorecver, there mrs no
dunss hear Pillar Polnt, and the dunmes which do coour are near the center
of the bay shore., The situation mlong the bay ls therefore not simple,
and the following seations attempt to explain the observed condltions.

. Estimates of the Rate of Erosion. - At the base of the oliff pear
FPoint Miramontes and for a mile morth oocour severs! semi-comionl meases of
freshly slumped tarrace materinl, whioh are subject to mctive wave attack.
An ostimate of the volume of one of these masper yields the valus 70,000
cuble feet, so that some 200,000 cublie faet of sand and gravel had recently
elumped from the terrsces. (Bee Plate II1.) The matsrial ie relatively
unconsolidated wnd probably slumps readily se a result of umderoutting.

If enly 10 such slides occur per year over the mile streteh, approximmtely
700,000 cubie feet of meterial (s washed away annually. ‘This is eguiva-
lent to mbout 26,000 cuble yurds. It is perhaps & colncidence that this
figure is pemrly the seme an O'Brien’s estimate of annual sand transport
based om operations of the sand pit at Pllarcitos Creek,
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A loeal resident informed the writer that about 25 years ago a road
ran along the sdge of the terrase south of Princeton., Be sstimated that
40 feet from the edge of the oliff. Since
that time erosiom hap cut ammy all but msll patoches of the pavemsnt. The
20 fest high, and the eroded stretoh i appraximmtaly a
mile long. Hence the wlume removed ia eguiwalent to about & milllon
ouble feet of Sterreace saterial. Allowing 25 years for the process, the
annual resoval becomes 6,000 cubic yards. Add thie to the 26,000 subie
yards from the southern oliffs, and the total amnual remowal per year
along the bay shors s of the order of 32,000 cuble yurds.

b. Betimates of the Rate of ﬁ-m = If some 30,000 guble yards
of terrace ma A annually ah, there should be evidence
of Lts ascowmulation somewhere within the closed system, or &4 mechanism for
removing It from the system. Two possibilities are open, (1) #he beaoh
material is wbreded to fine mud during i1ts sovement and ia sarrisd out wo
desp wmater beyond the bay; (Z) the mmterial acoumulatss partly im the sand
dunes along the shore, and partly over the bay bottom.

lscent studies have largely supported the view that abrasion 1g epsen-
tinlly & second-order term in apcoumting for sise decoremses slomg beuches or
in streams. A recosnt report by the Besoh Brosion Board establishes Mairly
sonelusively that sbresion on sand besches is essentlally negligible, a
conclusion with which the writer comewrs, A atudy of the sphericity, round-
ness, and ninersl contemnt of the sand ssmples will ahed some light on thie
question, but from the writer's experience 1t ls most likely to support
the present view,

Selective trunsportation is s much more important process than sbra-
sion in the segregation and remowve]l of material. Selection may be affect~
ed by wind or by waves and currsmnta. Sand dunes in gemaral say be con-
sidered as traps for beach sand. They ccour where deposition exeeeds
transportation, or where favorably dirscted winds remove sand from the
beach. Along Halfmoon Bay dunes oocur most prominently betwesn stations
T and B, and lean po betwesn stations 6 and 6. The dune belty are very
marrow and relatively low. The edge of the terrsce projects through the
dunes loeoally, Indicating that they sre malnly s venser of sand blown up
on the terreace. The photogrephs of Plate IT 1llustrate these sondltions.
If ane sntimates the dune volume liberally, by assmming them b0 be | mile
long, 100 feet wide, and 15 feet high, he arrives at the wvalue 7.§ mnillion
gubio feet, which is equiwalent %o sbout 200,000 cubip yards. This I
less than 10 times the annual sand movememt along the beach. OComsldering
that the bay has beem present for seversl thousand years at lmsat, thise
figure becomes pagligible. Esance even under & selestive transport assmp-
tion, the most rsasomable sxplanation ls that the gaterial is ssrried out

inta the bay or beyomd.

The ares of the bay bottom is approximatesly 5.5 square miles within
the sone inalosed betwesn the ourve of the bay shore and a straight lins
from Plllar Point to Polint Niramontes. This is equiwmlent to approximete-
ly 17 million square yards., HBenoe it would require more than 180 years
for ths annual besch iLooresest %o form s layer | foot desp over the bay
bottom. ‘The corresponding aversge anowm ) deposition of about 0.006 foot
would not be detectable over the time that reliable surveys are avallable,
Even conaldering that the material would not be uniformly distributed
over the bottom, a alight shoaling of water here, and the filling of a
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depressica there, would hardly ba detsctsd,

. B ic Analysis of the Send Dunss., - The topography of the
dunes ofi® Lo hillesky, and the configuration of the
surface suggests predominant sand movement to the southeast, This aug-
gests that most of the sand iz picked up near station # and blowm up-
bedch disgooally to statiom 7, rather thas beisg blown (nland sormal to
the beach at both statioms. This wes tested by taking sand samples (rom
the June ersst at the teo stations, The results show that the sand le
finer to the south, ln contrast to the besch sand, which is finer o th
north, Tble 10 glves the zize data.

Table 10

Comparison of Dune and Beach Band at Stations 7 and 8

Eta tiom Beach Sand Dune Sand
fisom . Hean Geom_  Hean
T 0.40 mm. 0.%0 0.19 ==, 0.47
B 0.33 1.4 0,21 0.57

Although two samples are pot suffislest to demomstrate the direction
of transport, they do support the topogrsphle analysis of the dumes.

The location of the priscipal dunes msar station 7 rathen than near
station 13 i» probably a fumetion of sand sise and of prewalling winds,
The fine sand at station 13 resaios wet indefinitely, whereas that at sta-
tion T éries rapidly oo & relatively high berm. The trough esst of PFillar
Foint say alse influsmce the morthwesterly winds so that they are directed
against the beach in the vielnlty of statlon 7, 1In terms of the introduc~
tory remarks in this report, & completa snergy ssalysis of the gystem
should imelude measured data on the winds. This sspset mas not lnoluded
in this study.

CONCLUDING REMARKS

The present report insludes mainly the fleld cbserwtlions made during
the study. MNuch more detalled inforsatlon is awallabls on the geology of
the terrages, but this material (s deferred until the shape, roundness,
and mineral composition of the besah samples are studisd.

Be writer believes that this report In 1ta present form offers &
strong argumant in faver of detailed sciemtifia studiss of selected
beaches us & supplement to the enginesring studies now made. The prin-
ciples developed during such wtudies will undoubtedly find an immediate
applieation % problems of bemch stabiliratisn und control, Te role of
energy Lh the system deserves much mores study, and reliable and somvenient
sathods should be develsped te obtals dats on wave haighis and periods,
both in the open vea and pear zhore. Methods of estimating currents
should alse be improwved.
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