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FOREWORD

This report presents the results of a scientifio study of some
of the inter-relationships between the patural varlables involved in
beach phenomema. The work was donme during the pericd, March to May 1942,
under the sponsorship of ths Bemch Erosion Board, War Department, and
the Department of Mechanioal Enginesring, University of California at
Berksley, by W. C. Krumbein, Senior Gsologist. The author was holder of
8 John Simon Guggenheim Memorial Fellowship st thaet time,

Publieation of the results was originally delayed by the war
gltuation, but because of recent emphasis on besch informetion it is now
dsairable to make tha results of the study available. It iz felt that
thes method of spproach employed as well as the factusl data will be of
value to those conserned with bsaches and shore processes.

Washington, D. C. W.C.E.
May, 1944

NOTE FOR SECOND PRINTING

This paper was published with a restristed olassifleation in
May, 1944, as Enginsering Notes No, 17, Military Intelligence Divisionm,
Office, Chief of Engineers, U, S, &rmy (Technical Memorandum No. 3,
Beach Brosion Hoard).

Classification has been removed and the paper is now reprinted
for the use of all interested smections of the gemeral publie,

September 1947
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SHORE PROCESSES AND BEACH CHARACTERISTICS

EXPERIMENTAL DESIGN FOR BEACH STUDIES

‘The study of shore processes in nature iz complicdted by the pressnce
of & large number of mutuaslly dependent varisbles, none of which is sus-
ceptible To sontrol iIn the Fisld., As s consequence it has been difficult
to discern end largely impossible to specify the physical law or laws con-
trolling the behavior of the enviromment. It ls believed, however, that
the study of & relstively simple natural situation by the Wslosed gystem"
method familisar %o the exact sciences will allow the disogvery and spesi-
fication of, at lemst, the prineipal fundamental relations governing the
behavior of matter in the system,

By d4&finition & closed systam is one in which the boundary sonditions
end the todsl snergy of the system are known, end in which the transforma-
tions of matisr mey ba observed and messgursd, In the study of beash proc-
esses isolsbed bays most neerly sutiafy the conditlons for slosed systems.
Ao imclsted bay meay be congidered =s s partisular combination of boundary
gomditions, matbter, and energy. All three of these may be measured and
expressged to & degree satisfactory for s first epproximation to theory.
Compariscn of & number of bays affords a basis for evaluating Boundary
effects, so that principles established locally may be applied generally
to bLeash phenomenda. '

The problem to be studied was then formulated es follows: [iven a
bay with associated headlands, bYeach, and ¢liff's, to evaluate the physieal
provessss which ooceur there., Beaches are compoged of particles which must
be derived frim some solrce; the partioles musty be carried from the source
to the point of depasition, and the agent which carries them must be ener-
gized In some mannar or other. "The source of the beach material is the
adjacsnt terrain, which may be studied by pgeologzioal methods. Energy is
supplied by waves which strike ths shore. The study of these waves, in-
cluding their role in generating shore surrents and carrying material, is
a problem in earth physies, ™he interaction of matter and energy as it
affectes the land-forms developed (besches, bars, spits, ses oliffs, eto.)
may be studied by geclogisal or gesphysical methods; en evaluaticn of the
processes in terms of ‘beach stabilization mnd control is in the domain of
engineering. :

iy analysis of the problem indicates the kinds of data o be obtain-
ed, ‘These include (1) the charasteristics of the waves in terme of height
and period, &3 man index of the energy being supplied to the aystem; (2)
the supply of besch and associsted meterial, in terms of the amount avail-
able, as well as the size, shape, and other dynamical atiributes of the
particles; (3) epesifloation of the erosional and depositional land-forms
in the environment, and thelr relation %o processes which form them and
meterials which ccmpose them; (4) definition of the boundary conditions
which contrsl the distribution of wave energy in terms of rafraction pat-
terns, and which exert an effect on the meterisls and lénd-forms adjacent
to the boundaries.

The present etudy is approseh to this experimentsl design. Limita-
tions srising pertly from war conditions prevented the cellestion of com-
plete data on sach of the four factors involved. They are 2ll touched



upon; howsver, to frame the study within its larger background.

The coast of Californis is ideal from the elosed system point of
view, in thet meny of its bemches are found on relatively isolated por-
tions of the coamst, each bounded by headlands which to & large extent pre-
vent the migration of matter or wave energy from one system %o snother.

In choosing a bay and beaches for study it is desirable that the beachss
be free from artificial structures and the bays represent & type, so that
the results may be extended to similar bays. Halfmoon Bay satizfiea both
of these conditions. It is complicated by very few artificisl ntructur&a y
and in form it is typical of a number of other bays, including Drake Bay,
Belinags Bay, and San Padro Bajy.,

By designing a study which repeats certaln measurements at intervale,
information regarding the stability of the beach in terms of width, slope,
sand site, ete., may be obbained, The study should extend throughout at
lenat a year to svaluate seasonal effects, At Halfmoon Bay the atudy was
confined to the spring season, but data are available on winter end summer
conditlons from previcus work by M. P, O'Brien (unpublished reports in
Beach Erosion Board files),

THE PHYSICAL SETTING OF HALFMOON BAY

a. Topogra and Hydrography. - Balfmoon Bay lies about 25 miles
south of ths (olden Gate. It ia sheltered on the north by Pillar Point,
which rises 18l feset above the sea, and on the sgcuth by Point Miramontes,
8.5 milea south-southeast of Pillar Point measured along the curving shore,
The survature of the shorelinse 1s greatest at the northern end, pradually
diminishing to the south, in the manner of s logerithmic spiral. The bay
14 bardered by & sandy besch which terminates agminst a gea cliff cut into
loosely comsolidated sand and gravel, Sand dunes coour loecally along the
gshore., Te bay is shown in figure 1.

Inmediately east of Pillar Point is & belt of low land which extends
northwestward toward PFoint Montare. Although this belt resembles & tidal
slough filled with detritus, the San Mateo topographic map indlcatua thet
the gurface risss to more than 50 feet ebove sea level within 1"2- miles
north of the bay. The sediments exposed in this trough are the zame as
the terrace materials to the esst, This low land is therfore part of the
gensral terrsos which rims the bay.  The surface of the tarrace iz gently
tilted in & porth-south direction along an sast-west axis; it lies only a
few fest above sea level at Fillar Point, but riseg to some 60 feet above
the sea at Point Miramontes, A gentle warp is superimposad upon the tilt,
so that the height of the terrmce wariecs somewhat along its extent, rising
to its greatest height st FPoint Miramontes. The terrace merges inland
with the runge of hills which parallels the bay to the east and south.

Several small streams enter Halfmoon Bay from the north end east.
The total drainage area of the bay is sbout 35 sguare miles, but no data
are known to the writer on the total stream dischargs,



Halfmoon Bay deepens gradually with the regularity interrupted by twg
resf's which trend to the south-southeast from Pillar Point (see figures 1
and 2), The northern reef is just submerged at low tide and extends about
& mile from the FPoint, The southeast reef has deapths of about 20 fest over
it st low tide, The greatest depth within the bay is about 10 fathoms,
Just east of the southeast resf. The bottom is generally sandy, although
the tremd of the reefls suggests that they are submarine sxtensions of the
bedrock g4 Pillar Point.

b, Geology. - The terraces along Halfmoon Bay are composzed of
Pleiztocene sang and gravel, The elevwation of the terrace and the pres-
enca of sea cliffs atteats to the relatively recent develomment of the
bey. The large mass of Montara Mountain represents the oldest rock in
the vicinity., Pillar Point, as well as the hills which lie to the east
of the town of Halfmoon Bay, and an early marine terrace exposed at sea
level 2t Foint Miramontes, sre all composed of Tertiary sedimenta.
Figure 3 is a geologiorl sketch map of the area.

The only formations which lie slong the bay other than PFleistocene
and recent deposits are the Purlisimea and Merced formations. The Purisima
is of Mioccene-~Pliocene nge. The particular beds which are sxposed at
Foint Miramontes are dark gray to black fossiliferous shale, with a gen-
eral dorthweat-southeast sirike, and a moderate dip toward the northeast,
The beds are truncated and the Pleistocene deposits rest unconformably
upon them. The rooks of Pillar Point belong to the Merced formation, of

late Pliocene age. They oconsist of marine conglomerats, sandstone, and
shale, folded into & series of minor synclines and antiolines, The mem-
bers vary in their resistance to erosion. The structural patternm of the
rocks is revealed by recent outting of Pillar Point.

The geclogical history of the bay area includes the intrusion of
quartz diorite intc ancient sedimentary rocks, probably during pre-
Jurassic times. The Jurasaic and Crefacecus pericds left no rock records
near the bay, but during this interval uplift and erosion exposed the
quartz diorite at the surface, The Teritary is representsd by several
formations, which rest unconformably upon the older rocks. The Tertiary
sediments are largely marine, and represent &n inundaticn of the region
by the sea. At the close of the Tertiary ceme & mearked disturbances, in
whioch the rooks were uplifted, folded, and faulted. Erosion developed
marine terraces, & portion of which is exposed on the Purisima st Foint
Miremcntes, Following truncation came depression of the ooast, during
‘whioh Pleistocene sand and gravel were deposited as an apron on the weste
ern glopes of the hills, This episcde was followed by uplift, warping,
and tilting. The present aesa cliffs were cut into these elewmted Fleis-
toocene deposits, and the modern beach with its fringe of dunes was deavelop-
&dl

o, Metsorology and Oceanography. - The local wind rose shows that
northwesterly winds prevail during April end Msy. At San Francisco winds
blow from this direction 38 per cent of the time in April and 51 per cent
of the time in May. Seaward of Halfmoon Bay the percentages are 20 and
52 for April and May respeotively. These winds have an average force of
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4 units on the Beaufort scale. Winds from the north blow less than 10 per
gent of the time during both months at San Francisco, but seaward they
gocur 18 and 19 per cent of the time. The general prevalsnces of winds
from & northwesterly direction is probably explained by a relatively perma-
nent high~pressure area over the Pacifio west of the Golden Gate,

Ths California current in the open sea to the west of the bay has a
generally southerly direction, but mecording to Sverdrup (Oceznography
for Meteorologists, p. 203) areas of upwelling north of the Golden Gate
and south of Monterey Bay cause swirls during the Spring snd early summer
months. These swirls develop & northward current along the comst west of
Halfmoon Bay, No data s&re given within the bay itself., 'The writer knows
of no egpecific data on waves in the open sea along the coast from the
Golden Gate to Santa Cruz. Wave observations were made within the bay
during this study; the results are given later,

The tidal cyole in Halfmoon Bay occurs about an hour earlier than
at the Golden Gate. The tides are mixed with the long runout following
higher high water; the high water interval is 10 hours 30 minutes, The
mean range of the tide is 3.8 feet and the diurmal range is 5.5 fest,

OBSERVATIONAL DATA

The present study extended from 4 March to 9 May 1942, The beach
wag visited each Saturday and except for the [first reconnaissance visit,
8 systemetic plan wus followed in obltalning dale on each vislt. &Stakea
woere sot along the base of the sea c¢liff at approximately half mile inter-
vals and numbered 1 to 13 from south to morth. The location of these
stations is shown on figure 1, and a deseription is given in table 1.
All stations were not visited each Saturday, but an altermation was fol-
lowed so that about 10 sets of observations were made sach time within
the tidal limits.

2, Te State of the Beach. - The western side of Plllar Point is
bordered By numerous reels, The eastern side is fringed with reefs at
its southern end, but develops into a cobble beach to the morth., A rock
spur separates this pocket beach from tho main strand to the east. The
spur essentially prevents the migration of cobbles to the sast, although
some of the fine sand from the bay shore has moved westward, Bast of
the spur a sand beach extends uninterrupted nearly to Point WMiramontes.
Rock reefs appesr at low tide about & mile north of the point and become
more prominent to the south, At Point Miramontes itself a continuous
resf extends outward from the sea oliff., In this vieinity the =sand
beach becomes discontinuous and patechy.

The width of the beach veries from one end of the bay to the other.
On 11 April 1942 it was 250 feet wide sast of Pillar Point and diminished
somewhat irregularly to 140 feet wide morth of Point Miramontes, During
gubseguent visits the beach widened to some extent along its entire course.
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Erosion is active at Point Miramontes and north to station 3, a dis-
tance of about 1 mile, Slumped portions of the cliff are common slong
the beach, Beyond station 5 the oliff is protected by a well developed
berm, which is present continuwously to station 9 just merth of Miramar,
Beyond station § the foreshora extends to the base of the sea cliff,
which is awasgh at high tide. Brosion becomes prominent agasin at station
11 and continues to Princeton. where extensive sutting is evident,

Several areas of duns sand fringe the beach betwsen stations 4 and
8. “Thess dunes are best developed in the vicinity of station 7, but nowhere
do they extend inland farther than s few hundred feet beyond the beach.
Plate I inmcludes several photopraphs of the beach showing the varying char-
soter of the beach along its extent.

b. Profiles and Besch Slopes. - Ten beach profiles were measured on
April 11.—5&133 were located along the orests of beach cusps wherever the
latter were present., The proflles are shown in figure 4 they indicate a
decreasing salope of the foreshore from south to north and show a well de-
veloped berm from stationsa & to 8, A trace of an earlier berm was found
at station 12, protescted by a re-entrant into the sea oliff. The points
marked "S"™ indicate sand samples taken at the time the profiles were
measured.

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 MLLW averaged
12,7 feet; the individual valuss are shown in table 2, It is interesting
to note that O'Brien's observations in 1830 indicated an average elevation
of 13 feet for the previcus winter's berm.

Table &
Elevation of Berm above MLLW, 11 April 1942

Station Berm Elevetion, fest

1 Hot present

2 16

4 15

-] 11

7 14

a 12

g 13

Lo Not present

il Bot present

12 10 (Trace only)
13 Hot present

Limitations of time prevented the measurement of complete beach pro-
files at later dates, but beach slopes were measured during each visit
with a Brunton hand compess., The complete date are shown in figure 5,
arranged according to dates, 0'Brien's observations of June 1830 are in-
cluded. Deapite the seatier of the individual points there is & definite
trend to the data, The position of O'Brisn's points within the acatter
suggests that the slope relations of the beach have not changed signifi-
cantly within the last 12 years,



Table 1

Desoription of Stations along Halfmoon Bry

Hilea from
Station Pt. Miramontes General Remsrks

X 0,20 Rock reef's abundant, sand wvery coarae,
beach fairly marrow, ¢liffs & feet
high, erssion evident,

2 0.B0 Occasional rock reefs, sand coarse,
oliffs 80-80 feet high, erosion evident,

3 1.20 Well developed berm, ¢liffs 40 feet high.

4 1.80 Well developed berm, cliffs 20 feet high,

5 2.20 Well developed berm, sand modarately
coarse, sand dunes on terrace,

& 2.80 Berm present, stream parallels ecliff
inland of beach, Cliff 15 feet high.

7 3.20 Well developed berm, prominent dune belt
parallels wide beach.

B 5.70 Well developed berm, dume belt ends just
north of station,

9 4.10 Partially eroded berm, wide beadh, sand
moderately fine. Cliffs 10 fest high.

10 4,80 No berm present, wide beach, sand rather
fine, Some erosion evident., Cliffs 10
feet high.

11 5.10 Ko berm present, active erosion along
oliffs which are 20 feet high.

12 5.50 Small trace of berm in re-sntrant. Wide
beach, very fipe dark sand, Very active
erosion along cliffs whioh are 15 feet
higha

13 &.10 Ho berm preésent. Very wide beach, very

fine dark sand, always moist, Cliff
here about 1 - 2 feet high.
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¥orth from Station 1, showing rick reefs. Norgh from Steticn 3, showlng old ousps.
High tide, April b, iB"IEa e May 2, 1gh2,

Worth townrd Station 7, ahowlse well Horth Trom Station 8, towerd pler et

developed berm. April 15, 192, Mirspar. Note cuap in foregrousd,
Aoril 18, 1gb2,

PLATE I

View north fres Stetion 11, Note Ebesnce

of berm and recent srosion. Mey 2, 13h2.
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Table 3

Observations on Beach Cusps

Humber Standard
Station Measured Aversge length Deviation Bemarks
feat per cemt
1 1 147 16,7
E 13 15;.3 22,0 ¥Winter cuspe?
13 1 25.9

6 5 148 9.5

7 8 1;;;»9 4.9

g 10 148 17.1

g9 6 175 3.4 Vinter cusps
2-3 11 222 15.% ¥inter cuaps?

Y 10 182 15.5

5 9 175 21.6

1 8 174 5.0

8 13 152 23.1

9 6 175 3.4 Same as before
2.3 11 208 27.0 8torm cusps?

L 014 cusps eroded
] 0ld cusps eroded
7 ) 126 4 old cuspe

g Yo cuspz at all
2 11 149 18.2

3 12 143 22,2 Also 6 old cusps
-6 10 147 9.0

B 10 153 15.8
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0, Beach Cusps, - Measurements and observations on cusps were made
during esch visit to Halfmoon Bay, ‘The number of cugps, thelr average
length, and the standard deviation of length for each statiom are given
in table 3, GOtandard deviation is a measure of the average scatter of a
series of observations about their mean walue. Formulas for the ocaleu-
lation of the standard deviation are given in sll statistios texts.

On April 11 cusps were well developed and spparently continucus from
stations 1 to 8, A moderate sea was rumning, with waves approaching the
bay from the southwest, On April 18 conditions had shanged. A southwest
storm ocourred during the week, und some of the previous ousps were partly
eroded; slsewhere antiresly new ousps had formed, A striking feature of
some of the ousps, especially near stationm 3, was their asymmetry. The
crest linss tremded northward of the normal by as much as 329, The asym-
metry was mot completely systematic, however, because undistorted crests
ocourred among them.

On April 25 the aspect of the ocusps had nearly completely changed.
In the south a new set of shorter cusps was present, with traces of the
sarlier cusps on a higher berm, At station § the old ocusps had been com-
pletaly cut awey, and & sea cliff b feet high had been cut into the berm.
At station 7 new cusps were faintly discermible, but at station B no trace
of cusps was found. By May 2 the newer cusps were well developed as far
north as station 8, The oliff st station 5 waes stil]l prominent, snd no
new ousps had formed there. On May 9 the ses was relatively calm, with
waves approaching the bay from the northwest, and cusps were well
developed.

The observations suggest that ousps formed during the winter and
early spring are longser and are associated with higher berms than those
formed in late spring and summer, The writer assembled ali avmilable
data, jncluding O'Brien's 1930 obeervations, and meds a tentdtive claesi-
fication of the cusps into two mein groups, with & possible intermediate
group. The rasults are shown in figure €. The upper seriss of points
includes long cusps formed during winter or during spring storms. The
lowermost line represents short cusps formed in summer or during quiet
conditions in the spring. Between the two sets are zeoattered points which
represent a transition between the extremes, If the oclassification ie
sound, it suggests two things: (1) ocusp length is & function of the aver-
age wayve and tidal conditions which prevall st the time of their formation,
and (2) cusp length within any series decreases syatematically from south
to north along the beach. The writer i& not preparsd at present to discuss
theories of cusp formation in terms of wave periods, lengths, or heights,
Apparently cusps represent a steady state condition along the shore; al-
though abrupt changes in conditions may destroy old cusps by ercsion, new
ones begin to form almost simultaneously and remain relatively comstant
in size and form as long as the new conditions prewvedily It is observed
that cusps are present only where a berm ooccurs along the beach, The sea-
ward edge of the berm is serrated, but the low water line is nearly
straight. The cusps are therfore marginal land-forms associated with
the berm.

An oft-mentioned feature of cusps is their regularity in length.
When detailed memsurements are made, however, it is found that occasionally
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an unusually long or short cusp occurs within a series. The effect of
these irregularities iz that the standard deviation of length is larpger
than expected. In the present instance the average standard deviation
ef 21l cusps 1= of the order of 15 per ocent of their length, but this
value varies along the beach, &z table 4 indicates.

Table 4

Variation in Standard Deviation of Cusp Length

Stations Stendard Deviation
1,2,3 20 per cent
4.5,8 b 7. . L
7.8,9 11" L

Thus the wariability of the cusps diminishes to the north, perhaps as a
function of the degree of shelter from direct wave attack afforded by
Pillar Foint and its assoclated reefas.

d. Send Smmples and the Properties of Sediments. - Sand samples
wera collected a% low water, mean water, and high water levels, and from
the crest of the berm. All samples were taken from the erest lines of
beach cusps, wherever the latber were present, Sampling was repeated
at intervals, especially from mean water level, which was sampled on
April 11, 25, and May 9.

The sand samples wers taken to s depth of one foo%, in order to aver-
agze out nonsystemstlic varistions. They were guertered in the [isld, and
in the leboratory they were washed, dried, and sieved.

The present report includes only the size data of the samples, but
pther attributes may be equally significant. Work with sediments has
shown that six particle properties are important, These sre size, shape
(spheriecity), roundness, mineral composition (demsity), surface texture,
and particle orientation. In addition, sediments heve various megascopie
mass properties, as porosity, permeability, compactibility, ete. The
treatment of the gize data in the present discussion is &n example of the
attack which may be made on each partiele properiy.-

Te particle sttributes may be used in interpreting dynamical proo-
esgea, Two such proossszes are seleotive transportation (sorting sotion)
and partiole abrasion., OSorting action is Iargely a function of settiing
veloolty, and expresses itself in terms of eize, shape, and density.
Abrasion, on the ather hand, changes the roundness and surface texture
of the particles most markedly, Particle orlentation (the arrangement
of the particles within the deposit) appears to reflect the partiecular
conditions under which deposition cocurs.

The size date of the samples were expressed as weight frequenoy per-
centages, and plotted es cumulative curves on probability paper. The usze
of probability paper permits the graphical determination of the median
diamater, the geomeiric mean diameter, and the logarithmiec standerd devi-
gtion., The geomstric mean diameter will he used in the Tollowing discuse
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sicn. It is related to the center of gravity of the logarithmic site dls—
tribution, and is stated by House to be the most significant average for
dynamical studies of partiocles.

Figure 7 shows the geometrio mean diameter of all mean water lsvel
samples plotted as a function of digtance along the besch. O0'Brien's 1530
data are included, A negative sxponentinl funstion ie¢ suggested, which is
shown by the semi-log plot of figure 8. The agreement with the straight
line 1a satisfactory and indicates thet the functional relationship is of
the form

PSS Toe—8X . 4 & (ij

where r is the size of suy point x elong the beach, r, is the initial size
et x = 0, and & is the coefficlent of size dsoreass,

One of ths questions which &rose in the present study was the extent
to which repeated samples would give the same sise data. This was answered
by plotting each set of samples separstely on semi-log paper, and determin-
ing the parameters of the straipght lines. These ere the initial size r,,
end the coefficient a of equation 1,

Table §

Size Parameters of Meen Water Level Samplees

Dete Initial size, v, Coefficlent &
8/12/30 1.18 mm, 0,35 (1/mile)
4/11/42 1,18 0.41 '
4/24/42 1,18 0.42
5/ 9/42 1,30 0.45

The variation shown by these figures ig within the range of sostter of

any one set of data, and indicates that on the whole any single set of
samples affords & good approximeation to the trend, although any one sample
may ahow considerable differeances,

The samples collected from other levels wers also plotted on semi-
log paper, &s shown in figures 9 and 10, The parameters (including the
average of the mean water set) are given in table 8. The systematis in-
crease in the value of ry in the table indicates that average asize inoreasss
downglope normel to the beach, The systematioc inarease in the coefficient
& indicates that the lower samples have & relatively grsuter rate of size
decrease along the beach. '
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Table €

Size Parameters of all Samples

Samples Initial sizs, r, Coefficient &
Berm 0.54 mm. 0.17 (1/mile)
High water level 0.88 0.39
Hean water level 1.25 O.41
Low water level 1.50 D.45

The logarithmic standard deviation, U{ﬁ s iz a measure of the spread
of the site frequency curve about the mean dismeter. Large wvalues indi-
cate poor sorting, because Jp increases with increasing spread of the
ourves; There is & wide scatter of the individusl valuss of 0& in the
mean water leveél samples, However, when the dats of any one set of sam-
ples is averaged, trends appesr. Two of these are shown in figurs 11,
The upper graph represents mean water samples, and shows a marked maxi-
mum (representing poorer sorting) at stsations & and 8, It was observed
during sampling that very coarse material ceccurred beneath several inches
of finer sand at the surface., This downward coarsening was encountered
on all thrse sampling occasions. The large value of % apparently arises
from a mixture of two szize distributions in the samples. The lower mate-
rial may represent a4 coarse layer from the winter beach, now exposed at
low water.

The lower graph of figure 1l represents the high water sand samples.
The absence of the maximum at stations € and 9 suggests that the comrse
layer has been .covered to a greater depth by the spring besch accretion,
The straight line in the greph indicates & gradusl improvement in sorting
from south to morth: The perallelism of this Iine with the daghad line
in the upper figure indicates that the genersl change in sorting is the
same for both levele of samples, if the lag effect is discountad, The
relation in the lower graph is typical of many beach sands. Generally
the sorting improves in the direction in which size decreasss, which is
the case here,

e, Relation between Sand Size and Beach Slope. = Figure 12 showe
beach slope plotted against the corresponding geometric memn diametsr
of the mean water level samples collected at the time the slops was meas-
ured, The data show & distineot trend, and the finite abecligsa st zero
slope suggests & positive exponential funetion. This is shown in figure
15; the fair agreement with the straight line sugzests that the function
holds at least to a first approximation. From the graph,

r= Rﬂ"hs & W {2]
Here r 1s the silze associated with any slope of § degrees; R, is the ini-

tial size for 8 = O; and b is a coefficient of size incresase. If size is
taken as the independent varisble the function besomes logarithmio:

8 = (1/b)loge(Bo) =+ » « « (3)
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‘Equations 1 and 2 may be used to examine the relation between slope
&nd distance, which was illustrated in figure 5. Those data fail to yield
& gtraight line on either doubla leog or semi-log paper, Howeyer, by elimi-
neting r between ths two equatione, § may be found 28 a function of x:
RgeP8 = r e.ax

§ = -fa._.e"b]x ?‘f {lf/b}]'ogﬂiro,ﬂ'/&g} . 8 F & {'ﬁ)

The predicted relation is linear, in which -{(a/b) is the slope, and
{1'/’”}-10515(1'@/&;) is the y-interscept. The numerical values of the several
gonstantes may be read from figures B and 13,

Table 7
Congtants from Figures 8 and 13

To = 1.25 mm.

By = 0,07 mm,
6 = D.4) (I/mile)
b = 0,23 (1/mile)

Substituting these wvalues in equation 4, we obtain:

8= -1.78x £ 12.82

The ooefficient of x represente the tangent of nearly 61°, The predicted
line is shown in figure 14, which is figure § redrawn with egqual scale
units for degrees and milss. The agresment iz excellent besyond about the
first milefrom Point Miramontes. The lower slopes in the initial parts
of the beach can be explained as being due in purt to boundary conditions.
Rock reefs in this stretch, extanding outward from shore, ect partly as
groins, with the result that the normal beach slope is reduced in their
ﬁﬂiﬂityr

f. Weves and Currents. - The waves in Halfwoon Bay are much larger
at Point WMiramontes than near Pillar Point, This situation is illustrated
in Plate II, A visual device waa used to measure the relative wave
heights from shore. It consisted of a slot cut inte a sheet of closely-
ruled graph paper, which was held at a fixed distance in front of the eye,
and the wave height at the plunge point was measured on the acale, The
first measurements were made with some ekepticism, but after it was found
that rather consistent results were obtained, & systematic seriss of
reading was made, ‘Table 8 includes ell the data, based on averages of
twelve wave heights at each station. The average wave periods were also
indicated.,
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Cbservations were also made on April 25 from a beat anchored off-
shore, The depth of water at the wave orest and trough, and the time
of pagsage of the oresis were recorded for 25 euccessive waves, The sean
was relatively rough, but four sets of satisfactory data werse obtained,
The average height and period were determined for each station, and the
plotted curves of figure 15 show the results.

During the obssrvations waves &pproashed the bay from the northwest,
and a fresh northwest breeze was blowing, Wave measurements on shors the
same day yielded periods shorter thanm from the boat, but this is attrib-
uted in part to the rumming surf, which rendered it difficult to sort ocut
the individual perioda.

The combined wave data, including both shore and boat observations,
are shown in figure lé: The srbitrery scales of height were conwverted to
their numerical squivalent of approximately 1 unit = 1,5 feet, The wave
height et Point Miramontes was of the order of 7 feet at the plunge
point, Rach set of observations is indicated separately on the graph,

In each instance (except possibly on April 18) the waves approached the
bay from the northwest, but the effects of refraction were such thet the
waves appearsd to be esssentlally normal a€ all points slong the ghors,
The weather was much milder on May 9 and the wave height was less, but
the curve has the same general tremd as the others,

Table 8

Wave Heiphta and Periods

Station Data 4/18/42  4/25/42 5/2/42 5/5/42
1 Haightw .50
Pariods» 10.4
2 Heipght 4.10 4,30 4,18
Pﬁriuﬂ B‘.ﬂ 1U.E 1'2-@5
Period 5.5 10,7 12,56 11.6
4 Height 4. 10 S0 54
Period B.8 8.5
5 Height B.BD 3.BB 4,18 3,42
Pericd B8 10.4 1057 101
T Height 5.50 5.58 -
Period 9.9 BT 12,5
g Height 3.11 2,p8
Period 11 " 8 11.8
& Height 3,04 2.68
Period B.7 -
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Station D ta 4/18/42 4/25/42 5/2 /42 s/a/a2 -

10 Height 2,82 2,45 2.70
Pericd " - -

11 Height 2,04
Perlod 2.9

12 Height 1,95 2,00 1.87
Period = 11.9 11.6

13 Haight 1.650 1,058
Period 9.3 11.4

* Arbitrary scale units, 1 unit = approximately 1.5 [eat,
*s Periods in seconds.

¥B- Boat date are sumarized in figure 1S,

The boat data wsre transformed to the shoreline scale by adjusting
the observed height at station 6 with the shore obssrvationa, The remajin-
ing points were plotted agcording to the ratio thus obtained, and are
shown as blask eirsles on the graph. The agresment between bomt and shore
data is fair; the steeper slope of the boat datas may be a result of the
neceasity for anschering the boat in fairly desp water to avold surf, so
that the waves were not always at corresponding points in their approach
to the shore,

e average period of all waves observed during this study is of the
order of 11 seconds. This corresponds to an average wave length of 620
feet in deep water.

Observations on eurrents and hesach drift wera much less satisfactory
than wave observations, No equipment or colored dyss were used, What
little data were obtained were contradictery, with marked reversals of
direction due partly to confliecting currents set up by the beach cusps.
O'Brien's 1530 report indiestea a similar situation, with currents revers-
ing their direction abruptly, or leaving the shore at an angle. On May 9,
at station 5, & strong southward current along a shellow bar was found to
run at 2.5 feet per second. Converstaions with local fishermen indicated
& complex current system, which veries with the season and the weather.
One believed thet the strongest ourrents were toward the north;, due to
winter storms, but that drift was to the south in quieter weather. Anocther
wes of the opinion that eiroulation within the bay centered about stations
6 and 6, beeause driftwocd tends to collect along this stretch of the
beach. It is possible that currents in the open sea to the wesi may
generate slow eddies within the bay, which In turn are medified by loecal
winds and waves,

Indirect evidence of the direction of shore drift iz obtained from
the beach matearial itsalf. The average sind size decreasss markedly to
the north, and the sorting improves to the north. This suggests drift of
the sand from Point Miramontes to Pillar Point, Fine sand is common in
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the pebbly pocket beach west of the rook spur at Pillar Point, but very
seldom mre pebbles found to the east of the spur, This also suggests &
predominant drift from south %o north, '

A sand pit was formerly operated at the mouth of Pilarcitos Creek.
Operations began sbout the turn of the century and continued until nearly
10 years ago, As muoh s 30,000 cubio yards of sand were removed annually,
eacording to O'Brien, BSuch removal would impoverish the beaeh in a down-
drift direction, &nd it ls possible that the relatively recent erosion
betwesen Miramar and Princeton may have arisen from this interference with
normal beach drift, The erosional aspects are disocussed later, but if
the reasoning applies, it indicates predominant northward shore currents
in the bay.

Despite the laok of direct observational evidence, the writer apgress
with 0VBrien's conclusion of 1980 that the net shore drift is from Point
Miramontes toward Plllar Point,

g2, Wave Hefraction and Wave Bnergy in Halfmoon Bay. - Differences in
wave height along the bayshore are evidence that reiraction controls the
distribution of wave energy along the shore. The refraction pattern i &
function of the boundary conditions within the bay, of the direction of
wave approach, and of the wave period. A refraction disgram was pre-
pared; using the principles desoribed by O'Brien énd Mason in thelr sum-
mary of wave theory. Figure 2 was used as a bese map, Waves of l2-second
period were brought in from northwest, to reproduca approximstely the
conditions on April 25.

Flgurs 17 shows the refraction patterm. It was assumed for simplie-
ity that refraotion does not ocoour until depths of 100 feet or less are
encountered., The projected distances of travel of the wave were talken ag
the product of the average velocity between the limiting depths and the
time of adwveance (chosen as 36 seconds for donvenience), The effect of
the southeast reef 1s probably greater then that shown on the diagram,
because the graphical results are'in part a funotion of the time interval
chosen, That cross-waves are generated by the reef is supported by obser-
vation, however, On may 9 waves of essentially the same periocd were ap-
proaching the shore from two directionms at station 5, The shore current
inside the plunge line was to the south, suggesting s stronger sffeat of
the southward refracted waves. The interference pattern may also bear on
the observations of a local fisherman that drift tends to acoumulate in
this vicinity.

The prineiple that adjacent orthogonals to the wawve orests inclose
regions morgoss which no powsr flows laterally was used to appraise the
energy distributed along the beach. The distances between the orthogorals
mlong the beach in figure 17 were measured, and from their reciprocals the
proportional power was computed, The relative wave energy along the beach
was &lso computed from the wave observations on the prineiple that the
energy of any wave is proportional to the square of i{ts amplitude, The
results of the computetions are given in table 8 and are shown in figure
18,
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Table 9

Relative Wave Energy, (h/hg)2

(Here h, is the greatest h recorded on the given date. Cf, Table 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 0.88
5 0,86 0,82 0.92 0.98
¥ 0.73 0.70
8 0.51 0.55
g 0.55 0.39

10 0.41 0.33 0.38
11 0,235
12 0.23 0.21 0.20
13 » 0,134 0.08
Boat Data
Station 4{25{42
& 0.80
B.6% 0.50
1.7 0,156
13 0.011
Refraction Diagram Data
Station 4/25/42
2 1.00
3.5 0.85
6.6 0,71
10 0.48

» Station 8.6 lise 0.6 of the distancs between B and 3.

The ocurved line in figure 1B shows the trend of relative energy per
unit orest length per unit time on the basis of the shore observations.
The refraction disgram gives results in good agreement with this trend,
although the slope of the line joining these points is less steep than
that for the wave chserwmtions, Neverthslees, the disgram indicates at
leaat the order of energy decrease along the shore, and in the absence
of other data would be accesptable ag a first approximation.

RELATIONS BETWEEN WAVE ENERGY, BEACH SLOPE, AND SAND SIZE

In the first gection of this report it waes pointed out that a com-
plete beach study includes information on the boundary conditions, the
beach materiamls, and the energy of the system. It is sppropriate to con-
gider how the relative energy elong the shore sorresponds with the other
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ghesarved deta,

Figure 17 shows & linear relaticn beiween beach slope and relative
wave energy at all stations where the two were measured st the same time.
The equation of the strauight line is

§=MRAE o4 v 4 (B)
where E 1g ths relative snergy. The constant k has the value 10,0, and K
has the valus 0.8,

The widest scatter of the points oceccurs where the slope is most steep.
‘These points also fell below the predicted straight line of squation 4 in
figure 14. Thus the boundary conditions, represented by rock reefa, do
exart an influence on the beach slope, although the general agreement of
the trends in figures 5 and 18 indicates that the energy relation is prob-
ably the more important of the two.

The relations sxpressed in the eguations previously given permit fur-
ther prediotions, first of the relation between reletive emergy and sand
size, and second between relative energy and distance along the shore.
Inesmuch as beech slops and energy are linear, and beach slope and sand
gizge are logarithmia (equation Sﬁ one may predict that sand size is &
positive exponential function of relative energy. This may be shown by
eliminating § from equations 3 and 5 and soclving for r=

(1/5)loge(r/Ry) = kB £ ¥
r = Roetk obkE . . . . (8)

Bquation 6 indicates that if r is plotted against E on semi-log paper, a
straight line should be obtained, in which the parameters may be deter-
mined from previous knowledge., Thus from table 7 we have b = 0,23 and

Rg = 0,07, From figure 199 = 109ﬂ and K = 0.6, Hence RG'H = 0.08,
and bk = 2.3, so that the prodicated line is

r = 0,08 e2.3E

The streight line of figure 20 is drewn according to the prediction; and
indicates a satisfactory agreament.

In similar menner the functional relationship between relative emergy
and distance mlong the shore may be found by sliminating S between sgua-
tions 4 and 5 and solving for BE:

B 4K = ~(a/b)x/(1/5)1oge(ro/Ro)
B = ~(a/bk)xA(1/0k) ogo(ro/R,) = (K/K) . . (7)

Again the parameters of the line may be predicted. The slope of the line
is -(a/bk) = -0,178, and the y-intercept is 1.252 - 0,06 = 1,192, Figure
21, redrawn from figure 18, shows the predicted line. The slope has been
drawn in accordance with the different scale units. The values above 1.0
on the energy axis are imaginary, and indicate that the linear relation be-
ging at the point along the beach where refraction dus to Pillar Point and



the southeast reel bLegin to manif'est themselwves,

The internal consistency of the obgerwvational data from Halfmoon Bay
strengthens the writer's bellef that if relatively simple natural situa-
tions are ochosen; it 1s possible to discern the underlying physical laws
which control the behavier of matter in the envirorment, A purely theo-
retical approach, with a prediction of ths exast naturs of all the fune-
tions, is probably not possible at the present state of kmowledge, but a
combined observational and enalytical attack is feasible. Prom a theoreti-
cal viewpoint, eguations 5 and @ are probably the most fundamental of those
given, becsuses they bring in the relations of sand size and beach slope to
the relative wave emergy, 'The rates of change of these two equations are:

dS/dB = k
dr/dB = bkr

From these relations it would sppear that the slope is a limear function
of energy essentially independsnt of other factore, whereas average sand
gize 1s influenced by itself and by the slope relations alomg the beach.
Before the full implications of these eguations ¢an be analyzed, addition-
al beaches of the same gemeral typs as Halfmoon Bey should be investigated.

EROSION AND DEPOSITION AT HALFMOON BAY

Comparison of earlier maps with the latest chart of Halfmoon Bay
shows no noticeable change in the general aligmment of the shore. This
suggesta a stable strand, but field evidence throws some doubt on the sub-
ject. A stable besch would have a source of meterial to replenlish the
ennual down-beach drift of send, so that a steady state shoreline would
oeour along the entire stretch, At the down-beach end of the bay would
be a trap or other means for disposing of the transported material, =such
as & belt of sand dunes. Along Hulfmoon Bay erosion is active near Point
Miramontes, but 1t is also aative near Prineeton. Moreover, there are no
dunss near Pillsr Point, and the dunes which do ocoour are near the center
of the bay shore, The situation slong the bay is therefores not simpls,
and the following sectiona athempt to sxplain the observed condltions.

8. Bstimates of the Rate of Brosion., - At the base of the cliff near
Point Miramontes and for a mile north ocour seversl semi-comicsl masses of
freshly slumped terrasce material, which are subject to mctive wave attack,
An estimete of the volume of one of these masses yields the value 70,000
cuble feet, so that some 200,000 eubic feet of sand and gravel had recently
glumped from the terraces, (Ses Plate ITI.) The material is relatively
unconaolidated and probebly slumps readily as & result of undercutting.
1f only 10 sueh slides occur per year over the mile stretch, approximetely
700,000 cubic feet of material is washed away annuelly., This 1s equiva-
lent to about 26,000 cuble yards, It is perhaps & coincidence that this
figure is nearly the same as 0'Brien's estimate of ammual sand transport
based on operations of the sand pit at Pilarcitos Creek,
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A local resident informed the writer that about 25 years ago a rosd
ran along the adge of the terrmce south of Princeton. He estimated that
its eastern margin was perhaps 40 feet from the sdge of the oliff. Since
that time erosion has out away all but mmall patches of the pavement. The
cliff is mbout 20 feet high, and the eroded stretch is approximately a
mile long., Hence the wolume removed is eguivalent to about 4 million
gubic feet of terrace material, Allowing 25 yesrs for the process, the
annual removal becomes 6,000 cubie yards. Add this to the 26,000 cubie
yards from the southern oliffs, and the total amnual removel per year
along the bay shore is of the order of 32,000 cuble yards.

b, Betimates of the Rate of Aocretion, - If some 30,000 cubic yards
of terrace material is snnually fed to the beach, there should be evidence
of its mocumuletion somewhere within the closed system, or a mechanism for
removing it from the system. Two possibilities are open, (1) the beach
material is abraded to fine mud during its movement Bnd is sarried out to
deep water beyond the bay; (2) the material accumulates partly in the sand
dunes along the shore, and partly over the bay bottom,

Recent studies have largely supported the view that abrasion is essen-
tially a second-grder term in sccounting for size deorease along beachesz or
in streams. A recent report by the Beach Brosion Board establishes fairly
conclusively that abrasion on sand beaches is essentially negligible, a
eonclusion with which the writer concurs., A study of the sphericity, round-
ness, and mineral content of the sand samples will shed somes light on this
question, but from the writer's sxperience it is most likely to support
the present view,

Selective transportation is a much more important process than abra-
gion in the segregation and removal of material. Selection may be affect-
ad by wind or by waves and currents. Sand dunes in genersl may be oon-
gldered as traps for beach sand. 'They coour where deposition exceeds
transportation, or where favorably direoted winds remove sand from the
beach. Along Halfweon Bay dunes ovecur most prominently between stations
T and 8, and leas soc between stations § and 6. The dune belts are very
narrow and relatively low. The edge of the terraece projects through the
dunes looally, indiceting that they are mainly a veneer of sand blown up
on the terrace. The photographs of Plate IV illustrate these conditions.
If ons estimates the dune volume liberslly, by assuming them to be 1 mile
long, 100 feet wide, and 15 feet high, he arrives at the value 7.5 milliom
cublc feet, which is equivalent to about 280,000 oubic yards. Thias is
less than 10 times the ennual sand movement along the beach. Considering
that the bay has been present for several thousand years at least, this
figure becomes negligible. Henoce even under s seleotive transport assump-
ticn, the most reasonable explanation is that the material is cerried out
into the bay or beyond.

The area of the bay bottom is approximately 5.5 square miles within
the zone inclosed between the curve of the bay shore and a straight line
from Pillar Point to Point Miramontes. This is eguivalent %o approximate-
ly 17 million square yards. Hence it would require more than 180 years
for the annual beach inerement %o form a layer 1 foot desp over the bay
bottom. ‘The corresponding average annual deposition of about 0,006 foot
would not be detectable over the time that reliable surveys are availeble,
Even considering that the material would nct be uniformly distributed
over the bottom, & slight shoaling of water here, and the filling of a
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