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_UMMARY

Large changes in the distributionof sedimentnear the entrance to Grays

Harbor, Washington,have occurred since the long rock jettieswere built to

confine flow. Spits to the north and south of the entrance have grown, the

entrance channel has deepened, and the outer bar has eroded and moved

• offshore. The shorelinesof North Beach and South Beach have experienced

significantamounts of both erosion and accretionsince the jetties were

constructedaround the turn of the century. North Beach has mostly accreted

since reconstructionof the North Jetty in 1975. South Beach has been

generallyerosional since 1967. Recently,the erosionrate at South Beach has

increasedand, becauseHalf Moon Bay is growing at the expense of the

shorewardside of Point Chehalis, the vegetatedportionof the spit is now

less than 350 ft wide at the narrowestsection. As a result of these alarming

trends, and under their authorityto study and mitigate erosion and

sedimentationresulting from federalprojects,the U.S. Army Corps of

Engineers,Seattle District, requestedthat Battelle/MarineSciences

Laboratoryevaluate long-termtrends in erosionnear the entrance to Grays

Harbor.

Bathymetricdata from U.S. Army Corps of Engineersconditionsurveys

were used to calculatethe volume of sediment in four areas: the nearshore

region off North Beach, the nearshoreregion off South Beach, the Entrance

area, and the Bar area. These volume calculationssupplementeddata

previouslycompiled and discussed in a comprehensivereview by the U.S. Army

Corps of EngineersCommittee on Tidal Hydraulics (1967). Data were also

obtained from aerial photographsand drawings of vegetationlines mapped from

aerial photographsand suppliedby the U.S. Army Corps of Engineers.

The data from aerial photographsconfirmthat recent shorelineerosionI

rates (now between -47 and -62 ft/yr) at South Beach are higher than the

historical average of about -3 ft/yr since 1949. The volume calculationsP

confirm that the recent loss rates have increased in the nearshoreregion as

weil. (In this study, the nearshoreregion is defined by the North Beach and

South Beach study areas and is generallyseaward of the surf zone and landward

of the 60-ft depth contour). The volume calculationsalso reveal a long-term



loss of sediment in three of the four areas studied. Only North Beach has

been relativelystable. Overa11, more than 150 million yd3 of sediment has

been lost from the four areas around the entranceto Grays Harbor since 1900.

Available climate and wave data were examined to determinewhether

patterns of erosion and deposition at Grays Harbor could be correlatedwith

long-termfluctuationsin climate or wave energy. Although wave energy has

varied and is relatedto climate fluctuationsand although beach erosion is an

episodic event that occurs during storms,no direct link was found between

long-term storm activity and long-termtrends in depositionor erosion at

Grays Harbor.
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1.0 INTRODUCTION

1.1 PROJECT BACKGROUND

Two large jetties were built at the entrance to Grays Harbor,

Washington,nearly a centuryago (Figure 1.1). The South Jetty was completed

in 1902 and the North Jetty was finishedearly in 1916. Since then, the
l

configurationof the entrance region has changed significantly" the entrance

channel is deeper, the spits to the north and south of the entrance have

• grown, and the crest of the offshorebar has moved seaward into deeper water.

Most of the changes that occurredwere anticipated. In fact, they were

planned when the U.S. Army Corps of Engineers(USACE)designed and built the

jetties, which were successful in establishinga deep navigablechannel into

Grays Harbor. Recently, however,beaches near the South Jetty have been

eroding at an alarming rate. Since 1986, the vegetationline on the seaward

side of South Beach has retreatedin some places by more than 300 ft (Figure

1.2). Erosion is occurringat apparentlyacceleratedrates, and the retreat

of South Beach and growth of Half Moon Bay threatenland owned by the city of

Westport and Washington State Parks.

The Port of Grays Harbor requestedthat the USACE investigatethe causes

of erosion at Grays Harbor. Under provisionsof §111 of the Rivers and

HarborsAct of 1968 (PublicLaw 90-483) as amended by §940 of the Water

ResourcesDevelopmentAct of 1986 (PublicLaw 99-662), the USACE is authorized

to evaluate and mitigate adverse effects, includingerosion and sedimentation,

associatedwith federalprojects. Toward that end, the Seattle District

requestedthat Battelle/MarineSciences Laboratory (MSL)(a)review historical

data to determine trends in erosion and accretionsince the constructionof

the jetties, and to determine, if possible,the cause(s). Specifically,the

USACE requestedthat MSL"i

1. analyze rates of erosionor accretionat South Beach and Half Moon Bay
using data digitized from aerial photographs

(a) The Battelle/MarineSciences Laboratoryis part of the Pacific Northwest
Laboratory,which is operated for the U.S. Departmentof Energy by
BattelleMemorial Institute.



2. quantify rates of sediment erosionor accretion (includingdredging
contributions)for specific areas near the entrance, includingNorth
Beach, South Beach, the outer Bar, and the Entrance

3. summarizehistoricaloceanographicconditions and evaluate their
contributionto long-termtrends in erosionor accretion.

This report presents the results of that study and updates information

provided in a report by the Committeeon Tidal Hydraulics (1967)that analyzed q

changes up to 1960.

a

1.2 STRUCTUREOF THIS REPORT

The remainderof Section 1.0 provides background information,

summarizingresults from previous studies. Section 2.0 describesthe

techniques used to determine beach-erosionrates from aerial photographsof

South Beach and Half Moon Bay, and presentsresults of those measurements.

Section 3.0 presents methods for, and resultsof, measurementsof deposition

and erosion at fouF _eas near the entranceto Grays Harbor. These areas,

called North Beach_ _outh Beach, Bar, and Entrance,were chosen to extend

results from the USA,bE Committeeon Tidal Hydraulics (1967) report,which are

discussed later in this section. In Section4.0, physical oceanographic

characteristicsof Gray_ Harbor are summarized,and availablelong-termvlave

data are presented and discussed. Contributionsof large-scale,long-term

variations are also discussed in Section4.0. Section 5.0 discussesresults

of previous sections and presentsconclusions.

1.3 RECENT EROSIONAT SOUTH BEACH AND HALF MOON BAY

Estimatesof erosion of South Beach, made by the USACE from aerial

photographs,show that the ocean beach just south of the South Jetty eroded at

an average rate of approximately-15 to -20 ft/yr between 1967 and 1986. The
i

spit is eroding from both sides as Half Moon Bay grows westward and the ocean

beach retreats eastward. Since 1986, the rate of erosion has apparently

increasedto about -60 ft/yr. The apparentrecent increase in the rate of

erosion has raised concerns about the possibilityof a breach in Point

Chehalis spit. Just south of the South Jetty, the spit (in 1992) was only

about 300 ft wide at the narrowestvegetatedsection (Figure1.2). A concern



is that a breach might result in a significantloss of land area on thB

northern portion of Point Chehalis and would affect entrance-channel

maintenance,local navigation,and stabilityof the South Jetty.

1.4 EROSION MITIGATION

The USACE is evaluatingthe use of dredged material to mitigate erosion

at Grays Harbor. Suitable,clean material can be used to build underwater

berms or as beach nourishmentmaterial. Berms are elongatedmounds of sand

oriented parallel to shore that resemble offshore bars. One berm was built in

June 1992, and is located approximately1500 ft north of Half Moon Bay. A

second berm has been proposed, to be located seawardof South Beach, centered

6500 ft offshore and 5000 ft south of South Jetty. The berm at the Half Moon

Bay site was emplacedjust inshoreof the 18-ft depth contour relativeto mean

lower low water (MLLW; to which all depths in this report are referred). The

berm is approximately1250 ft long by 600 ft wide at its base, rising to a

crest about 7 ft below MLLW. The berm proposed for South Beach has not been

constructed.

Berms are intendedto amelioratebeach erosion by providing some

protection from incidentwaves and by providingmaterial to nourishthe

beaches and nearshoreregions. The berms at Grays Harbor would be constructed

of sand dredged from the entrance region. Berms are economicallyattractive

for beach protectionbecause they can be built by hopper dredges; thus they

serve a dual function as disposal sites for clean dredgedmaterial and a

source of sediment for the littoral system, lt is not certain how effective

berms are either for protection or as sourcesof beach nourishment,and it is

likely that their effectivenessdiminisheswith increasedwater depth and

distance offsho,_. At Grays Harbor, their effectivenessmay be limited

. because the hopper dredges cannot build berms in depths less than about 28 ft.

There are also drawbacksto berm construction: berms are essentiallyman-made

shoals designed to affect local wave conditions,so they can be a hazard to

navigation. At Grays Harbor, crab fishermenare concerned that berm

constructionoff South Beach in a profitablefishing area will increase

fishing costs, increasethe risk to small boats using the area, and reduce

available crab habitat. Some of these impactsmight be reduced by dispersing

3



dredged materials over a broad nearshoreregion off South Beach. The sand

would still be availableto nourish the beach, but would not increasethe

hazard to navigation,and might have a less acute effect on the crab fishery.

Unfortunately,because the material would be spread over a wide area it would

be more difficult to monitor and discern benefits or adverse impacts. An

objectiveof this study is to providedata that can be used in making

managementdecisionsregarding berms or other erosion-controlmeasures.

1.5 HISTORICALBACKGROUNDAND PREVIOUS STUDIES OF EROSIONAND DEPOSITION

Patterns of sediment depositionand erosion near the entrance to Grays

Harbor before 1960 were studied by the USACE Committeeon Tidal Hydraulics

(1967;hereafter referred to as the CTH report) and are reviewed here.

Bathymetriccharts of the entrance to Grays Harbor have bee0_made regularly

since the late 1800s. These charts _ocumentsubstantialchanges in the volume

and distributionof sediments.

Before constructionof the South Jetty (1896 to 1902), there was a well-

defined channel, approximately2000 ft wide and 40 to 60 ft deep, separating

the broad shoals of Point Hansen (now Point Chehalis)to the south and Point

Brown to the north. The channel extended seaward2.5 to 3 mi from its

narrowest section between the shoals,but ended on the landward side of the

outer bar, a large, fan-shapedshoal that extended around the entrance area.

Water depths along the crest of the outer bar were nowhere deeper than 18 ft,

and were often less than 10 ft. The outer bar was about 5000 ft wide (between

the inner and outer 24-ft depth contours),and the crest of the bar was

located about 3.75 mi west of the entrance-channelnarrows.

The South Jetty was completed in 1902 and extended 13,734 ft west of

Point Chehalis, or approximately12,200 ft west from the high water line of

that time. The entrance channel began to deepen and extend westward, forcing

the outer bar seaward, in response to the changed pattern of tidal currents

inducedby the South Jetty. The North Jetty was constructedbetween 1907 and

1916, and extended 17,204 ft southwestacross the (then) extensivetidal flats

south of Point Brown. From there it angled westward for 6250 ft, along the

shoals north of the entrance channel. The western terminus of the North Jetty

was located approximately6800 ft north of the South Jetty terminus.

4



The jetties acted as efficienttraining structures,fixing the alignment

and increasingthe velocity of tidal currents through the entrance,

particularlyduring ebb tides, creating a westward jet. The result was

significantdeepeningof the entrance channel and seawardmovement of the

outer bar. :n addition,the portions of the bar located to the north and

south of the entrancemoved closer to shore under incidentwave action and

' reduced ebb currents at these locations. Sand from these regions probably

enhanced the supply of material trappedduring alongshoresediment transport

- by the jetties• The beaches to the north of North Jetty (NorthBeach) and to

the south of South Jetty (SouthBeach) both grew rapidly. The tidal flats

betweenNorth Jetty and Point Brown, which had been more than 1.5 mi wide,

began to fill and, by 1921, an unbroken supratidalspit (an accretionalsand

body extending above high water) more than 2000 ft wide extended to the bend

in the North Jetty. The location of the MLLW line at the North Jetty had

_dvanced to within 4000 ft of the outer terminus by 1925. In a similar

fashion, the high-waterline at South Beach advanced seawardmore than 3000 ft

between 1898 and 1910.

Deteriorationof both jetties began soon after construction,probably

caused by scouringof sand from beneaththe jettiesby wave and current

action. Accordingto the CTH report,the South Jetty had, by 1933, sunk to an

average elevationof -5 ft MLLW over the outer 12,000 ft. The North Jetty

sank to an averageelevationof about -I.5 ft MLLW along the outer 7000 ft

during this time. The South Jetty was completely reconstructedto +20 ft

elevation between 1935 and 1940, and the North Jetty was rehabilitatedto

+20 ft along its outer 8000 ft between 1941 and 1942. Again, both jetties

progressivelydegraded so that, by 1962, South Jetty was below MLLW along the

outer 7000 ft. A rehabilitationeffort during 1965-1966restored the middle

4000-ft sectionof South Jetty to +20-ft elevation,but the outer 6000-ft

sectionremained below MLLW. By 1992, this outer sectionof South Jetty

averaged -10 to -20 ft in elevation. North Jetty, by 1960, had degraded to an

averageelevationof +14 ft along the outer 6500-ft section,with minimum

elevations around+3 ft. In 1975, this sectionwas reconstructedto +20 ft.

--j
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Previous studies, includingthe CTH report, note that accretionalong

North and South Beaches appearsto occur soon after constructionor

restorationof the jetties, and erosion appearsto correlatewith periods of

jetty deterioration. Sedimenterosion and depositionpatterns for the

entrance area and outer bar are significantlyinfluencedby the state of the

jetties via tidal-currenteffects, sand-transportblockage,and wave

sheltering.

Dredging of the channel through the outer bar was first performed in

1916 awed1917, and was performed annually from 1920 to 1942. After 1942,

dredging was not requiredto maintain the authorizedchannel depths, ;_hich

were increased from -18 ft to -26 ft in 1930, and to -30 ft in 1945. During

this early period of dredging of the bar channel, approximately22 millionyd3

of sand were removed, averaging810,000 yd3/yr. The dredge spoils were

disposed in deep water at the end of the channel (CTH 1967).

i 6
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FIGURE 1.1. Study Area at the Entranceto Grays Harbor,Washington.
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FIGURE 1-2. Erosion Between 1986 and 1992 at South Beach. Heavy solid line
marks limit of vegetation interpreted from air photo taken May 6,
1992; short-dashed line marks vegetation limit in 1986 photo.
Light solid line marks water line in 1992 photo, taken ½-h before
predicted -l-ft low tide.
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2.0 SHORELI,_;ECHANGES AT SOUTH BEACH AND HALF MOON BAY

2.1 DATA SOURCESAND PERIODOF ANALYSIS

Aerial photographsof the northern tip of Point Chehalis,encompassing

the portion of South Beach within severalthousand feet of the South Jetty and

Half Moon Bay, were used to measure changes in shorelineposition. Data from
i

large-scalevertical aerial photographstaken in 1949, 1967, 1973, 1977, 1982,

1986, and 1988 were provided by the USACE as maps of the vegetationline

borderingthe beaches. These maps were produced by the USACE at a scale of I

in. = 400 ft. Smaller-scale(approximatelyI in. = 2000 ft) aerial

photographsfrom 1967, 1973, 1976, 1978, 1982, 1985, and 1987 were also

examined during this study. Estimatedhigh water (HW) lines on these

photographswere digitized at MSL to calculateshorelineadvance/retreatat

South Beach, and to calculate surface areas of Half Moon Bay. Similar

analysis of the HW lines present on condition-surveycharts, availablefor the

years 1949, 1970, 1973, 1976, 1979, 1982, 1985, 1987, and 1990 was also

performed. A photograph from 1992 did not cover enough area to be included in

this analysis,but qualitativecomparisonshave been made using this

photograph (see Figure 1.2).

2.2 ANALYSIS PROCEDURES

The vegetation-linemaps were retracedon a digitizing table to estimate

changes in beach area at Half Moon Bay and South Beach (Figure2.1). The

beach line at Half Moon Bay was definedas the vegetation line between the

South Jetty and an east-westline located approximately400 ft north of the

Westport sewer line. These features were chosen because they appeared on each

of the USACE maps. The change in beach area betweenphoto years was

• calculated as the area enclosed by the two beach lines, the South Jetty, and

the east-west line. Beach length was measured around the perimeterof the

• bay, midway betweenthe plotted beach lines for each pair of photo years.

Perimeter-averagechange in beach width betweenyears was computed by dividing

the area change by the beach length,and the averagerate of advanceor

retreat (ft/yr)was calculated by dividing the change in averagewidth by the

number of years in the interval betweenphotos. Similar calculationsof



changes in beach area, beach length,change in average beach width, and

advance/retreatrates were made for South Beach. The measurementswere made

for the section of beach exteildingfrom the South Jetty to an east-westline

approximately1600 ft south of the jetty (Figure2.1). The changes in beach

width and rates of advance/retreatare average values over the defined areas,

and differ from the maximum rates determined by USACE via analysis of the

plotted lines of beach vegetation.

For comparison,calculationswere performedfor Half Moon Bay using as
Q

data I) HW lines from USACE condition survey charts, and 2) estimated HW lines

determined from the small-scaleaerial photos. These calculationsactually

compared water area in the bay, defined by the eastward extension of the South

Jetty. Also for comparison,estimateswere made of Seuth Beach advance/

retreat along a line orthogonalto the beach, located approximately1000 ft

south of the jetty. These estimateswere made on the digitizing table from

small-scaleaerial photographsand from large-scalecondition-surveycharts

(I in. = 2000 ft).

2.3 ERROR ANALYSIS

There are severalpotentialsources for errors in these procedures.

Errors in the digitizing procedurescan be estimatedby repetitive

digitizationof areas with known size; these errors tend tc,be random (i.e.,

do not systematicallybias the data) and small (less than 1% for areas of the

size considered here). Digitizationof the small-scalephotos are subject to

higher error because of the coarser scale of measurement. Larger errors

probably arise in identificationof the vegetationline or H_ line on the

photos and charts. In 9articular,the HW line mapped on the condition-survey

charts is not intended to be used in this manner, and may provide misleading

results. Although these errors may be systematic,they are somewhatmitigated

because the data are only used for comparisonwith similardata. Therefore,

it is difficult to assign error estimatesto the changes and rates presented

here, and the numbers should be treated as indicatorsand examined primarily

for trends, while keeping in mind the very local nature of the processesand

measurements.
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2.4 RESULTS

The resu3ts of shoreline-changeanalysis for Half Moon Bay are presented

in Tables 2.1 and 2.2. These tables list the change in beach area between

photo years, along with average beach length used to convert area to width,

the resultingaverage beach width, and the average rate of beach

advance/retreat. Table 2.1 and others that follow indicatebeach advance

(accretion)with a plus (+) sign and retreat (erosion)with a minus (-) sign.

Table 2.3 summarizeschanges in beach width and rates of advance/retreat,

comparingresults determinedfrom the various data sources.

Results for South Beach are presentedin Table 2.4, which lists beach-

area changes from analysis of vegetation-linemaps, along with changes in

average width, and average rate of advance/retreat. Table 2.5 summarizes

changes in beach width and rates of advance/retreatdetermined from changes in

beach area given in Table 2.4, along with estimatesmeasured from aerial

photographsand condition-surveycharts along the beach-orthogonalline

located approximately1000 ft south of the Jetty. Also presentedin Table 2.5

are historicalvalues taken from Phipps and Smith (1978, Figure 9).

2.5 DISCUSSIONOF SHORELINECHANGES

2.5.1 Half Moon Bay

Half !_.__n 9ay began to form after reconstructionof the South Jetty in

1940. The first indicationof a small shorelineindentationat the eastern

end of the South Jetty appears on the condition-surveycharts from 1946.

Material from the eastern end of South Jetty was cannibalizedand used for the

constructionof the revetmentand groins at Pt. Chehalis circa 1952.

Apparently,removal of this end of the jetty permittedwave- and current-

inducederosion of material to accelerate,and Half Moon Bay grew rapidly

afterward.

• Analysis of vegetationlines shows that from 1949 to 1967, Half Moon Bay

grew from a small area to approximately1,836,000ft2, correspondingto an

average total shorelineretreatof -482 ft (see Table 2.1). For this 18-yr

period, the average rate of retreatwas -27 ft/yr. From 1967 to 1973, an

additional increase in the size of Half Moon Bay amounts to an estimated loss

11
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of another 102,800 ft2 of beach area. During the period from 1973 to 1977,

the trend reversed,with Half Moon Bay decreasing in size, amountingto a

growth in beach area totaling 234,000ft2, an increase in average beach width

of +51 ft, and an average rate of advance_f about +13 ft/yr. After 1977, the

vegetationline retreatedat a slow average rate (-4 ft/yr to -2 ft/yr), but

this has apparently acceleratedto an average retreat rate of -18 ft/yr during

the period 1986 through 1988.

The analysis of changes in the areas defined by HW lines from condition

survey charts and small-scaleaerial photographscorroboratethe accelerated

growth rates for Half Moon Bay after about 1985, indicatingincreasesin the

rate of average retreat to more than -I0 ft/yr.

2.5.2 South Beach ,

Changes in the shorelineat South Beach are summarizedin Tables 2.4 and

2.5. Historical data summarizedby Phipps and Smith (1978) show that South

Beach accreted rapidly until 1910 followingconstructionof the South Jetty

(Table 2°5). Much of that initialaccumulationwas lost during a long period

of erosion (1910 to 1935). Between 1935 and 1959, a period that included

reconstructionof the South Jetty, South Beach again grew rapidly.

Results of the vegetation-lineanalysis performedin this study indicate

that South Beach generallyaccreted between 1949 and 1967 at the relatively

slow rate of +7 ft/yr (Table 2.4). Results reported by Phipps and Smith

(1978) and analysis of the aerial photographsshow that the 1949 to 1967

period includedshorter episodes of both erosion and deposition (Table 2.5).

The vegetation-lineanalysis indicatesthat South Beach has been erosional

since 1967, at rates ranging from -2 to -62 ft/yr. The data of Phipps and

Smith (1978) and aerial photographsconfirm the long-termerosionaltrend, but

also indicate that brief periods of accretionoccurred during this period. In

particular,the aerial photographsindicatethat South Beach accreted between

1967 and 1972, and again between 1974 and 1977. Since then, the aerial photos

indicateerosion at rates of -5 to -250 ft/yr.

South Beach has historicallyfluctuatedmore than North Beach, but the

trend has been mostly erosional since 1967. More rapid erosion has occurred

during the mid- to late-1980s,with vegetation-lineretreatrates ranging from

12



-26 to -62 ft/yr through 1988. Although this is the last year for which

quantitativevegetation-linedata have been compiled,comparisonof aerial

photos (Figure2.1) indicatesthat South Beach continuedto retreat at a rate

of-47 to -52 ft/yr through May 1992.

13



!'/

WESTPORT f_

/ _
SouthJetty ,¢:

ii_._:::.'." ,_:_......

"_!['_ _ _ HALF ,_

__ _'_ __ BAY _j/

_p _ _,_. MOON __ /

_'_::_; _ Park

"_ AccessRoad

',_ 21 MAY 1973

A ...... 1 APRIL1967
N ------ BeachLength

_ MeasuredArea
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Deposition Rates for South Beach and Half Moon Bay. Heavy solid
and dashed lines denote shorelinepositionson photos taken May
1973 and April 1967. Shaded area indicatesareas measured. Light
solid line indicatesbeach length used to calculateaveragewidth
of beach erosion from measured area.
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TABLE 2.1. ShorelineChanges at Half Moon Bay from Analysis of
Vegetation-LineMaps

Beach Beach Beach Advance
Period Area Length Width Rate
(years) (ft2) (ft) (ft) (ft/vr)

1949-67 -1,836,140 3,810 -482 -27
1967-73 -I02,812 4,675 -22 -4

• 1973-77 +234,210 4,625 +51 +13
1977-82 -99,468 4,635 -21 -4
1982-86 -34,948 4,630 -8 -2

• 1986-88 -168,941 4,680 -36 -18

TABLE 2.2. ShorelineChanges at Half Moon Bay from High-Water Line
on Condition-SurveyCharts

Beach Beach Beach Advance
Period Area Length Width Rate
(years) (ft2) (ft) (ft) (ft/vr)

1949-67 -1,190,000 2,500 -476 -26
1970-73 +309,032 3,575 +86 +29
1973-76 +34,442 3,402 +10 +3
1976-79 -351,099 3,500 -100 -33
1979-82 +827,853 3,120 +265 +88
1982-85 +35,668 2,525 +14 +5
1985-87 -44,108 2,580 -17 -9
1987-90 -88,081 2,625 -34 -11

15
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TABLE 2.4. ShorelineChanges at South Beach
Estimatedfrom Vegetation Lines

Change i_a_each Advance or
Period Area Change in Width Retreat Rate
(Years) (ftz) . .(ft) (ft/vr)(b)

1949-67 +241,259 +121 +7
1967-73 -350,834 -175 -29

. 1973-77 -93,006 -47 -12
1977-82 -19,240 -10 -2
1982-86 -63,642 -32 -8

• 1986-88 -247 327 -124 -62
1986-92(c) -_- -280 to -310 -47 to -52

(a) Sampled area extends approximately200 ft south of jetty.
(b) Positive (+) is accretion (beachgrowth), negative (-) is erosion (beach

loss).
(c) Estimatedfrom comparisonof 1986 and 1992 aerial photos (see Figure

1.1). Limited coverage in 1992 photo preventedexact comparisonwith
other years.
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3.0 SEDIMENT-VOLUMECHANGES

3.1 DATA sOURCESAND ANALYSIS PROCEDURES

Bathymetriccharts for the entrance to Grays Harbor have been made

annually from condition surv.ysconductedby the USACE. These charts were

used to estimate volumes of sedimentdepositionand erosion within four areas

near the entrance (Figure3.!). The area denoted South Beach correspondsto

Zones A+B+C of Plate 2 in the CTH report. The Bar correspondsto Zone G in

" the CTH reporL, and the Entrancecorrespondsto Zones I+II+III in the CTH

report. The results of this study, therefore,update the earlier estimatesof

erosion and deposition through 1960, provided in the CTH report.

Condition-surveycharts at a scale of I in. - 5000 ft were used for

years prior to 1970. From 1970 on, larger-scale(I in. = 2000 ft) condition-

survey charts were used. Condition surveyswere performedannually,but

comparisonswere made on a subset of surveysthat providedgood spatial

coverage at intervalsof 3 to 4 yr. The years examined were 1900, 1942, 1948,

1953, 1956, 1959, 1962, 1965, 1968, 1970, 1973, 1976, 1979, 1982, 1985, 1987,

and 1990. Several of these years predate 1960 to allow comparisonwith

results presented in the CTH report. Nearly all of the survey data analyzed

were collected in late summer or fall, so bias from seasonal variations in

erosion and deposition should be minimized.

Bathymetriccontourswere digitizedand subareaswithin contour

intervalsfor each study area were measured using planimetrysoftware. The

subareas were multiplied by their averagewater depth to compute the overlying

water volumes i_ units of cubic yards (yd3). The computed subvolumeswere

then summed within each study area to estimate a total water volume in each of

the four study areas for the year. Changes in the water volume between survey

. years were interpretedas changes in sedimentvolume,with an increase in

water volume correspondingto decreased sedimentvolume (erosion)and a

• decrease in water volume irdicatingincreasedsediment volume (deposition).

Plus (+) signs indicatesediment deposition,and minus (-) signs indicate

erosion. Sediment volumes have been uniformlyequatedwith water volumes,
. I_ ....... __ 1J_-_" _ __

with no aajustmehts for ,_u_L,u_ai,,_,,=_=u,,,,=,,_mdu_ _ufl_u

19



3.2 ERROR ANALYSIS

Digitizing errors on the small-scalecharts were measured at

approximately0.71% of the calculated area, but because volume estimatesare

based on area differencesthat are also small percentagesof the total area,

the error bars around the volume estimatesare wide. Error estimates, based

on the average areas and average depths of the study areas, are as follows"

North Beach, ±0.21 millionyd3; South Beach,±0.89 million yd3; Bar, ±0.94

million yd3; Entrance,±0.71 million yd3. On the larger-scalecharts,

digitized errors were only 0.11% of the measured area, and error bars around

the volume estimates are reduced by a factor of 6.5 after 1970.

Changes in survey datum and adjustmentof horizontalcontrol have

occurred from time to time, and may introduceerrors in some time intervals.

No attempt has been made to correct such errors. The method for calculating

changes in sediment volume is an expedientapproximationused becausethe

bathymetricdata were not available in digital form. lt is possible that this

method produces systematicbiases by either overestimatingor underestimating

sediment volumes in each survey, but biases are likely to be reduced in the

differencingprocess. Nonetheless,the volumesreported here should be used

as indicators,rather than precise measurementsof the sediment budget.

3.3 RESULTS

Water-volumeestimates are listed (Table3.1) in units of millions of

cubic yards, and represent the volume of water (relativeto MLLW) overlying

the respective study areas. Table 3.2 presentsthe deposition and erosion

estimates (changesin sediment volumes) derived from the differencesin water

volumes between selected surveys. Units are listed in millions of cubic

yards, and positive values representan increasein sediment volume (fill or

deposition)during the interval,while negative values indicatea decrease

(scour or erosion). The results are plotted in Figure 3.2.

3.4 COMPARISON WITH COMMITTEEON TIDAL HYDRAULICSREPORT

Changes in sediment volume from 1900 to 1960 were taken from Plate 2 of

the CTH report for zones correspondingto the present study areas. The values
J
-IR
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are plotted in Figure 3.3. Table 3.3 compares the deposition and erosion

estimates of the CTH report with those of the present study for the overlap

period. There is good correspondence, with only a slight offset and change in

slope. A linear regression for five time intervals and the four study areas

had a correlation coefficient (r z) of 0.85 and provided the following

relationship between the two data sets:

' (CTH volumes) = 1.17 x (presentstudy volumes)+ 1.6 x 106 yd3

Becausethe difference in these estimates is within the error bars provided

above, no adjustmenthas been made to the volume changescalculated in the

present study. The results of both studies have been combined by appending

volume changes from the present study to the CTH report data. This was

accomplishedby setting estimatesfor 1959 from the present study equal to the

corresponding1959 estimatesfrom the CTH Report and making no adjustmentsto

the slopes. Figure 3.4 shows the combineddata for the period 1900 to 1990.

3.5 SUMMARy OF SEDIMENT-VOLUMECHANGES

The combined resultsof this study and the earlier CTH report are

summarizedin Figures 3.4 and 3.5 and Tables 3.1 through 3.3. Results for

each of the four areas are discussedbelow. Depositionrates have been

calculatedby dividing volume changes by the size of the area and the length

of the period; these rates have units of ft/yr but should not be confusedwith

the shorelineadvance/retreatrates discussed in Section2.0. Note that the

areas discussed are nearshoreregions (definedby the study areas shown in

Figure 3.1), and do not includethe beach or shoreline.

3.5.1 North Beach

The nearshore area off North Beach is the only study area that has not

experiencedsignificanterosion in the ,ast go yr. As of 1960, the area offl

North Beach had accreted approximately+24 millionyd3. Half of that

deposition occurred between 1944 and 1948 at deposition rates greater than +2
i

ft/yr soon after the reconstructionof the North Jetty in 1942. Since then,

there has been very little change at North Beach. The nearshore area off

North Beach has been eroding at slow rates (-0.04to -0.43 ft/yr) since 1973.

--_!
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3.5.2 Entrance

The Entrancewas erosionalfor about the first third of the 90-yr

period, remained unchanged for the second third, and eroded slowly during the

last 30 yr; Followingconstructionof the South Jetty in 1902, the Entrance

area eroded at rates of up to -I ft/yr until about 1928, losing about -34

million yd3. Between 1928 and 1936, the Entrance accreted slightly,initially

at rates as great at +1.1 ft/yr, but then more slowly, at rates of about +0.3

ft/yr, and regained about +14 million yd3. ErosionOccurred in the Entrance

area between 1936 and 1939 at rates exceeding -2.2 ft/yr, followed by about 10

yr of deposition at slow rates (+0.24 to +0.58 ft/yr). By 1960, the net loss

since 1900 at the Entrancewas about -33 million yd_, virtuallythe same as in

1928. However, since then, the Entrance has mostly eroded and, in 1990, had

lost a total of -40 million yd3. A substantialvolume of dredgedmaterial has

been disposed in the entrance region, as will be discussedin Section 3.7.

3.5.3 South Beach

The pattern of erosion at the nearshorearea off South Beach is very

similar to the pattern in the Entrance. Followingjetty construction,the

area off South Beach eroded until 1928, losing -36 million yd3. Net accretion

occurred until 1943, and the area remained relativelyunchange,'until about

1949, when it had lost a total of -30 millionyd3 since 1900. After that, the

area off South Beach eroded almost continuouslyuntil 1979, at rates between -

0.2 and -1.2 ft/yr. Between 1979 and 1982, the area off South Beach briefly

accreted about +7 million yd3, but since then it has eroded at rates of -0.3

to -0.6 ft/yr. The net loss since 1900 is about -61 million yd3.

3.5.4 Bar

The Bar area has been erosional for virtually the entire gO-yr period,

and has lost the largest amount of sediment. Erosion rates have been

relatively slow, typically -0.3 to -0.8 ft/yr, but continuous, except during

brief depositional periods from 1928 to 1936, 1962 to 1968, 1970 to 1973, and

1985 to 1987. Overall loss in the Bar region since 1900 has amounted to -75

million yd3.
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3.5.5 Total for Four Areas

The long-termtrend for the combined areas is unmistakable. More than

half of the total loss (-97 million yd3) occurred between 1900 and 1928.

Substantialaccretionoccurred between 1928 and 1933, followed by about 5 yr

with little change. Rapid erosion at rates up to -0.8 ft/yr occurred between

1937 and 1939, then the combined areas remained fairly stable until 1944.

Beginning in 1944, deposition at rates up to +0.4 ft/yr occurred for 3 yr and,

in 1948, the net loss in combined area was -64 million yd3. Since then, the

" combined areas have been almost continuouslyerosional, at rates as high as

-0.7 ft/yr. The overall net loss since 1900 amountsto -153 millionyd3, an

average loss of -13 ft over the entire study area, at a rate of -0.15 ft/yr.

3.6 SEDIMENT VOLUMES FOR OUTER BAR

Examinationof the annual conditionsurveys suggeststhat the crest of

Outer Bar first moved seaward into deep water then landward as erosion

continued to decrease the size of the bar. To quantify this apparenttrend,

estimates of changes in the total sedimentvolume were calculatedfor a new

area called the Outer Bar. The

-42-ft contour was chosen to delineate the Outer Bar because it appears on all

of the condition surveys and clearly definesthis feature. The volume of

sediment between -42 ft and MLLW was calculatedby digitizingthe contours and

multiplyingthe area by the averagedepth. Figure 3.6 shows the location of

the -42-ft contour in 1972 and 1990, and shows the boundary consideredin

estimates of sedimentvolume in the Outer Bar. Note that the Outer Bar area

includes substantialportions of the Bar and North Beach areas discussed

above. Figure 3.6 indicatesa significantlandward shift of the -42-ft

contour associatedwith loss of material from the Outer Bar. Sediment volumes

for the Outer Bar area are tabulated in Table 3.5, along with the depositionI

rate. For comparison,the correspondingcombined volumes and depositionrates

for the North Beach and Bar areas are also listed. The estimates indicate
t

that more than -50 millionyd3 of sediment has been lost from the Outer Bar

area between 1973 and 1990. Approximatelyone-half of this came from the Bar

area, and most of this loss occurred between 1987 and 1990 (-12.9million yd3;

Table 3.2). This recent loss of sedimentfollows a nearly continuousloss of
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sediment from the Outer Bar since initialjetty construction,which is

documented in Plate S of the South Jetty RehabilitationGeneral Design

Memorandum (USACE 1965) and in Plate 2 of the CTH report.

3.7 DREDGING AND DISPOSALACTIVITIES

Dredging and disposal records for 1977 through 1991 were provided by

USACE. The quantities of material removed by dredging or added by disposal in

the study areas are summarized in Table 3.4. Note that several Point Chehalis

disposal sites and the South Jetty disposal site are all in the Entrancearea

defined by this study. No dredging or disposal has occurred in the North

Beach or South Beach area. lt is uncertainwhether any of the dredging in the

bar channel occurred within the Bar area but, in any case, the only

significantdredging since 1942 in the bar channel occurred in 1990, too late

to affect the volumes tabulated in the previous sections. Similarly,there

was no significantdredging in the entrance channel until 1990. The volumes

of material placed at the Point Chehalisdisposal sites range between+I and

+2 millionyd_/yr,with greater exceptions. A total of +25.9 millionyd_ was

deposited there between 1977 and 1991, an average of +1.85 million yd3/yrfor

the 14-yr period. Similardisposal amountsprobably apply for preceding

years. The cumulative sedimentloss in the Entrancearea between 1976 and

1990 was -8.0 million yd_. The relativelylarge volume of material placed in

the Entrance area indicatesthat dredged materialsmay be an important

contributionto the sediment budget there, and may help to explainwhy long-

term sediment loss is occurringmore slowly at the Entrancethan at the Bar or

South Beach areas. On the other hand, most of the dredged materialsplaced at

Point Chehalis are fine-grainedsedimentsfrom upriverdredging, and only the

sand fraction (possiblyI0%) is expected to remain in the high-energyEntrance

region. The contributionof dredged materialsto changes in sediment volumes

is further discussed in Section 5.0.
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TABLE 3.1. DigitizedWater Volumes for Study Areas (I0B yd3)

North South
Year Beach Beach Bar Entrance

1900 27.571 (a) 78.572 81.134 78.177
1942 35.534 106.318 102.882 99.218
1948 30.896 104.751 112.635 90.857
1953 30.859 107.532 121.533 95.210
1956 31.403 111.542 124.225 99.043 .
1959 29.183 115.274 127.365 101.218
1962 29.423 118.443 132.261 99.538
1965 28.279 120.709 132.069 101.982 .
1968 28.255 119.337 131.013 100.475
1970 26.667 127.976 135.822 103.002
1973 25.785 132.380 130.160 99.285
1976 26.537 134.277 135.508 102.829
1979 27.111 137.174 137.139 101.788
1982 27.279 128.231 140.037 106.194
1985 28.135 131.216 143.284 106.012
1987 28.858 135.841 139.453 107.492
1990 30.657 140.116 152.346 110.744

Increase in water volumes indicate loss of sediment.

TABLE 3.2. Deposition (+) and Erosion (-) EstimatesBetween-lndicatedYears
(10° yd°)

Period North South

(years) Beach Beach Bar Entrance

1900-42 -8.0 -27.7 -21.7 -21.0
1942-48 +4.6 +1.6 -9.8 +8.4
1948-53 -3.0 -2.8 -8.9 -4.4
1953-56 +2.5 -4.0 -2.7 -3.8
1956-59 +2.2 -3.7 -3.1 -2.2
1959-62 -0°2 -3.2 -4.9 +1.7
1962-65 +1.1 -2.3 +0.2 -2.4
1965-68 0.0 +1.4 +1.1 +1.5
1968-70 +1.6 -8.6 -4.8 -2.5 .
1970-73 +0.9 -4.4 +5.7 +3.7
1973-76 -0.8 -1.9 -5.3 -3.5
1976-79 -0.6 -2.9 -1.6 +1.0 .
1979-82 -0.2 +8.9 -2.9 -4.4
1982-85 -0.9 -3.0 -3.2 +0.2
1985-87 -0.7 -4.6 +3.8 -I.5
1987-90 -I.8 -4.3 -12.9 -3.3
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TABLE 3.4. Summary of Net Dredging (-) and Disposal (+) Sediment Volumes by
Study Area

Point South
Year Bar Entrance Chehalis Jetty.

(106vd3) _I06vd3) (106yd3) ii06 vdj)

1977 ___(a) _.. +0.71 ---
1978 ....... +1.87 ....
1979 ...... +2.62 ---
1980 ...... +1.43 ---
1981 ...... +1.41 ....
1982 ...... +1.69 ---
1983 ...... +1.45 ---
1984 ...... +1.85 ---
1985 ...... +1.76 ---
1986 ...... +1.99 --o
1987 ...... +1.48 ---
1988 -0.03 -0.06 +1.56 +0.09
1989 ...... +1.23 ---
1990 +1.21 +0.40 +4.16 +0.97
1991 +0.45 +0.45 +0.71 +1.11

Missing values are zero.

TABLE 3.5. Deposition (+) and Erosion (-) Estimatesfor Outer Bar Area and Sum
of North Beach and Bar Study Areas

North North
Beach Beach

Outer Bar Outer Bar Outer Bar plus Bar plus Bar
Period Area Volume Deposition Volume Deposition
(vears) (106ft2) (106vd3) (ft) (106yd3) (ft)

1970-73 280.3 +11.3 +1.08 +6.6 +1.38
1973-76 281.4 -I0.6 -1.03 -6.1 -I.27
1976-79 265.8 -16.4 -1.67 -2.2 -0.46
1979-82 255.9 +2.4 +0.24 -3.1 -0.65 •
1982-85 251.9 -7.6 -0.81 -4.1 -0.86
1985-87 248.8 -3.1 -0.32 +3.1 +0.65
1987-90 223.3 -16.2 -1.94 -14.7 -3.08 .
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4.0 pHYSICALOCEANOGRAPHICE.N..VIRONMENT

This section summarizesthe prevailingphysical oceanographicconditions

at the entrance to Grays Harbor and discusseslong-termvariability.

4.1 WINDS, CURRENTS,AND TIDES

The seasonalwinds and coastalcurrents for the coast of Washington are

described in Barnes et al. (1972) and Hickey (Igsg). A brief summary is

provided below.

4.1.1 Winds and Coastal Currents

During winter (NovemberthroughMarch), winds on the Washington coast

are typically southerlyor southwesterly,and Frequentlystrong. Gale- or

storm-forcewinds occur 5% to 8%of the time. Summer winds (May through

September)have generally lower speeds,and blow from northerlyor

northwesterlydirections. October and April are usually transitionmonths

betweenwinter and summer conditions.

Coastal currents respond fairly rapidly to local winds, ahd thus tend to

follow the prevailing seasonalwind patterns,but there is considerable

variabilityover short-term intervals. Mean surfacecurrents flow northward

in the winter and southwardin the summer. Typical curr_nt speeds measured by

various methods indicateaverage flows of 10 to 20 cm/s to the north during

winter. Flow velocitiesduring summer are weaker, averagingabout 5 cm/s to

the south.

Direct measurementsof bottom currents are very limited,but releasesof

bottom drifters off the mouth of the Columbia River indicatea northwarddrift

over the bottom during the winter, lt has also been noted that bottom

drifters released on the inner continentalshelf in this region (depthslessQ

than 100 ft) tend to move onshore. Bottom drifters released in deeper waters

, (100 to 500 ft) tend to move north.

4.1.2 Tide Heiqht and Tidal Currents

Tides on the Washington coast near Grays Harbor are mixed semidiurnal
!I
| with two high tides of unequal heightseach day. The mean diurnal range

]
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between the higher high water and lower low water each day is 9.0 ft at Point

Chehalis. The tidal range undergoes a fortnightly(14-day) spring-neapcycle,

with a 12.0-ft spring-tiderange.

Tidal currentsthrough the entrance to Grays Harbor are stronger near

the surface than at the bottom. Typical current speeds during maximum flood

and ebb for mean tidal range are listed in Table 4.]. The maximum ebb

currents exceed flood currents flows by 20% to 50%. This ratio changeswith

the seasonal cycle of river discharge; the differencebetween ebb and flood is

greater during periods of high river flow, which typicallyoccur in winter and

spring.

Model studiesof currents near the entrance to Grays Harbor, performed

in a large physicalmodel of the estuary (USACE 1972), indicate that currents

flowing along North Beach are directed to the south (towardthe North Jetty)

during both flood and ebb tidal stages,apparentlybecause of the formationof

a clockwise circulatingeddy. The eddy forms during ebb tide, centered

northwestof the North Jetty terminus. A similareddy forms off the South

Jetty. but this eddy rotates counterclockwise,is less well-defined,and is

centered farther offshore,southwestof the South Jetty terminus. During ebb

tide, the main axis of the current flows westward out the entrance,directing

a jet-like feature against the outer bar and into the offshore coastalwaters.

The North and South Jetties serve as effectivetraining structuresin

confining and aligning this ebb current. During flood tide, water flows

toward the entrance from all directions (north, south, and west) in a radial

pattern, with currents flowing past the tips of the Jetties and over the

submerged portions of degraded sections.

4.2 WAVES

Ocean waves are the dominant source of energy for resuspensionand

transport of sedimentsalong the coast. Wave-orbitalmotions near the bottom

resuspend sedimentsand make them availablefor transport by prevailing

coastal, tidal, or wave-inducedcurrents. When waves approach the coast at an

angle, a longshoredrift is establishedthat transports sedimentsin the

nearshore region along the coast, usually away from the directionof wave

approach. Longshore-driftpatterns can be very complex, becausethey are
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strongly affected by local topography, offshore bathymetry, and the

interaction of wave phenomenonthat arise as the incident waves interact with

each other and with the bathymetry and nearshore currents. However, on

relatively straight sections of the coast, like the beaches north and south of

Grays Harbor, the longshore drift of sediment is strongly controlled by

incident wave angles, and the rate of transport depends strongly on wave

• energy. In this section, wave data are examined to determine whether changes

in incident waves correlate with episodes of erosion or deposition at the

• entrance to Grays Harbor.

4.2.1 Sources of Wave Data and Periods of Coveraqe

Wave data were obtained from several sources for various periods since

1956. The longest continuous time series of wave information was obtained

from the Wave Information Studies (WIS), prepared by the USACECoastal

Engineering Research Center (Jensen et al. 1986). The WIS data are products

of numerical wave-model hindcasts performed in three phases. In Phase I,

large-area synoptic atmospheric pressure fields are used as input. From

these, the model produces 20-yr time histories (1956 through 1976) of surface

winds and deepwater wave conditions for grid points along the U.S. coasts. In

Phases II and III, the calculated deepwater waves are numerically propagated

across the continental shelves to provide 20-yr histories of wave conditions

at lO-m depths every 10 nmi along the coast. The WIS data for Station 16

(47°N, 124.18°W) were used here to represent conditions near the entrance to

Grays Harbor. The WIS data provide estimates of significant wave height,

dominant wave period, and average direction of the dominant waves at 3-h

intervals for the 20-yr period. Also reported in the WIS calculations, but

not considered in this study, are the significant heights of the swell and sea

components, their periods, and the wind speed and direction.

• Measurementsof waves offshore Grays Harbor and Long Beach, Washington,

provided additional informationfor the period 1982 through 1992. These data

• were collected as part of the Coastal Data InformationProgram (CDIP),

sponsoredby the USACE and California Departmentof Boating and Waterways,and

operated by the Ocean EngineeringResearch Group of the Marine Research

Division at Scripps Institutionof Oceanography. The CDIP data have been

=i| acquired from accelerometerbuoys and pressure-gaugearrays at various west-
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coast locations for up to 16 yr. The Grays Harbor wave data were measured by

an accelerometerbuoy, and provide3-h measurementsof significantwave height

and dominant wave period (no wave direction information). Data are available

from the Grays Harbor buoy intermittentlyfor the period 1982 through 1992,

with some long gaps between 1983 and 1985, and many shortergaps. The Long

Beach wave data were acquired by a bottom-mountedpressure-gaugearray that

provideswave-directionestimatesas well as significantwave heights and

dominant periods. The Long Beach data set provides coverage for 1984 through

1987, with partial coverage for 1988 and 1991 through 1992.

4.2.2 Wave Heiqhts, Period, and Direction

Time series of WIS hindcastwave data are illustratedin Figures 4.1a,

b, and c. Figure 4.1a shows the significantwave height at Station 16 for the

entire 20-yr interval (1956 through 1976); Figure 4.1b dominant period, and

Figure 4.1c shows the averagedirection. Significant-wave-heightdata from

the Grays Harbor Buoy and the Long Beach array are shown in Figures 4.2a and

4.2b. As these plots demonstrate,there are only limitedwave data available,

and only the WIS hindcastsprovide time series long enough for comparisonwith

historicalchanges in depositionand erosion.

4.2.3 Wave Power

Sedimentsare more easily moved by large waves. Wave power, which is

the rate at which wave energy moves in the directionof wave propagation,is a

measure of wave size that incorporatesboth height and period and is

particularlyrelevant to sedimenttransport (Komar 1976). The rate at which

energy is transmittedin the directionof wave propagation,i.e., wave power

P, is

p = I pgHZCn ( 1)
8

where p is water density, g is gravitationalacceleration,H is wave height,

C is celerity (phase speed), and
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n = 1, , (2)
sinh(2kh)

where k is 2_/_.(thewavenumber),in which _.is wavelength,and h is water

depth. The term n has a value of _ in deep water and gradually increasesto I
t

in shallowwater. In deep water, phase speed depends on period T"

c - gT (3)
2_

so Equation (I) can be simplifiedto

Ii

II P = cH2T (4)

where c is a constant. Thus H2T is proportionalto wave power, and provides,

for deep water, a consistent relativemeasure of the abilityof waves to move

sediment. Plots of H2T (hereafterreferredto as wave power; the constant c

will be ignored)were made for the availabledata. Longshoredrift is

sensitiveto the angle of wave incidence,and long-termchanges in the

alongshore componentof wave power would directly affect nearshore sediment-

transport rates and possibly directions.

Time series of monthly averagewave-powerat WIS Station 16 are shown in

Figure 4.2a, b, and c. In the top panel (Figure4.2a.), vectorspointing

. straight up denote waves from due west; vectorstilting to the right indicate

a northerly componentof wave approach,and vectors tilting to the left

indicate a southerlycomponent. Time series of the componentof wave power

perpendicularto shore is plotted Figure 4.2b., and the alongshorecomponent

(positivevalues indicate northerlywave approach) is plotted in Figure 4.2c.

(on an expanded scale). The seasonalvariationin magnitude and directionof

! wave power is apparent in Figure 4.2. Largestwaves occur in winter, usually
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with a significantsoutherlycomponent. Three of the four months with the

most wave energy show a southerlyapproach;however, northerlywave approaches

occur more frequently.

Monthly averagewave power at the CDIP instrumentsis plotted in

Figure 4.3. Only months with more than 10 days of data are includedon the

plots. In the upper panel, data from the Grays Harbor Buoy are shown. No

directional informationis acquired by this instrument. In the bottom panel,

data from the Long Beach pressure-gaugearray are shown, and the direction

informationhas been omitted to allow more direct comparisonwith the Grays

Harbor Buoy.

Wave data from WIS and CDIP are also summarized in Figure 4.5, with a

time scale suitable for comparisonwith the sediment-volumedata. Strict

comparisonof wave-modelhindcastswith measuredwave data is not possible

because of the differenttime intervals,but qualitativeobservationssuggest

that the mean monthly values hindcast by the WIS model are higher than

observed values. On the other hand, the hindcast values do not containthe

high maximum values observed with the CDIP instruments. Because the WIS model

uses large-scaleatmosphericpressure fields, it produces smooth results,

whereas the measurementsdisplay greater range and variability in wave

conditions.

Not shown in the wave data are large-waveevents that occurred in

November 1988 and January and March 1990, and probably caused much of the

recent erosion at South Beach. Significantwave heightsat the Grays Harbor

Buoy peaked above 8 m on these occasions.

4.3 LONG-TERMOCEAN CLIMATE

Long-termchanges in climate are likely to affect physical processeson

the Washington coast. The best-documentedexamples includedecade-scale °

variations in sea-surfacetemperatureand river flow. To the extent that

winds and storm tracks are affected by these climatevariations,wave energy

will also vary. To search for correlationsamong long-termclimatechanges

and erosion at Grays Harbor, severalclimatic indiceswere investigated.
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4.3.1 PacificNorthwest Index

Ebbesmeyeret al. (1989)developedthe PacificNorthwest (PNW) Index,

which is an annual index based on sea-surfacetemperatures(SST) on the

Washingtoncoast and in Puget Sound, and snow-packdepths in the Cascades.

The PNW Index calculatedby Ebbesmeyeret al. (1989) for 1915 to 1988, and the

5-yr running average of this series, are shown in Figure 4.6a. The PNW Index

correlateswell with atmosphericand oceanographicparameters,includingsea-

level atmosphericpressure over the north Pacific and circulationin Puget
a

Sound. In particular,a significantcorrelationwas found among the frequency

of occurrenceof higher wind speeds and southerlywinds and negative values of

the PNW Index. This impliesa correlationbetweennegative values of the PNW

index and higher frequencyof occurrenceof winter storms. Thus the PNW Index

was chosen as a candidate indicator,potentiallyimportantto wave-driven

sedimenttransport along the Washingtoncoast.

4.3.2 Central North Pacific Index

Another climate index is the Central North Pacific (CNP) Index,

calculated by Cayan and Peterson (1989),and found to correlatewell with

river flow around the northeastPacific. The CNP Index is an average of the

sea-levelatmosphericpressure anomaliesat two locations,one south of the

Aleutian Islandsand the other in the western Gulf of Alaska. Positivevalues

tend to correspondto stormieryears. The smoothedCNP Index is plotted in

Figure 4.6b. lt is well correlatedwith the PNW Index when the sign of one of

the indices is reversed. Some correlationamong the CNP Index and the WIS

wave data is evident. Specifically,the low wave-powerwinters of 1964-1965

and 1968-1969correspondto minima in the CNP Index, or maxima in the PNW

Index. Longer time series of actual wave data would be needed to confirm a

correlationamong either index and wave regime.

4.3.3 El NiBQ

. El NiNo is an oceanographicphenomenondefined by the appearanceof

unusuallywarm surfacewater off the coast of Peru. The warm water indicates

decreased upwelling,and is symptomaticof an episodic shift in atmospheric

pressure across the equatorial Pacificcalled the Southern Oscillation.

Large-scalechanges in the weather around the Pacific are associatedwith the
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occurrence of El Nifloand the Southern Oscillation,and recent studies

indicate that, during strong El Nino years, measurable changes in the weather

and ocean occur in the PacificNorthwest. Phipps (1990) summarizesthe

significantEl Ninos since 1900 and discussesthe potential significancefor

the Washington coastal environment. The list of El NiMos, categorizedas

strong or medium in intensityby Komar 1986 (cited in Phipps 1990), are listed

in Table 4.2.

Anomolously higher sea levels,warmer sea-surfacetemperatures,and

stronger northward currents across the Oregon and Washingtonshelves have been

observed during El Nino years (Huyer and Smith 1985). No clear association

with El Nino and wave energy has been established,but the strong El Nino of

1982-1983appeared to have a significanteffect on the Oregon and Washington

coasts (Komar 1986). Coastal sea levels were elevated over the usual winter

levels by approximatelyI ft. Winter storms,waves, and storm surges were

also more severe than normal during this period, resultingin significantly

more coastal erosion than normally occurs. Seymour (1983)reports that

January, February,and March 1983 was a particularlystormy period,during

which extraordinarywaves were measured at the CDIP gauges and buoys in

California. Phipps (1990) notes that, during that winter, about two-thirdsoF

the foredunewas eroded along a section of beach in the southernGrayland

coastal area (15 mi south of Grays Harbor).

4.3.4 Long-Term Sea-LevelChanqes

Long-term trends of average sea level around the U.S. coast indicatean

average rate of rise of about 0.06 in./yr since 1940 (Hicks 1978). However,

tectonic uplift along the Washingtoncoast is believed to exceed this amount,

resulting in a slow sea-levelfall of about 0.02 to 0.004 in./yr (Ando and

Balazas 1979; Chelton and Davis 1982; Lyles et al. 1988). These estimated

rates are small and unlikely to have a measurableeffect on sedimentationnear o

- the entrance to Grays Harbor, even on an historicaltime scale.

4.3.5 Sediment SuDplv

The rate at which sediment is suppliedto the study area is likely to

have a significanteffect on rates of erosion or deposition. Sources of

sediment includethe rivers draining into Grays Harbor, erosion of the
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coastlinewithin Grays Harbor, and longshoretransportalong the Washington

coast beaches. Although studies indicatethat loggingpracticeshave

increasedthe sediment suppliedby local rivers (Kehoe 1982), most of this is

fine-grainedmaterial unlikely to accumulatenear the entrance. No

measurementsof shorelineerosionwithin Grays Harbor have been reported,but

shorelineerosion is unlikely to provide large quantitiesof sediment. The

' largest term in the sedimentbudget at the Entranceto Grays Harbor is likely

to be the rate of alongshoretransportfrom adjacentcoastal regions.

• Much of the sediment found on beaches, in nearshoreregions, and on the

continentalshelf of Washington has, as its origin, the Columbia River system

(Nittrouer1978). There has been speculationas to whether decreases in

Columbia River sediment dischargehave occurred as a result of dam

construction,and whether that decrease has affected the sedimentbudget of

Washington beaches (e.g., Phipps 1990). Sherwoodet al. (1990)reviewed the

sediment budget of the river and concludedthat the dams have probably reduced

the sand supply to the estuary by 30%. More important,changes near the

entrance to the Columbia River occurred that are similar to those described

here for Grays Harbor. Large volumes of sedimentsmoved soon after initial

constructionof the jetties, injectinga pulse of sediment into the longshore

system. More recently,sediment has been slowly removed from the outer bar

and, as the system approachedequilibrium,changes are occurringmore slowly.

A reasonable hypothesis is that sediment supply from the Columbia River

entrance region has decreased, and that decrease in supply has affected the

Grays Harbor entrance sediment budget, but data that could confirm that

hypothesis are not available.
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TABLE 4.1. Current Speeds in the Entrance to Grays Harbor(a)

Tide Surface Bottom

Flood 3.0 ft/s 2.5 ft/a
(0.91 m/s) (0.76 m/s)

Ebb 4.5 ft/s 3.0 ft/s
(1.40 m/s) (0.91 m/s)

(a) From CTH (1967)

TABLE 4._. El NifioEpisodes(a)

Period Cateqory

1902 Medium
1905 Medium

1911-12 Strong
1914 Medium

1918-19 Strong
1925-26 Strong
1929-30 Medium
1939 Medium
1941 Strong
1953 Medium

1957-58 Strong
1965 Medium

1972-73 Strong
1976 Medium

1982-83 Strong
1987 Medium

(a) From Komar (1986)
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5.0 CONCLUSION

Data gathered in this study show that the recent (last 6 yr) rate of

shorelineretreat on the seawardside of South Beach (between-47 and -62

ft/yr) exceeds the long-termaveragerate of retreat,which has been about

-3 ft/yr since 1949 (Table 2.3). The shorewardside of South Beach has also

' retreated at rates as high as -18 ft/yr (Table 2.2), much higher than the

average rate of -13 ft/yr since 1949. Erosion of Half Moon Bay is clearly

" associatedwith removalof the inner portionof South Jetty. The combined

attacks on South Beach have left it less than 350 ft wide at its narrowest

section (Figure1.2).

Becausebeaches are dynamic features,short-termchanges in shoreline

position are normal. Analysis of the nearshorearea off South Beach, however,

demonstratesthat there has been a consistent,long-termloss of sediment

(Table 3.2, Figures3.4 and 3.5) amountingto -60 millionyd3. The long-term

loss of this sediment from the region off South Beach reduces the likelihood

that the observed shorelineretreat is a short-termphenomenonthat may soon

reverse. The CTH (1967) argues that accretiontends to occur at South Beach

followingconstructionor rehabilitationof the South Jetty. As Figure 5.1

shows, the accretionepisodes do not exactly correspondto construction

periods and, in any case, they are short-lived,comparedto the long-term

trends, lt seems likely that erosion of the South Beach will continue.

Sediment loss also occurred in most of the other offshore study areas.

A combined loss of about -150 millionyd3 since 1900 was measured for the four

offshore study areas. Only North Beach has accumulatedsediment,but the

trend in the area off North Beach has been flat or erosionalsince 1975. The

morphologychanges associatedwith the measured sediment losses are dominated

. by erosion of the outer bar, a remnant of the ebb-tidaldelta. The outer bar

was initiallyforced seawardas the entrance channel deepened,but has since

eroded even more, resulting in a landwardmigrationof the bar crest (Figure

3.6).

:| Ine underlying cause(s) for ]ong-b_r'll, ]u_ u, Sedllll=nb I IUIII the Grays
Harbor system cannot be established with certainty from this study. Figure

| 5.1 summarizesthe availableevidence. While wave energy has varied and is

-i
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correlatedwith long-term fluctuationsin the regional climate of the North

Pacific, no direct link between storm activityand long-termtrends in

depositionor erosionwas found in this study. Long-termvariationsin wave

direction do not appear in the WIS hindcasts (Figure4.2c.). The storms of

1983 were associatedwith a large El Nino episode, but the storms of early

1990 that caused significanterosion on the Washington coast preceded the

present El Nino episode of 1991-1992. The constructionof the jetties caused

major changes to the natural system, includinginitial accretionof North and

South Beaches, the deepeningof the entrance channel. Changes in the outer

bar are also the result of jetty construction. Long-termloss of sediment

from the entrance region and outer bar are thereforerelated to jetty

construction. The system is apparentlystill equilibrating80 yr after

constructionof the South Jetty.

The erosional trends observed at the entrance to Grays Harbor may also

be coupled to a large-scalelittoral sedimentbudget for the entire Washington

coast. Although the data from this study cannot address such large-scale,

long-term events,one hypothesis is that fluctuationsand long-termtrends in

the supply of sediment from the Columbia River system travel northwardas

pulse-like phenomena, lt will be very difficultto prove this hypothesis,

because the intermittentnature of storm erosion and fair-weatherdeposition

complicate the time-varyingsedimentsupplies from the longshoresystem, and

these two sources of variation combinewith man-_Jadeshifts in the system to

completely hide systematicchanges in the sediment supply. Interestingly,

Phipps (1990) shows that the beachesnorth of Grays Harbor have accreted

rapidly since 1978, growing more than 500 ft in places. New beacheshave

grown out from seacliffs in areas north of Copalis Rocks, and it is plausible

that some of this sand has come from the Grays Harbor region.

The importantresultsof this study are that the alarming erosion rates

at South Beach are part of a much more significant,long-termloss of sediment

for the system as a whole. The erosion is not clearly related to any long-

term changes in sea level or wave energy. Although the long-termerosion may

be relatedto long-termchanges in sediment supply, it is most likely part of
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