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ABSTRA C T |

RUGGIERO, P.; KAMINSKY, G.M.; GELFENBAUM, G., and VOIGT, B., 2005. Seasonal to interannual morphodyn-
amics along a high-energy dissipative littoral cell. Journal of Coastal Research, 21(3), 553-578. West Palm Beach
(Florida), ISSN 0749-0208.

A beach morphology monitoring program was initiated during summer 1997 along the Columbia River littoral cell
(CRLC) on the coasts of northwest Oregon and southwest Washington, USA. This field program documents the sea-
sonal through interannual morphological variability of these high-energy dissipative beaches over a variety of spatial
scales. Following the installation of a dense network of geodetic control monuments, a nested sampling scheme con-
sisting of cross-shore topographic beach profiles, three-dimensional topographic beach surface maps, nearshore bathy-
metric surveys, and sediment size distribution analyses was initiated. Beach monitoring is being conducted with state-
of-the-art real-time kinematic differential global positioning system survey methods that combine both high accuracy
and speed of measurement. Sampling methods resolve variability in beach morphology at alongshore length scales of
approximately 10 meters to approximately 100 kilometers and cross-shore length scales of approximately 1 meter to
approximately 2 kilometers. During the winter of 1997/1998, coastal change in the US Pacific Northwest was greatly
influenced by one of the strongest El Nifio events on record. Steeper than typical southerly wave angles resulted in
alongshore sediment transport gradients and shoreline reorientation on a regional scale. The La Nifia of 1998/1999,
dominated by cross-shore processes associated with the largest recorded wave year in the region, resulted in net beach
erosion along much of the littoral cell. The monitoring program successfully documented the morphological response
to these interannual forcing anomalies as well as the subsequent beach recovery associated with three consecutive
moderate wave years. These morphological observations within the CRLC can be generalized to explain overall system
patterns; however, distinct differences in large-scale coastal behavior (e.g., foredune ridge morphology, sandbar mor-
phometrics, and nearshore beach slopes) are not readily explained or understood.

ADDITIONAL INDEX WORDS: Beach surveys, El Nirio, global positioning systems, La Nifia, morphology monitoring,
nearshore bathymetry, Oregon State, sandbar, shoreline change, Washington State.

long-term beach change is the net migration of the shoreline
over time (Figure 1), in which the shoreline position is typi-
cally defined in terms of either a proxy-based horizontal ref-

and coastal morphology occurs over a wide range of time and
space scales; temporal responses range from tens of seconds
(wave cycles) to interannual or decadal climatic variations (E1
Nifio Southern Oscillation and Pacific Decadal Oscillation),
whereas spatial scales range from centimeters (ripples) to
hundreds of kilometers (littoral cells). This range of scale pre-
sents a challenge for adequate sampling of the coastal system
that must be overcome in order to provide results relevant to
an improved understanding of large-scale coastal behavior
and coastal management decision making.

The long-term evolution of the subaerial beach is typically
of principal interest to coastal scientists and managers be-
cause of its proximity to expensive upland properties and
community infrastructure. The most common measure of

DOI:10.2112/03-0029.1 received 08 April 2003; accepted in revision
24 February 2004

erence feature, such as the high water line delineated from
topographic maps or aerial photographs (e.g, CROWELL,
LEATHERMAN, and BUCKLEY, 1991; DoLAN, HAYDEN, and
Heywoob, 1978), or a datum-based shoreline extracted from
ground or airborne surveys (RUGGIERO, KAMINSKY, and GEL-
FENBAUM, 2003; STOCKDON et al., 2002). A time series of
shoreline position estimates is often extrapolated to predict
future coastal change (DoucLas and CROWELL, 2000; Ka-
MINSKY et al, 1999a), and thus coastal vulnerability. How-
ever, the subaerial beach can be extremely dynamic, with the
potential for tens of meters of shoreline recession or progra-
dation occurring over periods of hours to days. Therefore, pre-
dictions of future shoreline positions are significantly en-
hanced with a detailed understanding of the short-term var-
iability of beach morphology (MorTON and SPEED, 1998;
RuGGIERO, KaMINSKY, and GELFENBAUM, 2003; SMITH and
ZARILLO, 1990). Quantifying the seasonal to interannual var-
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Figure 1. Conceptual diagram illustrating the motivation for a nested sampling scheme for monitoring beach change. The horizontal arrows represent
approximate timescales for cross-shore morphological change. The horizontal and vertical scales shown are representative of CRLC beaches. The tidal
datums mean higher high water (MHHW), mean sea level (MSL), and mean lower low water (MLLW) are shown at their approximate elevations.

iability of shoreline positions allows for the separation of
long-term shoreline change trends from short-term noise
when performing shoreline change analyses.

The subaerial beach, however, is only a small percentage
of the active coastal zone (Figure 1). To develop reliable un-
derstanding and predictive capabilities of coastal change,
knowledge of the subaqueous beach and upper shoreface var-
iability is also necessary. Measurements within this portion
of the active coastal zone are much more difficult and expen-
sive, and relatively few large-scale long-term data sets exist
worldwide (e.g., the Jarkus data set along the Dutch eoast;
RurssiNK and KrooN, 1994) and data from the Field Re-

-search Facility (FRF) in Duck, North Carolina (BIRKEMEIR,
1985; PrLaNT, HoLMAN, and FrREILICH, 1999). Because off-
shore sandbars dissipate wave energy and provide a buffering
capacity that protects the subaerial beach, the temporal var-
iability of nearshore morphology (i.e, position and height of
sandbars and nearshore beach slope) could affect the suscep-
tibility of the shoreline to the erosive power of waves (e.g.,
KoMAR, 1998; RUGGIERO et al., 2001). However, the large-

scale behavior, both in space and time, of sandbars and near-
shore morphology is just beginning to be understood.

The existing large-scale long-term nearshore morphology
data sets reveal more complex behavior than originally
thought to exist. For example, interannual change contrib-
utes significantly to the overall nearshore morphological var-
iability via the slow cross-shore migration of sandbars (Lipp-
MAN, HoLMmaN, and HATHAWAY, 1993; PLANT, HOLMAN, and
FRrEILICH, 1999; RUESSINK and KROON, 1994; SHAND, BAI-
LEY, and SHEPARD, 1999). This observation suggests that
many existing deterministic profile change models (e.g., VAN
RIGN et al, 2003), which assume that morphodynamic re-
sponse occurs at the timescale of wave climate variability, are
inconsistent with a considerable fraction of nearshore mor-
phological variance. Other studies have shown no demonstra-
ble link between spatial changes in environmental conditions,
hydrodynamic forcing parameters or grain size, and regional
differences in large-scale long-term sandbar behavior (Wi-
JNBERG, 2002). These shortcomings are particularly serious
because much of our knowledge of nearshore morphodyn-
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amics comes from experiments on the timescale of storms and
poststorm recovery (WIJNBERG and KrROON, 2002). However,
an understanding of coastal change over interannual and de-
cadal timescales is often most relevant to societal decisions
regarding human interaction with the dynamic nearshore en-
vironment.

Many of the world’s beaches exhibit significant three-di-
mensional beach morphology (KOMAR, 1998), implying that
knowledge of the alongshore variability of the coastal plan-
form is also important. For example, a coastal property can
be fronted by a rip current that results in frequent wave im-
pact at the toe of the dune or bluff, while only tens of meters
away on either side of the rip embayment, the toe of the back-
shore could be buffered by a wide stable beach. Alongshore
gradients in offshore sandbar position and geometry have
also been hypothesized to be responsible for alternating re-
gions of vulnerability and resilience along the coast (LisT and
FERRIs, 1998; RUGGIERO et al., 2001).

To effectively manage a host of complex coastal problems
and make decisions on the basis of technically sound and le-
gally defensible information, it is necessary to quantify mor-
phological variability at multiple scales within the coastal
zone. Comprehensive beach measurement programs have en-
hanced decision making in the coastal zones of populous
states such as Florida (OFFICE OF BEACHES AND COASTAL
SysTEMS, 2001), South Carolina (GAYES et al, 2001), and
Texas (MORTON, 1997). These programs typically consist of
topographic and bathymetric surveys (GORMAN, MORANG,
and LARSON, 1998), sediment sampling (LARSON, MORANG,
and GORMAN, 1997), remote sensing of shoreline positions
(aerial photography or lidar), and in situ measurements of
environmental processes such as currents, waves, and sedi-
ment transport (MORANG, LARSON, and GORMAN, 1997). Un-
til recently, the historical trend of prograding beaches in
proximity to the Columbia River in the US Pacific Northwest
(Figure 2) limited the demand for coastal monitoring. Initial
attempts at creating a US Pacific Northwest regional coastal
database (PETERSON et al., 1994) and fragmented efforts by
resource management agencies were the only sources of
beach morphology data for the high-energy dissipative beach-
es of the CRLC as of the mid-1990s.

In recent years, erosion problems have become increasingly
significant throughout the CRLC and tens of millions of dol-
lars have been spent attempting to thwart coastal erosion
(KaMmINsSKY and GELFENBAUM, 1999). To fill the coastal pro-
cesses knowledge gap, a nested, regional beach morphology
monitoring program (RUGGIERO et al., 1999; RUGGIERO and
VoicT, 2000) was initiated in summer 1997. The primary
goal of this monitoring program is to provide morphological
observations at sufficient temporal and spatial resolution to
link our understanding of small-scale sediment transport pro-
cesses with large-scale coastal change. The specific objectives
of the monitoring program are to:

@ quantify the short- to medium-term (seasonal to interan-
nual) beach change rates and morphological variability
along the CRLC and assess the processes responsible for
beach change at these and other scales;

@ collect beach state data (i.e, grain size, beach slope, and

dune and sandbar height and position) to enhance the con-
ceptual understanding of CRLC functioning and refine
predictions of future coastal change and hazards;

@ compare and contrast the scales of environmental forcing
and beach morphodynamics in the CRLC to other coast-
lines of the world; and

@ provide beach change data in an appropriate format to
decision makers.

In this paper, we discuss the techniques employed in the
monitoring program, evaluate the sampling scheme, and pre-
sent results from the first 5 years of the field campaign that
quantify both the temporal and spatial morphodynamic var-
iability of the littoral cell.

THE COLUMBIA RIVER LITTORAL CELL

The CRLC extends approximately 165 kilometers between
Tillamook Head, Oregon, and Point Grenville, Washington,
and consists of four concave-shaped prograded barrier plain
subcells separated by estuary entrances of the Columbia Riv-
er, Willapa Bay, and Grays Harbor (Figure 2). Wide, gently
sloping beaches characterize the region, with sands having
been derived from the Columbia River, the third largest river
in the United States by discharge. Broad surf zones with mul-
tiple sandbars characterize the fully dissipative (WRIGHT and
SHORT, 1983), infragravity energy-dominated nearshore zone
of the CRLC. The beaches are backed predominantly by pro-
graded dune fields and swales and by sea cliffs along the
northern half of the North Beach subcell (Figure 2). The pro-
graded barrier beaches along this tectonically active coastal
margin have experienced episodic erosion (MEYERS et al,
1996) and sudden subsidence events (1 to 2 meters) associ-
ated with large earthquakes of approximately 500-year re-
currence intervals (ATWATER et al., 1995), the last such event
occurring in 1700. Anthropogenic influences, including jetty
construction in the late 1800s and early 1900s at the entranc-
es to the Columbia River and Grays Harbor (BurssMmaN, Ka-
MINSKY, and GELFENBAUM, 2003; GELFENBAUM et al., 2001;
KAMINSKY et al., 1999a and b) and dam construction on the
Columbia River during the 20th century (GELFENBAUM et al.,
1999), had a significant effect on the natural sedimentary
dynamics of the CRLC coastal system.

The CRLC is well known for the severity of its wave climate
(ALLAN and KOMAR, 2000, 2002; RUGGIERO et al., 1997; TIL-
LOTSEN and KOMAR, 1997), with deep-water significant wave
heights and periods having annual averages of 2.2 meters
and 10.4 seconds, respectively, but with winter storms gen-
erating significant wave heights of up to 14 meters (ALLAN
and KomaRr, 2002). High, long-period waves (averaging ~3
meters in height and 12 to 13 seconds in period), high water
levels, and a west-southwest direction of wave approach char-
acterize the winter months (November through February),
whereas smaller waves (1.2 meters and 8 seconds), lower wa-
ter levels, and wind and waves from the west-northwest are
the typical summer (May through August) conditions (Figure
3). Tides along the CRLC are mixed semidiurnal with a 2- to
4-meter tide range. Water levels also have a distinct seasonal
cycle, measuring approximately 30 centimeters higher during
the winter than during summer months (Figure 3a). At pre-
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Figure 2. The CRLC cell stretches approximately 165 kilometers from Tillamook Head, Oregon, to Point Grenville, Washington. The locations of topo-
graphic beach profiles, topographic beach surface maps, nearshore bathymetric profiles, long-term tide, and long-term wave gages are shown.
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Figure 3. Monthly mean (a) water levels measured at the NOS Toke
Point tide gage in Willapa Bay relative to the land-based NAVD 88 da-
tum, (b) significant wave height, (c) period, and (d) direction from the
Grays Harbor CDIP buoy. The solid line represents long-term means be-
ginning in 1980 for water levels, 1981 for wave heights and periods, and
1993 for wave direction. The 1997/1998 El Nifo (dashed line) and the
1998/1999 La Nifia (dash-dot line) are also shown.

sent, three wave buoys and two tide gages operate in the
CRLC (Figure 2), details of which are given in Table 1.

In the US Pacific Northwest, strong El Nifios feature in-
creased frequency of storm tracks from the south-southwest
and higher than normal sea levels (KAMINSKY, RUGGIERO,
and GELFENBAUM, 1998; KoMAR, 1986; KOMAR et al., 2000).
During the strong El Nifio of 1982/1983, large wave heights
and acute southerly wave angles forced an increased magni-
tude of offshore and northerly sand transport in Oregon,
causing severe beach erosion and changes in shoreline ori-

entation that persisted for several years (PETERSON et al.,
1990). The magnitude of beach change during the 1982/1983
El Nifio was not documented by detailed surveys.

The beach morphology monitoring program described in
this paper is one component of a much larger investigation
into the regional sediment dynamics of the CRLC. The South-
west Washington Coastal Erosion Study (SWCES) is a mul-
tiscale regional investigation designed to develop an under-
standing of the natural processes and the human influences
governing coastal change in the CRLC. The SWCES employs
a hierarchical scale approach that integrates both geological
investigations (e.g., PETERSON et al., 1999) and process mea-
surements (e.g., SHERWOOD et al., 2001), scaling down from
Holocene reconstruction and scaling up from process-based
models (e.g., KAMINSKY et al., 1999). The paramount goal of
the SWCES is to understand and predict the coastal behavior
of the CRLC at a management scale of decades and tens of
kilometers (KAMINSKY et al, 1997). Data from the beach
monitoring program are being integrated with long-term
coastal evolution and geological framework research, to de-
velop conceptual and predictive models of coastal evolution
at scales relevant to coastal management (GELFENBAUM et
al., 1999; KAMINSKY et al., 1999).

METHODOLOGY

The beach morphology monitoring program uses a nested
sampling scheme in which multiple techniques are used to
measure coastal morphology and develop knowledge of the
CRLC over a range of time and space scales appropriate for
decision making. Morphology monitoring is being conducted
within the CRLC with a variety of real-time kinematic dif-
ferential global positioning system (RTK DGPS) surveying
techniques (Figure 4), widely accepted as accurate and effi-
cient means to collect coastal morphology data (MORTON et
al., 1993; PLaNT and HorLMaAN, 1997). Components of the
monitoring program include

@ geodetic control,

@ topographic beach profiles,

@ sediment size distributions,

@ topographic three-dimensional beach surface maps, and
@ nearshore bathymetry.

The locations being monitored within the CRLC are dis-
tributed along each subcell to capture major geomorphic tran-
sitions, such as at jettied inlets, headlands, bluff- vs. dune-
backed beaches, and relative changes in shoreline angle (Fig-
ure 2). The various techniques being employed are illustrated
in Figure 4, and the timeline associated with the nested sam-
pling scheme is shown in Table 2. The following sections de-

Table 1. Characteristics of wave buoys and tide gages currently operating within the CRLC.

Type Station Name Location Water Depth (m) Period of Operation
Waves NDBC-46029 42°07'00” N, 124°30'00" W 128 1984—present
Waves CDIP-036 46°51'24" N, 124°14'40" W ~40 1981-present
Waves NDBC-46041 47°20'24" N, 124°45'00" W 132 1987—-present
Tides NOAA-9439040 Astoria, Columbia River, Oregon — 1925—-present
Tides NOAA-9440910 Toke Point, Willapa Bay, Washington — 1979—present
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Coastal Morphology Mapping

Figure 4. Real-time kinematic differential global positioning system surveying techniques used in the beach morphology monitoring program. (a) Cross-
shore topographic beach profiles are collected with a rover receiver, an antenna attached to a backpack, and a hand-held data logger. (b) Three-dimensional
topographic surface maps are collected with the CLAMMER. (c¢) Nearshore bathymetry is collected with a second-generation Coastal Profiling System.

scribe the methodologies used in the monitoring program and
provide examples of the range of information provided by
each component of the program.

Geodetic Control

A dense network of 76 geodetic control monuments was
established in summer 1997 prior to the start of the moni-
toring program. Monuments were roughly located at the po-
sitions of the cross-shore topographic profiles (Figure 2) and
were spaced approximately 3 to 4 kilometers apart along the
coast throughout the littoral cell. The 2-centimeter-level local
control network (Z1ILKOsSKI, D’ONOFRIO, and FRAKES, 1997)
was referenced to the Washington State Plane (south) North
American Datum of 1983 (NAD 83) and the land-based North
American Vertical Datum of 1988 (NAVD 88, which is typi-

cally within *0.2 meter of MLLW throughout the littoral
cell). All subsequent data presented in this paper will be ref-
erenced to these datums. The Washington Coastal Geodetic
Control Network (DANIELS, RUGGIERO, and WEBER, 1999) is
being maintained over time via the replacement of damaged
or destroyed monuments and station augmentation where
network densification is warranted.

Topographic Beach Profiles

To resolve the seasonal to interannual variability of the
subaerial beach, in two dimensions, cross-shore topographic
beach profiles were collected quarterly at 47 locations along
the littoral cell (Figure 2). The profiles were nominally dis-
tributed alongshore at approximately 3 kilometers, a dense
enough spacing to resolve differences in beach behavior from
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Table 2. Nested sampling scheme timeline.

Ocean
Topo- Topo- Shores Nearshore
graphic graphic Monthly Bathy-
Field Geodetic Beach  Surface Surface metric Sediment
Campaign  Control Profiles  Maps Maps  Profiles Samples

Summer 1997 X
Fall 1997 —
Winter 1998 —
Spring 1998 —
Summer 1998 —
Fall 1998 —
Winter 1999 —
Spring 1999 —
Summer 1999 X
Fall 1999 —
Winter 2000 —
Spring 2000 —
Summer 2000 —
Fall 2000 —
Winter 2001 —
Spring 2001 —
Summer 2001 —
Fall 2001 —
Winter 2002 —
Spring 2002 —
Summer 2002 —

X
—_ X
X X
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alongshore variability in shoreline angle but too coarse a
spacing to resolve smaller scale features such as beach cusps
or rip current embayments. Beginning in summer 1997, pro-
files were collected biannually, and since fall 1998, they have
been collected quarterly to better resolve the seasonal cycles
of profile change (Table 2). Summer surveys were conducted
in late August and September, fall surveys in December, win-
ter surveys in late February and March, and spring surveys
in June. It typically takes 10 spring low tides (approximately
five full days) to complete the 47 profiles, but there can be
up to several weeks between profile collection dates within
any single survey campaign. By 2000, two of the original 47
profiles were eliminated, one because of poor GPS satellite
visibility (profile E2) and the other because of a coastal struc-
ture and beach nourishment project (profile CSW) changing
the beach environment. Two new sites, in areas warranting
increased monitoring (profiles CASINO and JACKSON), re-
placed these locations (Figure 2, Table 3).

Beach profiles were measured by walking from the land-
ward side of the primary foredune ridge, over the dune crest,
to wading depth during a spring low tide carrying a GPS
receiver and antenna mounted to a backpack (Figure 4a). The
survey-grade GPS equipment used in the monitoring pro-
gram have manufacturer-reported root mean square (RMS)
accuracies of approximately +3 centimeters + 2 parts per
million (ppm) in the horizontal and *5 centimeters + 2 ppm
in the vertical (~4 and ~6 centimeters, respectively, for typ-
ical baseline distances) while operating in real-time kine-
matic surveying mode (TRIMBLE NAVIGATION LIMITED,
1998). These reported accuracies are, however, additionally
subject to multipath, satellite obstructions, poor satellite ge-
ometry, and poor atmospheric conditions that can combine to
cause vertical GPS drifts of as much as 10 centimeters (SAL-

LENGER et al, 2003). Local site calibrations, in which be-
tween three and five geodetic control monuments are occu-
pied during each survey, were taken in an attempt to mini-
mize these uncertainties. A three-parameter least squares fit
was applied to adjust all data points in a particular survey
to the Washington Coastal Geodetic Control System (DAN-
1IELS, RUGGIERO, and WEBER, 1999), within an RMS error
typically less than 4 centimeters in the vertical, regardless of
the phase of the GPS drift. Horizontal and vertical uncer-
tainties in GPS position estimates also arose from collecting
beach profiles by walking with a GPS antenna mounted on a
backpack (Figure 4a). The horizontal variability between sub-
sequent surveys was minor (~1 meter) and typically resulted
in negligible vertical uncertainties because of the wide, gently
sloping beaches of the CRLC (except in highly three-dimen-
sional dune fields). Tests of the repeatability of the beach
profile methodology indicated RMS vertical deviations of ap-
proximately 4 centimeters (RUGGIERO and VOIGT, 2000). As-
suming that each of the components of the total vertical un-
certainty are statistically independent, we combined the GPS
error (~6 centimeters), the calibration error (~4 centime-
ters), and the repeatability error (~4 centimeters) in quad-
rature by taking the square root of the sum of the squares.
Therefore, the beach profile methodology used in the moni-
toring program can only reliably detect beach elevation
change greater than approximately 8 centimeters.

Although not as accurate as standard terrestrial surveying
with a rod and level, walking the profiles with a GPS back-
pack was justified by both the reduction in survey time and
the large seasonal changes observed on the high-energy
beaches of the CRLC (Figure 5a). Datum-based shorelines
were extracted from the beach profiles to investigate seasonal
to interannual beach change (Figure 5b). Along the CRLC,
the 3.0-meter (NAVD 88) contour position has been shown to
most closely approximate proxy-based shorelines derived
from aerial photos and maps (RUGGIERO, KAMINSKY, and
GELFENBAUM, 2003). Error bars on the position of the 3.0-
meter contour were calculated by the methodology described
in STOCKDON et al. (2002) for datum-based shorelines (Figure
5b).

Sediment Samples

Sediment samples were collected at each of the 47 beach
profile sites during the summer field campaigns (Table 2).
Surface grab samples were collected by hand (typically sev-
eral hundred grams of beach sand) at four locations along
each beach profile, including the crest of the foredune ridge,
at the dune toe, at midbeach, and within the swash zone at
low tide. Grain size distributions were determined with
American Society for Testing and Materials (ASTM)-ap-
proved dry sieves at quarter-phi intervals following US En-
vironmental Protection Agency protocols for sediment anal-
yses (TETRA TEcH INC., 1986).

Topographic Three-Dimensional Beach Surface Maps

Whereas analyses of topographic beach profiles can reveal
the cross-shore variability in subaerial beach change at one
location, typically little information about the alongshore ex-
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Table 3. Beach profile names, mean contour (3.0 m) change rates, beach slopes, and mean beach grain size (D).

Winter Summer Net Change Change Rate Foreshore
Profile No. Profile Name Retreat (m) Recovery (m) (1997-2002) (m) (m/y) Beach Slope Dy, (mm)
1% E2 — — - — — —
2 SOUTH -10.9 149 20.0 4.0 0.014 0.125
3 L443 —23.8 314 45.5 9.1 0.014 0.119
4 B1 —-14.8 24.7 494 9.9 0.012 0.126
5 Al5 -8.1 18.5 52.2 10.4 0.013 0.129
6 PIER RM1 AZ -10.2 17.0 34.0 6.8 0.015 0.137
7 GKAM -15.5 16.7 5.8 1.2 0.014 0.139
8 BHUX -2.3 -04 4.6 0.9 0.014 0.126
9t GP-14109 — — — — 0.011 0.156
10 DIANA —-20.4 19.2 -5.6 -1.1 0.014 0.139
11 DAMONS —-19.7 14.9 —-23.8 —4.8 0.015 0.151
12 ET -94 14.4 25.0 5.0 0.014 0.176
13 BUTTER -17.2 23.8 32.9 6.6 0.020 0.249
14 X1 NORTH —18.5 294 54.8 11.0 0.026 0.300
15 X1 SOUTH —20.0 25.6 28.0 5.6 0.042 0.226
16 HD-1 —-8.3 10.7 12.1 2.4 0.025 0.179
17 WORM —14.4 13.6 -10.7 -2.1 0.041 0.599
18 SPICE -3.3 0.7 -12.9 —-2.6 0.053 0.714
19 RDAN -14 7.4 304 6.1 0.030 0.209
20 PRUG -10.2 9.2 -5.1 -1.0 0.016 0.169
21 PCo068 —-20.7 21.3 3.2 0.6 0.015 0.161
227 PC064 41.1 34.2 376.3 75.3 0.012 0.165
23+ GELF —46.3 3.7 —-213.3 —42.7 0.024 0.188
2471 CSW — — — — — —
25+ LB1 —19.8 18.6 -5.9 -1.2 0.019 0.169
267 PC055 3.4 29.4 164.0 32.8 0.013 0.162
27 PCO51 -13.1 32.6 97.6 19.5 0.014 0.169
28 PC044 —-13.7 21.8 40.6 8.1 0.016 0.171
29 PCO057 -19.0 25.1 30.2 6.0 0.017 0.168
30 OYSTER 3 -15.2 22.6 36.9 7.4 0.018 0.173
31 PC037 —8.8 144 28.2 5.6 0.018 0.180
32 PC035 -11.3 14.6 16.6 3.3 0.018 0.185
33 PC032 -12.7 18.6 29.3 5.9 0.017 0.178
34 KLIPSAN 2 -17.6 22.0 21.7 4.3 0.018 0.196
35 PCo021 —-24.2 25.7 7.1 14 0.018 0.197
36 RICH —20.7 24.6 19.2 3.8 0.022 0.214
37 PC014 -18.5 20.6 10.6 2.1 0.021 0.216
38 PC008 —26.4 19.6 —-34.1 -6.8 0.018 0.187
39 PC025 —-19.4 13.5 —-29.3 -5.9 0.021 0.206
40 PC004 —-17.5 13.1 —22.4 —-4.5 0.025 0.206
41 CANBY -21.8 18.3 -17.6 -35 0.027 0.187
42 EAST JETTY 2 -8.7 15.9 35.9 7.2 0.024 0.165
43 IREDALE -18.9 17.6 -6.7 -1.3 0.021 0.163
44 KIM —21.6 17.1 -13.8 —-2.8 0.023 0.167
45 RILEA -13.0 14.8 8.8 1.8 0.020 0.174
46 DELRAY —16.8 14.6 -11.4 -2.3 0.020 0.163
47 SEASIDE RM2 —24.0 35.0 54.9 11.0 0.013 0.151
481§ CASINO — — — — — —
491§ JACKSON — — — — — —
Mean —15.3 184 16.1 3.2 0.020 0.196
SD 6.1 7.5 27.7 5.5 0.008 0.107
Maximum -14 35.0 97.6 19.5 0.053 0.714
Minimum —26.4 -04 -34.1 -6.8 0.011 0.119

* Profiles 1 and 24 were discontinued in spring 1999 because of bad GPS satellite visibility and in winter 2000 because of beach fill, respectively.
T Profiles 1, 9, 22, 23, 24, 25, 26, 48, and 49 were not included in the 5-year averages.

I Profile 9 was affected by the northerly migration of a coastal stream in 1999.

§ Profiles 48 and 49 were begun in fall 1999 and winter 2000, repectively, and replace profiles 1 and 24.

tent of beach change can be extracted from these data. To
determine both the local and regional alongshore variability
in beach morphology, three-dimensional topographic beach
surface maps were generated by collecting dense beach po-
sition measurements with a DGPS antenna mounted to a six-
wheel-drive all-terrain vehicle (PLANT and HoLmAN, 1997)

called the CLAMMER (the Coastal All-Terrain Morphology
Monitoring and Erosion Research vehicle, Figure 4b). Along-
shore reaches, approximately 4 kilometers in length, were
mapped between the toe of the primary dune and the swash
zone (typically hundreds of meters in the cross-shore direc-
tion) at 16 locations in the CRLC (Figure 2). Although these
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Figure 5. (a) Envelope (dots) of beach profile change at profile number 21, site PC068, in the Grayland Plains subcell between summer 1997 and summer
2002. The darker profiles represent the average summer (solid) and the average winter (dashed) beach profiles. Temporally averaged summer and winter
foreshore beach slopes, tan By, are given. (b) Time evolution of the 3.0-meter (NAVD 88) contour position and associated error bars revealing seasonal

cycles and interannual reversals in trend.

surface maps provided substantially more morphological in-
formation than the cross-shore profiles, the time and expense
per survey constrained the program to biannual surveys (Ta-
ble 2). Three to five surface maps were collected within each
subcell (Figure 2) to resolve regional gradients in beach
change, and survey frequency was increased in highly dy-
namic areas (e.g, Ocean Shores, Washington) in an attempt
to determine intraseasonal changes of the beach face.
Individual point measurements composing the surface
maps were densely spaced in the alongshore direction (5 to
10 meters), to resolve relatively small-scale features such as
beach cusps, and extended over long enough distances to re-

solve larger scale, potentially migrating features such as me-
gacusps, rip current embayments, and sand waves (Figure
6a). The cross-shore distance between alongshore transects
was typically 20 to 30 meters and was determined in the field
on the basis of cross-shore breaks in beach slope, crests and
troughs of intertidal bars (ridge/runnel morphology), and at
(rarely occurring) beach berms. The nonuniformly spaced raw
data (typically 5,000 to 10,000 points per survey) were
mapped onto a uniform two-dimensional gridded surface, per-
mitting comparisons with subsequent surveys (Figure 6c).
Once the CLAMMER data were gridded onto a surface (Fig-
ure 6d), datum-based shorelines (contour lines) could be ex-
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Figure 6. (a) Data coverage from the 18 July 1997 Ocean Shores surface map. The Grays Harbor North jetty and a tiered riprap seawall (wave bumpers)
are also shown. (b) Contour lines (1.0, 2.0, and 3.0 meters) generated from the 18 July 1997 surface map. (c) Contour change (1.0, 2.0, and 3.0 meters)
between the 18 July 1997 survey and the 27 February 1998 survey. (d) Three-dimensional beach surface map from the 18 July 1997 survey showing a

megacusp/rip current embayment field.

tracted (Figure 6b). Similar to beach profile data, the indi-
vidual data points within each surface map were subject to
GPS system uncertainties (~6 centimeters) and calibration
uncertainties (<4 centimeters). Tests showed that the verti-
cal RMS error of the interpolated beach surface, compared
with detailed beach profile surveys, was typically less than
10 centimeters.

Nearshore Bathymetry

It has historically been difficult and expensive to collect
subaqueous nearshore morphology data, and only a few coast-
lines in the world have sufficient nearshore data to quantify
the variability of this dynamic region. A second-generation
Coastal Profiling System (CPSII), originally developed at

Oregon State University (BEacH, HOLMAN, and STANLEY,
1996; CotE, 1999; MAcMAHAN, 2001), is being used in the
CRLC (Figure 4c) to resolve the interannual variability of
this high-energy nearshore planform. This system consists of
a highly maneuverable personal watercraft that is equipped
with an echo sounder, GPS receiver and antenna, and an on-
board computer. Repeatability tests suggest subdecimeter ac-
curacy (MAcMAHAN, 2001); however, reasonable variations
in seawater temperature (not measured) can affect depth es-
timates by as much as 15 centimeters in 12 meters of water.

Although some effort has been made to resolve nearshore
bathymetry at intra-annual scales (RUGGIERO et al, 2003),
the extreme waves and currents of the region and the poten-
tial danger involved in the measurement technique precludes
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Figure 7. (a) Topographic data measured with the CLAMMER at Oysterville, Washington, is merged with nearshore beach profiles obtained with the
second-generation coastal profiling system. (b) A merged profile that extends from approximately —12 meters to +5 meters (NAVD 88). (c) The complete
three-dimensional nearshore planform as measured at Oysterville, Washington, in August 1998, including a linear outer sandbar in approximately 6
meters water depth and a crescentic middle bar in 4 meters of water. (d) Alongshore-averaged profiles (over a 1-kilometer alongshore distance) at

Opysterville, Washington, from data of 1998 and 1999.

a detailed understanding at a regional scale of seasonal near-
shore bathynietric variability. To resolve medium-scale (in
space) morphological change of the nearshore planform, a sec-
tion of coast (2 to 4 kilometers long) within each subcell was
surveyed annually with profiles spaced at 200 meters in the
alongshore (Figure 2; Ocean City, Grayland, Oysterville, and
Rilea). Bathymetric data were merged with topographic data
collected with the CLAMMER to produce detailed maps of
the complete beach and nearshore planform (Figure 7a to 7d).
Cross-shore bathymetric transects, spaced at kilometer inter-
vals in the alongshore, were collected annually along much
of the rest of the CRLC (Figure 2), revealing important in-
formation about large-scale variability in nearshore beach

slopes, sandbar dimensions, and sandbar locations. Each
bathymetric profile extended from approximately the shore-
line to a deep-water limit ranging between 10 and 15 meters
(NAVD 88).

RESULTS

The nested sampling scheme of the beach monitoring pro-
gram was employed to quantify the alongshore variability of
a variety of beach state parameters, as well as the short- to
medium-term (seasonal to interannual) beach change rates
and variability along the CRLC. Although the beach moni-
toring program was not specifically designed to quantify
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event-scale morphological response to the severe storms that
characterize the region, a few localized data sets do exist.
Although these limited data are not sufficient for a full un-
derstanding of the event-scale response of CRLC beaches,
they suggest that morphological change due to single storms
does not linearly depend only on wave conditions, but rather
on a combination of waves, tides, and antecedent morpholog-
ical conditions such as rip current embayments (RUGGIERO
et al., 1999). The following sections present regional morpho-
metric parameters and the seasonal to interannual morpho-
dynamic variability along the CRLC found during the first 5
years of the monitoring program, summer 1997 to summer
2002.

Beach State Parameters

Data from the monitoring program provide a regional in-
ventory of physical parameters that help define the morpho-
logical “state” of the beach. The beaches of the CRLC are
primarily comprised of well-sorted medium to fine sand with
a time- and alongshore-averaged median midbeach grain size
of approximately 0.20 mm (ranging from 0.12 to 0.71 mm
within the littoral cell with a standard deviation [SD] of 0.11
millimeter). Extensive black-sand placer deposits exist on the
beaches adjacent to the mouth of the Columbia River, ac-
counting for up to 70% of most samples (L1 and KOMAR,
1991). Although the sediments coarsen away from the source
within approximately the first 10 kilometers north of the riv-
er, the general trend suggests grain sizes decrease with in-
creasing distance from the Columbia River (Figure 8a, Table
3). This trend of alongshore sorting is interrupted near the
mouth of Grays Harbor, where coarse sediment lag deposits
(derived from glacial outwash and eroded from the shoreface)
exist on the beach. Neglecting the two sites (WORM and
SPICE) that contain this coarse sediment lag reduces the me-
dian midbeach (approximately MHW) grain size of the CRLC
to approximately 0.18 millimeter.

The trend in sediment size is well correlated to a regional
gradient in foreshore beach slope (Figure 8b), with slopes
generally decreasing with distance from the Columbia River
(correlation coefficient = 0.75, significant at the 0.05 confi-
dence level). The slope of the subaerial beach (tan By) is de-
fined as the gradient between the 1.0- and 3.0-meter eleva-
tion contours on the beach profiles. This region, typically 100
meters wide, is the most active portion of the beach face that
is always measured regardless of wave and water level con-
ditions during a particular beach profile survey. The mean
foreshore beach slope in the CRLC, taken as the temporal
mean of the summer values at each site, is approximately
0.020, ranging from 0.011 to 0.053 (SD = 0.008, Table 3). The
northern portion of the North Beach subcell exhibits the fin-
est grain sizes and the lowest sloping beaches within the
CRLC.

Large-scale coastal behavior varies along the CRLC, as ev-
idenced by variability in foredune ridge morphology, near-
shore beach slopes, and morphometric sandbar parameters.
The highest primary foredune ridges, measured in summer
1997, are in the Clatsop Plains subcell, with dune elevations
measuring as high as 14 meters (NAVD 88). North of the

Columbia River, foredune ridges are distinctly lower, with
the lowest primary dune elevations in the northern section
of the North Beach subcell, where small incipient dunes less
than 5 meters (NAVD 88) have formed in front of the backing
sea cliffs and bluffs (Figure 8). The cause for this variability
in foredune height is probably closely linked to variability in
decadal-scale shoreline change rates along the CRLC. Al-
though the shoreline along Clatsop Plains has remained rel-
atively stable since the 1950s (KAMINSKY et al, 1999), the
beaches along much of Long Beach and North Beach pro-
graded at several meters per year during this time period.
Following the conceptual model of foredune growth described
by HEsP (2002), stable beaches tend to build dunes vertically,
whereas prograding beaches build a series of foredune ridges
over time.

Sandbars are also prominent morphological features within
the CRLC, and the spatial and temporal variability of sand-
bar properties is striking. The CRLC nearshore exhibits be-
tween zero and five distinct sandbars (typically two or three),
ranging in height from approximately 0.1 meter (measure-
ment limit) to a remarkable 6.0 meters, as measured from
the seaward crest to the landward trough. Sandbar crest po-
sition varies from approximately 100 meters from the shore-
line (approximated by the position of the 3.0-meter contour)
for intertidal slip face ridges to over 1,000 meters from the
shoreline for subtidal outer bars. The water depth at the crest
of the outer sandbar ranges from —3.0 to —8.5 meters, where-
as crest depths are typically —1.5 to —3.0 meters for middle
bars and +2.0 to —1.5 meters for intertidal bars.

At a distance of 1,500 meters from the shoreline (approxi-
mately the seaward limit of the sandbar zone), there is ap-
proximately a 2.0 meters difference in water depth between
the North Beach and Grayland Plains alongshore-averaged
profiles, sites separated by only 30 kilometers (Figure 9). This
vertical difference in profile translates to a difference in over-
all nearshore beach slope (tan B,,, calculated over the 1,500
meters seaward of the +3.0-meter contour) of 0.0058 for
North Beach and 0.0081 for Grayland. The relatively shallow
1999 North Beach profile has three relatively small sandbars
(Figure 9), whereas the steeper 1999 Grayland profile is vir-
tually devoid of bars. The Long Beach profile contains three
distinct sandbars, with an alongshore averaged (and thus di-
minished) outer sandbar 3.0 meters in height over 1,000 me-
ters from the shoreline. The Clatsop Plains profile is the
steepest of the four sites and contains a low-amplitude, large-
wavelength outer sandbar approximately 1,200 meters from
the shoreline and a middle sandbar approximately 2.0 meters
in height. Clatsop Plains, with the steepest beach profiles,
has the tallest primary foredune ridge (~14 meters) of the
four subcells, twice as high as the low-sloping North Beach
subcell (~7.5 meters).

Water depths 1,500 meters offshore of the shoreline, a
proxy for nearshore slope, and morphometric sandbar param-
eters are summarized in Figure 10 for data collected during
summer 2002. The water depths at 1,500 meters are rela-
tively shallow where profiles intersect the ebb tidal deltas
near the mouth of the Columbia River, Willapa Bay, and
Grays Harbor. Away from estuary entrances, the nearshore
slope decreases with distance from the Columbia River. Sand-
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Figure 9. A comparison of alongshore-averaged profiles (averaged over
1 kilometer) collected in 1999 from each of the medium-scale (2—4 kilo-
meters alongshore) nearshore bathymetric study sites. Each profile, av-
eraging 10 individual transects, has been translated horizontally so that
the 3.0-meter contour (NAVD 88) is at a cross-shore position of 0.0 me-
ters, allowing for intersite comparisons of beach slopes and sandbar prop-
erties.

bar behavior along Long Beach is different from that along
the other subcells, in that the outer sandbar is further from
the shoreline and in deeper water (Figure 10b and 10c). The
2002 Long Beach middle sandbar is larger in amplitude than
any other bars within the CRLC. Along the southern 10 ki-
lometers of Long Beach, there is a relationship between near-
shore beach slope and outer sandbar position, with steeper
beaches (deeper water at 1,500 meters) having outer bars fur-
ther from the shoreline (Figure 10a and 10b).

Seasonal Climate and Beach Change Variability

The seasonal cycle in waves and water levels along the
CRLC (Figure 3) force a seasonal cycle in beach morphodyn-
amics, with offshore and northerly sediment transport re-
sulting in beach erosion during the winter and onshore and
weak southerly sediment transport dominating beach recov-
ery in the summer months (RUGGERO et al, 2003; SHER-
WOoOD et al., 2001). Between summer 1997 and winter 1998,
the subaerial beach face lowered an average of approximately
0.4 meter (ranging from an elevation gain of 0.4 meter to a
lowering of 1.7 meters, SD = 0.4 meter) and retreated hori-
zontally, at the 3.0-meter contour, approximately 19 meters
(ranging from 11 meters of advance to 71 meters of retreat,
SD = 17 meters; Figure 11). During the first winter of the
monitoring program, the subaerial beach lost an average of
approximately 70 m3/m of beach sand (ranging from 60 m3m
of volume gain to 230 m3/m of volume loss, SD = 60 m%m)
to the offshore. The average horizontal retreat of the shore-
line for the profiles during each winter season of the moni-
toring program, as well as the average horizontal recovery
during each summer season, is listed in Table 3.

A three-dimensional topographic beach surface map col-
lected nominally monthly since August 1997 at Ocean Shores,
Washington (Figure 2), resolves the seasonal cycles of beach
change at the southern end of the North Beach subcell. Data
from each of the monthly 4-kilometer surveys, over 40 indi-
vidual surveys as of summer 2002, are aggregated into sta-
tistics that, when compared with the results of subsequent
surveys, are robust indicators of relative beach change. Beach
changes at Ocean Shores are dominated by a seasonal peri-
odicity with beach retreat in the winter and progradation in
the summer, as evidenced by the alongshore-averaged time
evolution of the 3.0-meter contour (Figure 12). This seasonal
morphological signal is equally well correlated with the sea-
sonal cycle in mean wave power and wave height (correlation
coefficient is approximately 0.6 for both relationships, signif-
icant at the 0.05 confidence level).

Within each of the 4-kilometer-long surface maps there is
often substantial alongshore variability in beach morphology.
Figure 13a suggests that since 1997, the beach within a ki-
lometer of the Grays Harbor North jetty (kilometer 1) has
behaved in a slightly different manner than the beach 3 ki-
lometers to the north (kilometer 4), although the general
trend is similar. Closest to the jetty, the shoreline was usu-
ally 15 to 20 meters landward, relative to its 1997 position,
of the shoreline 3 kilometers to the north. In particular, the
beach at kilometer 1 recovered earlier than the beach at ki-
lometer 4 during spring 1998 and eroded later during winter
1999. The standard deviation of the 3.0-meter contour posi-
tion can be used as a measure of alongshore morphodynamic
variability. This parameter ranges from approximately 15 to
30 meters over the 4-kilometer reach (Figure 13b). The rel-
atively stable section of coast at the alongshore position of
400 meters (approximately 400 meters north of the Grays
Harbor North jetty) is the location of a persistent rip current,
where the beach is often armored by a thin layer of gravel
and has a steeper foreshore slope than the beaches to the
north and south. At least within the first kilometer north of
the jetty, the standard deviation of the contour position is
negatively correlated with the average foreshore beach slope
(Figure 13b).

The remaining 15 topographic surface map sites along the
CRLC (Figure 2) have been surveyed at least biannually since
1997. The alongshore-averaged horizontal beach retreat of
the 3.0-meter contour for the entire littoral cell during the
winter is approximately 18 meters (ranging from 6 to 36 me-
ters of retreat, SD = 7 meters; Figure 14). The average sum-
mer recovery is approximately 20 meters (ranging from 11 to
29 meters of recovery, SD = 6 meters). As a result of the
seasonal reversals in cross-shore and alongshore sand trans-
port directions, the net change of the 3.0-meter contour po-
sition over the full annual cycle is often small relative to the
seasonal variability.

Seasonal variability in nearshore beach profiles has been
measured at only one location because of the difficulty of
nearshore bathymetric surveying during the severe nonsum-
mer months. During spring 2001, repeated morphology mea-
surements were made at Ocean Shores, Washington, as part
of the Grays Harbor sediment transport experiment. During
this period, mild wave conditions induced onshore-directed
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bedload transport, which resulted in shoreline progradation
between April and July. The outer sandbar at Ocean Shores
migrated onshore approximately 100 meters, as sand,
scoured from the seaward flank of the winter bar, was de-
posited in the landward trough producing vertical profile
changes of approximately 1 meter (not shown). The overall
height of the outer sandbar decreased from approximately 2

meters to less than 1 meter, while the shoreline prograded
as much as 20 meters (RUGGIERO et al., 2003).

Interannual Climate and Beach Change Variability

Interannual climatic variability affects waves and water
levels, which in turn can influence beach responses. The win-
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ter of 1997/1998, the first winter of the monitoring program,
coincided with one of the strongest El Nifio events on record
for the US Pacific Northwest (KOMAR et al., 2000). The time
evolution of the 3.0-meter contour from beach profiles at the
southern and northern ends of each subcell reveals the effect
of the El Nifio conditions on beach change (Figure 15). In each
case, the profile in the northern part of the subcell prograded
relative to the profile in the south. This pattern, beginning
during the El Nifio winter, persisted for several years follow-
ing the event. At profiles HD-1 (Grayland Plains) and EAST
JETTY 2 (Clatsop Plains), the 3.0-meter contour actually pro-
graded during the winter of 1997/1998 because of the im-
pounding effect the nearby jetties (Grays Harbor South jetty
and Columbia River South jetty, respectively) had on north-
ward-directed sediment transport. Along the North Beach
subcell, a pulse of sediment appeared on the northern beach-
es following the summer of 1999, presumably from the north-
erly transport of sand eroded from beaches to the south. The
Long Beach subcell experienced net erosion in the south,
whereas the beaches to the north experienced persistent pro-
gradation. The alongshore spacing of the three-dimensional
beach surface maps clearly resolved the effect of the 1997/
1998 El Nifio on the region’s beaches. Figure 16 shows the
3.0-meter contour change rate from summer 1997 to summer
1998 calculated from 15 of the 16 surface maps (the Cape

Shoalwater site is not shown because it is within the entrance
to Willapa Bay and dominated by inlet processes). Each sub-
cell shows maximum net erosion or minimum net accretion
at the southern end of the subcells (except in the North Beach
subcell, where these extremes occur closer to the middle of
the subcell) and maximum net accretion at the northern sub-
cell boundaries. Each subcell shoreline realigned, presumably
in response to the acute southerly wave directions associated
with the 1997/1998 El Nifio.

A moderate La Nifia event in 1998/1999 immediately fol-
lowed the El Nifio of 1997/1998. By summer 1999, the end of
the second year of the monitoring program, approximately
60% (24 of the 40 profile locations not dominated by inlet
processes) of the beach profile sites within the CRLC expe-
rienced net recession of the 3.0-meter contour. The average
rate of change during this 2-year period for all locations was
approximately 2.7 m/y of shoreline recession. Many of the
surface map sites (563%, 8 of 15, not including Cape Shoal-
water) also documented significant net shoreline change over
this 2-year period, averaging 3.3 m/y of recession.

Relative to the El Nifio year of 1997/1998 and the La Nifa
year of 1998/1999, the winters of 1999/2000, 2000/2001, and
2001/2002 were moderate, with water levels, wave heights,
and wave periods close to the long-term averages (Figure 3).
The beaches of the CRLC recovered during these 3 years of
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Figure 13. Alongshore variability of Ocean Shores monthly surface map

shown via (a) differences in shoreline evolution close to the Grays Harbor North

jetty (kilometer 1) and 3 kilometers to the north (kilometer 4) and (b) the alongshore variability of the standard deviation of the 3.0-meter contour position

and subaerial beach slope.

moderate environmental forcing. By summer 2002, the end
of the fifth year of the monitoring program, 70% (28 of 40) of
the beach profile sites experienced net progradation. The av-
erage rate of change during this 5-year period, calculated
from the profiles, was approximately 3.2 m/y of shoreline (3.0-
meter contour) progradation. During this same time period,
60% (9 of 15) of the beach surface maps also demonstrated
progradation, averaging 2 m/y of net progradation (ranging
from 7 m/y of retreat to 23 m/y of progradation, SD = 7 m/y;
Table 4). Although the majority of beaches are net prograd-
ing, several sites experienced significant net erosion during
the 5 years of observations. Portions of the Clatsop Plains
eroded at an average rate of over 4 m/y, and the southern
Long Beach Peninsula eroded at average rates of up to 6 m/
y (Table 4).

Annual nearshore bathymetric surveys along the CRLC
typically reveal large redistributions of sediment in the cross-
shore, consisting primarily of the growth and migration of
sandbars (Figure 7d). Sandbars along the Long Beach subcell
migrated offshore between 1999 and 2002 in a manner sim-
ilar to that observed on several other coasts (PLaNT, HOL-
MAN, and FREILICH, 1999; RUESSINK and KROON, 1994). Net
offshore sandbar migration is thought to follow a three-stage
process: sandbar generation near the shoreline, seaward mi-
gration, and sandbar degeneration in the outer nearshore
(SHAND, BAILEY, and SHEPARD, 1999). A probable interpre-

tation of sandbar behavior along Long Beach (Figure 17) is
that the 1999 outer sandbar migrated offshore and degener-
ated before the summer 2000 survey, marking the endpoint
of this three-stage process. The outer sandbar in 2000 is prob-
ably the same morphological feature as the inner sandbar in
1999, a feature that did not migrate seaward during the mod-
erate wave year of 1999-2000. SHAND, BAILEY, and SHEPARD
(1999) proposed that the duration of this three-stage process
increases with lower sloping beaches and higher wave ener-
gy. This would suggest that the next disappearance of the
outer sandbar along the CRLC might not occur for several
more years. However, the outer sandbar has already migrat-
ed several hundred meters offshore and decreased in ampli-
tude since 2000 (Figure 17). Continued field efforts will be
aimed at addressing the similarities and differences between
net offshore sandbar migration along the CRLC and other
coasts exhibiting this behavior.

DISCUSSION
Morphodynamic Classification

WRIGHT and SHORT (1983, 1984) synthesized the variability
of Australian beaches and proposed a continuum of morpho-
dynamic beach states, with two end-member extremes, fully
dissipative and highly reflective, and four commonly occurring
intermediate states. Surf scaling parameters (i.e, €; GuzA and
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INMAN, 1975), parameters that combine wave and sediment e = (H,/2)w?/g tan?p (1)
characteristics (i.e, ); DEAN, 1973), and parameters that )
quantify the relative importance of tidal range (i.e, RTR; Mas- Q = H,/(&,T) @)

SELINK and SHORT, 1993) have been proposed to distinguish

where beaches fall on this morphodynamic continuum. RTR = MSR/H,, 3
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Figure 15. Time evolution of the 3.0-meter contour at beach profiles near the northern and southern limit of each subcell. Horizontal bars represent

estimates of error bars on calculating the 3.0-meter contour.

where H, is breaking wave height, ® is the incident band
radian frequency (2n/T; T' = the period), g is the acceleration
of gravity, tan B is the beach/surf zone gradient, w4, is the
sediment fall velocity, and MSR is the mean spring tide
range. Combining long-term records (~20 years) of monthly
mean wave heights and periods (Table 1) with 5 years of
beach morphology data reveals that CRLC beaches virtually

never depart from a fully dissipative modal beach state. With
the use of a spatial and temporal mean CRLC beach slope
(0.02) and median grain size (0.18 mm), monthly mean values
of € and Q) average 132 (ranging from 116 to 155, SD = 10)
and 11.1 (ranging from 8.4 to 14.4, SD = 2.1), respectively.
The dissipative extreme according to WRIGHT and SHORT
(1983, 1984) is characterized by an € ranging from 30 to over
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maps, are shown for comparison.

100 and an Q ranging from 6 to 30. Monthly mean values of
RTR average 1.3, ranging from 0.8 to 2.0 (SD = 0.4), placing
CRLC beaches within the barred dissipative beach refined
classification of MASSELINK and SHORT (1993).

According to the WRIGHT and SHORT (1983, 1984) classi-
fication, fully dissipative beaches in Australia exhibit very
low gradients and have wide multibarred surf zones, with
spilling breaking waves and infragravity energy dominating
the surf zone. The beaches of the CRLC demonstrate similar
characteristics with a few notable differences. First, the sand-
bars within the CRLC are often quite pronounced, particu-

larly along the Long Beach subcell, where in 1999, the outer
sandbar height averaged approximately 4.0 meters over 20
kilometers of measurements. These observations contrast
with the assertion of MASSELINK and SHORT (1993) that dis-
sipative beaches (at least in Australia) exhibit subdued sand-
bar morphologies. The large amplitude of offshore sandbars
found in the CRLC also contrasts with the classification
scheme that was based on observations at the FRF of Lipp-
MAN and HoLMAN (1990), who correlated the dissipative ex-
treme of WRIGHT and SHORT (1984) with an unbarred surf
zone. Second, longshore rhythmic morphology is often present
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Table 4. Alongshore-averaged change rates of the 3.0-m contour (NAVD 88) calculated from each of the 16 topographic beach surface maps.

Surface Map Net Change Rate Shoreline Change
No. Surface Map Name Winter Retreat (m) Summer Recovery (m) 1997-2002 (m/y) 1974-1999 (m/y)

1 Grenville -17.5 21.3 3.8 4.0
2 Moclips -18.9 24.2 5.4 1.8
3 Roosevelt -14.8 18.3 3.6 0.9
4 Ocean City —22.5 22.1 -0.5 71
5 Ocean Shores —24.2 28.6 44 3.1
6 Westport -11.9 11.1 -0.8 -1.0
7 Grayland -19.5 19.6 0.0 1.1
8 Cape Shoalwater* -30.8 114 -19.3 —
9 Leadbetter —5.8 28.4 22.6 35
10 Oysterville -204 23.2 2.7 2.3
11 Klipsan —-15.0 19.1 4.2 5.2
12 North Head —-21.3 17.3 —4.0 1.1
13 Ft. Canby -35.5 29.0 -6.5 -9.0
14 Clatsop —14.5 16.6 2.1 -0.1
15 Rilea -13.7 115 —-2.2 1.9
16 Seaside —19.8 15.7 —4.1 3.7
Mean —18.4 20.4 2.0 1.7

SD 6.7 5.7 6.7 3.6

Maximum -5.8 29.0 22.6 71

Minimum -35.5 11.1 —-6.5 -9.0

* Cape Shoalwater surface map data is not included in the calculations of regional statistics because of the influence of inlet processes at Willapa Bay.

along the CRLC, whereas longshore rhythms or significant
irregularities are rarely present on dissipative Australian
beaches (WRIGHT and SHORT, 1984). Rhythmicity within the
CRLC occurs in both nearshore bathymetry, as illustrated by
the crescentic middle sandbar located offshore from Oyster-
ville in 1999 (Figure 7c), and in subaerial topography (Figure
6d), in which rhythmic, low-amplitude megacusps are ubig-
uitous within the CRLC during the spring and summer.

Another feature of the beaches within the CRLC that con-
trasts with previous classification schemes is the oblique on-
shore migrating intertidal slip-face ridges that dominate the
beach face during the spring-summer recovery phase of the
seasonal cycle, even though they are consistently dissipative
over the full surf zone. In the classification of WRIGHT and
SHORT (1984), ridge-runnel topography is an intermediate
stage closer to the reflective than to the dissipative end mem-
ber. In the CRLC, the development, onshore migration, and
welding of intertidal bars to the upper beach face is believed
to be the primary morphodynamic mechanism for subaerial
beach growth and shoreline progradation on a seasonal scale.
The majority of beaches along the CRLC exhibited net resid-
ual progradation of several meters per year over the 5-year
duration of the monitoring program, as well as significant
progradation rates over the historical (up to tens of meters
per year; KAMINSKY et al, 1999) and late geological periods
(~0.5 m/y; WoxELL, 1998). Therefore, a detailed understand-
ing of the accretionary phase of the morphodynamic cycle will
be a focus of future investigations.

Morphodynamic Effects of El Niio and La Nina

During the 1997/1998 El Nino, US Pacific Northwest
beaches experienced monthly mean water levels up to 0.4 me-
ter higher than typical (Figure 3), monthly mean winter wave
heights up to 1.0 meter higher than usual, and wave direc-
tions with a more southwest approach than typical (KAMIN-

SKY, RUGGIERO, and GELFENBAUM, 1998; KOMAR et al,
2000; REVELL, KOMAR, and SALLENGER, 2002). Although
monthly mean water levels and wave directions were closer
to normal during the 1998/1999 La Niiia, this event brought
an increased number of storms to the region, with higher
wave conditions and more significant storm surges than pre-
viously experienced (ALLAN and KOMAR, 2002). These chang-
es in environmental conditions because of interannual cli-
matic variability had a distinct morphological effect on CRLC
beaches (Figures 15 and 16). KOMAR et al. (2000) and ALLAN
and KoMAR (2002) calculated the run-up of waves on beaches
from the largest storms occurring during these two winters.
The run-up estimates were added to the measured tides to
yield total water elevations during the storms. These analy-
ses confirm that the major storms during both the El Nirio
and the La Nifia yielded total water levels that were suffi-
cient to account, at least qualitatively, for the observed ero-
sion.

The anomalous environmental conditions associated with
the 1997/1998 El Niiio, in particular waves approaching more
from the southwest between June and October 1997 (Figure
3), resulted in a higher than typical annual net northward
sediment transport. Although northward-directed sediment
transport was higher than typical during winter 1997/1998
because of relatively large waves, CRLC beaches were pre-
conditioned to erode in the southern end of subcells because
of a reduction in southerly-directed sediment transport dur-
ing the previous summer. Comparing the annual 1997 to
1998 shoreline change rates with the long-term shoreline
change rates from 1974 to 1999 indicates significant sedi-
ment accumulation, beyond the long-term trends, at the
northern boundaries of each subcell (Figure 16). The anom-
alous El Nifio sediment transport patterns forced this subcell
shoreline reorientation. However, the pattern of longshore
transport necessary to cause these observed changes could
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Figure 17. Evolution of the position of the outer sandbar, relative to the 3.0-meter contour position, along the Long Beach subcell from 1999 to 2002.

not be reproduced by a one-line shoreline change model with-
out the inclusion of a sediment sink accounting for significant
cross-shore losses (BulssMAN, RUGGIERO, and KAMINSKY,
2001). The increase in offshore-directed sediment transport
relative to normal conditions was probably the result of both
increased wave heights and higher than normal water levels.
Therefore, both model results and morphology change mea-
surements suggest that although strong gradients in long-
shore transport are necessary to force the observed subcell
shoreline reorientation, the overall morphological change as-

sociated with the 1997/1998 El Nifio was the result of a com-
bination of both cross-shore and longshore processes.

During the moderate La Nifia of 1998/1999, four storms
produced deep-water significant wave heights greater than
10 meters (ALLAN and KoMAR, 2002), with the largest event
on record occurring on 2-3 March 1999, producing 14.1-meter
significant wave heights. Between summer 1998 and summer
1999, CRLC shorelines retreated 9 meters on average (rang-
ing from 6 meters of progradation to 26 meters of retreat, SD
= 9 meters). Unlike during the 1997/1998 El Nifio, no strong
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alongshore gradient in subaerial beach response is evident in
the La Nifia contour change signal (not shown). The strength
of La Nifia—induced gradients in cross-shore sediment trans-
port is evidenced by changes in nearshore bathymetry be-
tween 1998 and 1999. The alongshore-averaged outer sand-
bar height, along a 3-kilometer stretch of Long Beach Pen-
insula, increased from 0.6 meter (from crest to trough) in
summer 1998 to approximately 3.5 meters in summer 1999
(Figure 7d). In contrast to strong El Nifos, it appears that
cross-shore processes dominate the morphological response of
the CRLC during La Nifa events.

CONCLUSIONS

The beach morphology monitoring program of the SWCES
has for the first time comprehensively and systematically
quantified the short- to medium-term morphodynamic vari-
ability of the 165-kilometer-long Columbia River littoral cell.
The sampling scheme, nested both in time and space, suc-
cessfully resolved the seasonal cycle of beach loss and recov-
ery. Variations in upper shoreface slopes, foredune ridge mor-
phologies, and sandbar dimensions document the extent of
alongshore variability in large-scale coastal behavior not pre-
viously known to exist in US Pacific Northwest littoral cells
or on high-energy dissipative beaches in general.

The seasonal exchange of sand between the onshore and
offshore is considerable. Relatively high winter waves and
water levels force offshore and northerly sediment transport,
resulting in subaerial beach lowering on the order of 0.5 me-
ter while the shoreline retreats horizontally between 10 and
40 meters. Onshore and weak southerly sediment transport
dominates beach recovery in the summer months. The along-
shore spacing of topographic beach profiles and surface maps
quantified the large-scale shoreline reorientation because of
an interannual climatic fluctuation, the El Nifno event of
1997/1998. The observed morphological response to the 1997/
1998 El Nifio event was a result of both anomalous along-
shore and cross-shore gradients in sediment transport. In
contrast, cross-shore processes dominated the morphological
response (~10 meters of net erosion throughout the littoral
cell) to the 1998/1999 La Nina. The interannual variability
within the CRLC for 1997 to 2002 is large, with shoreline
change rates of up to approximately 10 m/y, a variability that
can mask longer term shoreline change trends.

Continued research on the variability in beach behavior
across multiple scales is important for both an improved un-
derstanding of large-scale coastal behavior and coastal man-
agement decision making. For example, in several locations,
recent trends in shoreline change are in the opposite direction
to longer term historical trends, a result that has serious im-
plications for developing a predictive capability at decadal
scales. Furthermore, the monitoring program alone cannot
resolve the regional morphological response to long-term cli-
mate change signals evident in either increasing wave
heights (ALLAN and KoMAR, 2000), relative sea level rise, or
Pacific decadal oscillation cycles. The integration of data from
the beach monitoring program with geological and oceano-
graphic data sets allows researchers to develop conceptual
and numerical models of regional coastal behavior. Although

important alongshore differences in subregional coastal be-
havior have been found, future work aims to examine the
primary causative processes (e.g., sediment supply, shoreface
morphology, and wave climate) responsible for these differ-
ences.
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