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The impact ofmulti-decadal, large-scale deflation (76 million m3 of sediment loss) and contraction (~1 km) of a
150 km2 ebb-tidal delta on hydrodynamics and sediment transport at adjacent Ocean Beach in San Francisco, CA
(USA), is examined using a coupled wave and circulation model. The model is forced with representative wave
and tidal conditions using recent (2005) and historic (1956) ebb-tidal delta bathymetry data sets. Comparison
of the simulations indicates that along north/south trending Ocean Beach the contraction and deflation of the
ebb-tidal delta have resulted in significant differences in the flow and sediment dynamics. Between 1956 and
2005 the transverse bar (the shallow attachment point of the ebb-tidal delta to the shoreline) migrated north-
ward ~1 km toward the inlet while a persistent alongshore flow and transport divergence point migrated
south by ~500 m such that these features now overlap. A reduction in tidal prism and sediment supply over
the last century has resulted in a net decrease in offshore tidal current-generated sediment transport at the
mouth of San Francisco Bay, and a relative increase in onshore-directed wave-driven transport toward the
inlet, accounting for the observed contraction of the ebb-tidal delta. Alongshore migration of the transverse
bar and alongshore flow divergence have resulted in an increasing proportion of onshore migrating sediment
from the ebb-tidal delta to be transported north along the beach in 2005 versus south in 1956. The northerly mi-
grating sediment is then trapped by Pt. Lobos, a rocky headland at the northern extreme of the beach, consistent
with the observed shoreline accretion in this area. Conversely, alongshoremigration of the transverse bar and di-
vergence point has decreased the sediment supply to southern Ocean Beach, consistent with the observed ero-
sion of the shoreline in this area. This study illustrates the utility of applying a high-resolution coupled
circulation-wave model for understanding coastal response to large-scale bathymetric changes over multi-
decadal timescales, common to many coastal systems adjacent to urbanized estuaries and watersheds
worldwide.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Ebb-tidal deltas are common geomorphic features found on the sea-
ward side ofmany tidal inlets (Hayes, 1980) andnumerous studies have
reported the significant influence of ebb-tidal deltas on the evolution
and dynamics of the adjacent shorelines (e.g., Oertel, 1977; Finley,
1978; FitzGerald, 1984; Hicks et al., 1999; Cleary and FitzGerald, 2003;
Robin et al., 2009). One of the most important features of the ebb-tidal
delta is the capability to store (or release) large quantities of sediment.
Ebb-tidal deltas and the corresponding inlet throat and back-barrier
basin tend to remain in (dynamic) equilibrium to the large-scale hydro-
dynamic forcing (see Dean, 1988; Oost and De Boer, 1994; Stive and
Wang, 2003). Conceptually, sediment supplied by the basin and via
rvey, Pacific Coastal and Marine
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littoral transport on the outer coast accumulates in ebb and flood deltas
where the flow decelerates after being constricted through the narrow
inlet. The geometry of the back-barrier basin, in combination with
tidal range, determines the tidal prism which in turn relates to the
size of the inlet (O'Brien, 1931, 1969) and the volume of the ebb-tidal
delta (Walton and Adams, 1976). The geometry and seaward extent of
ebb-tidal deltas is a function of the tidal prism and strength of the ebb
currents, the wave climate, and the supply of sediment (Hubbard
et al., 1979; Hayes, 1980). A larger tidal prism and stronger ebb currents
will tend to push the ebb-tidal delta further seawardwhile amore ener-
getic wave climate will tend to drive the delta back toward the inlet
(Oertel, 1975). There are also secondary external controls that influence
inlet behavior, including basin geometry, sedimentation history, region-
al stratigraphy (e.g., presence of resistant bedrock layers) and freshwa-
ter discharge by rivers (FitzGerald, 1996; Elias and van der Spek, 2006).

Distortion of the equilibrium state will result in sediment exchange
between the various geomorphic features thatmake up the inlet system
(i.e., inlet, ebb- and flood deltas, shoreline) until a new equilibrium is
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achieved. Thus, ebb-tidal deltas can act as both a source and sink of sed-
iment for the adjacent coastline (FitzGerald, 1984). Disequilibrium can
result from natural- and human-induced factors, including sea-level
rise, land reclamation of the back-barrier basin, decreased sediment
availability, and inlet stabilization, all of which can cause the entire
inlet system to shift towards a new equilibrium state. On a local scale,
ebb-tidal deltas directly influence the adjacent beaches by altering the
incident wave field through refraction and can shelter onshore beaches
if waves are dissipated on the delta (Hubbard et al., 1979; Carter et al.,
1982).

Here we focus on an ebb-tidal delta at the mouth of San Francisco
Bay, CA (USA). Since development began along the shoreline of San
Francisco Bay in the 19th century, thewatershed, Bay, and coastal system
have been heavily altered, including drainage damming, hydraulic and
sand mining, ship channel dredging, and tidal wetland reclamation
(Gilbert, 1917; Atwater, 1979; Knowles and Cayan, 2004; Wright and
Schoellhamer, 2004) which together have removed or displaced well
over 1 billion m3 of sediment in the last century alone (United States
Army Corps of Engineers, 1996; Chin et al., 2004). These disturbances
are at least partly, if not entirely, responsible for the observed contraction
of the 150 km2 ebb-tidal delta found seaward of the Golden Gate, the
inlet linking San Francisco Bay to the open sea, observed over the last
century (Dallas and Barnard, 2011). In the present study we investigate
the role of multi-decadal erosion and contraction of the ebb-tidal delta
on hydrodynamics and sediment transport at adjacent Ocean Beach, a
7-km sandy shoreline adjacent to the inlet, using a process-based nu-
merical model. The coupled flow-wavemodel is forced with representa-
tive wave and tidal conditions using the modern (2005) ebb-tidal delta
bathymetry as well as that from 1956 to understand the cause of ob-
served counter-clockwise rotation of the shoreline at Ocean Beach over
the last century.

2. Study location and previous work

The Golden Gate is one of the largest tidal inlets on thewest coast of
the United States and services a tidal prism of approximately
2 × 109 m3 (Dallas and Barnard, 2011), resulting in tidal currents that
exceed 2.5 m/s in the inlet throat (Barnard et al., 2007). Seaward of
the Golden Gate, the only entrance to San Francisco Bay, is an
~150 km2 ebb-tidal delta known as the San Francisco Bar (Fig. 1A).
The San Francisco Bar is a relatively symmetric, horseshoe-shaped
ebb-tidal delta, with minimum depths of ~9.5 m and 10.5 m on the
northern and southern lobes respectively. Bathymetric surveys of the
ebb-tidal delta extend back to 1873 with Gilbert (1917) first
documenting changes in the delta from inflow of sediment into San
Francisco Bay resulting fromhydraulicmining,which increased the sed-
iment supply and reduced the tidal prism by decreasing storage in the
basin. In addition to the cessation of hydraulicmining in 1884, sediment
supply has also been reduced by damming of themajor rivers that flow
into the Bay (Wright and Schoellhamer, 2004). The tidal prism has been
further reduced by tidal wetland infilling for construction projects and
dyking for agriculture along the Bay shoreline (Atwater, 1979). It is es-
timated that the tidally-affected surface areas of the Bay were reduced
by two-thirds from the mid-19th to late 20th century, reducing tidal
marsh to ~4–8% of its original area (Jaffe and Foxgrover, 2006; Jaffe
et al., 2007).

Directly south of the Golden Gate lies Ocean Beach, a 7-km stretch of
sandy beach which forms the western boundary of the city of San
Francisco and the landward attachment point for the southern lobe of
the San Francisco Bar (Fig. 1B). The proximity to the tidal inlet leads to
strong (~1 m/s) alongshore tidal currents along Ocean Beach, particular-
ly at the northern end closest to the inlet (Barnard et al., 2007). Tides are
mixed-semidiurnal in the San Francisco Bight with a mean range of
1.25 m and a maximum spring tide range of 2.65 m (National Oceanic
and Atmospheric Administration (NOAA) Tides and Currents, 2011).
The open coastline adjacent to San Francisco is subject to large winter
waves with deep water significant wave height reaching up to ~9 m
during winter storms (Coastal Data Information Program (CDIP), 2011).

The San Francisco Bar and Ocean Beach have been the subject of nu-
merous previous research efforts. Hanes and Barnard (2007) reported
92 million m3 (~60 cm vertical erosion) of sediment loss between
1956 and 2005 from themouth of San Francisco Bay, including changes
to the ebb-tidal delta and the Golden Gate. Dallas and Barnard (2011)
documented, using four complete bathymetric surveys of the ebb-tidal
delta, that between 1873 and 2005 the San Francisco Bar (not including
the inlet) lost approximately 100 million m3 of sedimentwith the outer
lobe of the delta contracting on average 1 km back toward the Golden
Gate inlet. Of the 100 million m3 lost between 1873 and 2005,
76 million m3 was lost between 1956 and 2005 (~45 cm vertical ero-
sion), somewhat smaller than the 92 million m3 reported by Hanes
and Barnard (2007) which included both the ebb-tidal delta and inlet.
Further, Dallas and Barnard (2011) showed, using several stationary
SWAN wave model (Booij et al., 1999) simulations, that the changes
in the ebb-tidal delta geometry have led to increased wave heights at
the southern end of Ocean Beach, a persistently eroding stretch of
shoreline (Hansen and Barnard, 2010). However, their wave simula-
tions were not coupled to a hydrodynamic model to investigate the
resulting changes in flow or sediment transport.

Along Ocean Beach, Hansen and Barnard (2010) documented, using
more than 60 repetitive topographic surveys between 2005 and 2009,
that the shoreline has exhibited a pattern of counter-clockwise rotation,
with the north end of the beach accreting while the south eroded.
Barnard et al. (2012a) extended the topographic data to 2010 and
showed that the alongshore location of the transition from shoreline ac-
cretion to erosion along Ocean Beach is spatially correlated with the
contraction pattern seen in the ebb-tidal delta between 1956 and
2005. The shoreline accreted at the north end of the beach onshore of
areas of the delta that have also accreted, with the opposite occurring
at the south end. A significant volume of the accretion observed in the
ebb-tidal delta offshore of the north end of the beach is a result of
infilling of a marginal flood channel that obliquely intersects the outer
surfzone (Fig. 1B). This channel filled in with as much as 2 m of sedi-
ment between 1956 and 2005 (Fig. 2) (Dallas and Barnard, 2011;
Barnard et al., 2012a).

The influence of the ebb-tidal delta on hydrodynamics along Ocean
Beach has been investigated numerically by Shi et al. (2011) who
showed that wave refraction over the ebb-tidal delta results in along-
shore wave height differences and a corresponding set-up gradient.
The set-up gradient causes an alongshore pressure gradient that can
dominate the alongshore force balance (Shi et al., 2011). Elias and
Hansen (2013-in this issue) investigated the hydrodynamics within
the inlet and over the ebb-tidal delta using the present ebb-tidal delta
bathymetry and found that both wave and tidally-driven sediment
transport are important in both regions, with waves being important
for mobilizing sediment on the delta and tides strongly advecting sedi-
ment into areas away from wave breaking. For example, during storms
waves can break on the distal reaches of the ebb-tidal delta and entrain
sediment which can then be advected into the inlet throat or offshore
depending on the phase of the tide.

The previous research at Ocean Beach and the San Francisco Bar in-
dicates that the ebb-tidal delta andOcean Beach are inherently coupled.
The results presented here demonstrate that the anthropogenically-
driven changes to the San Francisco Bar have had a significant impact
on the forcing, hydrodynamics, and sediment transport patterns at
Ocean Beach.We focus on the differences in the ebb-tidal delta between
1956 and 2005, the two most recent complete bathymetric surveys of
the ebb-tidal delta.

3. Numerical model

The numerical hydrodynamic and sediment transport model
Delft3D (Lesser et al., 2004), coupled with the wave model SWAN



Fig. 1. (A) Regional map showing the modern day ebb-tidal delta, Golden Gate inlet, ship channel, and Ocean Beach. The 10 and 15 m depth contours are shown in white. (B) View of
bathymetry along Ocean Beach (2 m contour interval with 10 and 15 m contours shown in white), the marginal flood tidal channel is also annotated.
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(Holthuijsen et al., 1993; Booij et al., 1999), is used to investigate the
role of different historic ebb-tidal delta geometries on tidal flows and
hydrodynamics along Ocean Beach. The domains and settings used
here are identical to those described in detail in Elias and Hansen
(2013-in this issue). A brief description on the numerical model is pro-
vided below, but for complete details readers are directed to the afore-
mentioned reference.

3.1. Hydrodynamic model

The Delft3D flow module solves the non-steady non-linear shallow
water equations on a staggered Arakawa-C grid (Lesser et al., 2004).
The flow model consists of six two-way coupled flow domains (Fig. 3)
that run simultaneously to improve computational efficiency using a
technique referred to as “domain decomposition” (Hummel and de
Goede, 2000; Deltares, 2010). Grid resolution of the Delft3D flow grid
near Ocean Beach is fixed at 18 m in the alongshore and variable in
the cross-shorewith the finest resolution being 12 mnear the shoreline
(Fig. 3B). The grid along Ocean Beach is oriented such that the along-
grid direction is parallel to the shoreline. Resolution of the remaining
domains varies from approximately 20 m to more than 4 km on the
open ocean boundary of the ocean domain 180 km northwest of
Ocean Beach. The resolution of the domains was spatially-optimized
to resolve the relevant processes (e.g. tidal propagation and surfzone
processes). All six domains were run in depth-averaged mode (2DH)
to minimize computational expense. Vertical variations in flow
resulting from density, salinity, or from waves are not relevant for the
processes of interest here, principally alongshore flow and littoral
transport.

3.2. Wave model

The Delft3D hydrodynamic model is coupled with the third-
generation, phase-averaged spectral wave model SWAN (Holthuijsen
et al., 1993; Booij et al., 1999). SWAN (Version 40.72ABCDE) solves
the wave action balance equation and has been used and validated in
a variety of coastal environments. The wave model used here consists
of three nested domains with the largest domain extending off the
shelf break, the second domain covering the entire San Francisco Bar,
and the third domain is the same as the high resolution flow domain
along Ocean Beach except extending ~700 m further offshore (Fig. 4).
The flow and wave models are coupled every 15 min, with the latest
water level and currents being passed to SWAN by the flow model
and the subsequent wave forces being passed back to the flow model
after the stationary wave simulation.

3.3. Model bathymetry

Twomodel bathymetries were generated, one from 1956 and one
from 2005. The two bathymetry data sets are alike except for the
ebb-tidal delta. For the areas offshore of the ebb-tidal delta
(depths N 20 m), the bathymetry was produced using NOAA Nation-
al Ocean Service (NOS) soundings. For the modern ebb-tidal delta
the bathymetric grid was produced from a multibeam survey carried
out in 2004 and 2005 (Barnard et al., 2007). Along Ocean Beach, the
nearshore and sub-aerial beach bathymetry/topography shallower
than the 8–10 m extent of themultibeam survey is an average of sev-
eral quarterly personal water craft and monthly topographic beach
surveys (for complete details of surveys see Barnard et al., 2007;
Hansen and Barnard, 2010). Bathymetry for San Francisco Bay is a
compilation of several surveys conducted between 1979 and 2005,
with resolution ranging from 5 to 30 m (Jaffe and Foxgrover, 2006;
Foxgrover et al., 2007). In areas in which multiple data sets
overlapped, preference was given to the multibeam data which
was also of the highest resolution, while the NOAA NOS soundings
were only used in areas where no other bathymetry data was
available.

The 1956 ebb-tidal delta bathymetry is directly from the grid pro-
duced by Dallas and Barnard (2011) which was created from the 1956
NOAA NOS survey. The 1956 bathymetry was smoothly merged with



Fig. 2. Ebb-tidal delta geometry in 1956 (A and D), 2005 (B and E), and change between 1956 and 2005 (C and F). A–C show the entire delta (5 and 10 m depth contours shown in black) while D–F show a detailed view off Ocean Beach (1 m contour
interval in gray with 10 m in black). Figure modified from Barnard et al. (2012b).
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Fig. 3. (A) View of all six hydrodynamic domains (indicated by numbers 1–6) with 100 m isobath is indicated by the gray line. (B) Zoom view of domain that encompasses the ebb-tidal
delta and Ocean Beach (domains numbered 2 and 3 respectively). The 10 and 15 m isobaths are also shown. Bold black lines in both panels indicate the boundaries between separate
hydrodynamic domains. The gray circles in both panels indicate the locations of the tidal stations listed in Table 1.
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the remaining bathymetry such that no discontinuities existed and that
the bathymetry was identical in the areas not covered by the 1956 sur-
vey. In both cases the nearshore profile inshore of approximately 6 m
depth was identical. Using the same nearshore profile allows us to as-
sess the changes in the surfzonehydrodynamics and sediment transport
patterns that result from the larger scale differences due to wave refrac-
tion by the ebb-tidal delta and not those resulting from local bathymet-
ric effects.
3.4. Sediment transport calculations

Sediment transport within the flow domains is calculated using the
TRANSPOR2004 transport equations for the movement of non-
cohesive sand fractions. These formulations are implemented inDelft3D
following van Rijn (2007a,b,c) with the suspended and bedload frac-
tions computed independently. A single sediment fraction with a d50
of 250 μm (representative for the beach and ebb-tidal delta: Barnard
et al., 2013-in this issue-a) was used in all domains. Sensitivity analysis
reveals that similar transport patterns were obtained for grain sizes
ranging from 200 to 350 μm.

For this application we compute potential sediment transport and
do not attempt to actually simulate morphologic change. The bed level
within the model is held constant to prevent feedback between the
flows and the changing morphology, thereby isolating the impact of
the changing ebb-tidal delta andwaves on the circulation and sediment
transport patterns. If the bed level was allowed to be updated based on
the computed transport the ensuing feedbackwouldmake it impossible
to isolate the changes purely due the contraction of the delta from those
resulting from local modification of the flow by the changing surfzone
bathymetry. Further, the sediment supply is assumed unlimited, thus
the computed transports are potential transports andmay not be realis-
tic in areas of limited sediment supply (such as the bedrock scoured
inlet throat). This assumption is not expected to have a significant im-
pact on the results along Ocean Beach as the ebb-tidal delta has an esti-
mated volume of 1 km3 based on sub-bottom profiles (Barnard et al.,
2007). Accurate predictions of the bed level change would require
long-term simulations and considerable calibration for which the field
data is not available, particularly for the 1956 bathymetry.
4. Model calibration and validation

Detailed calibration and validation of both theflowandwavemodels
are also presented in Elias and Hansen (2013-in this issue). Tidal prop-
agationwithin theflowmodelwas calibrated using 39 active andhistor-
ic NOAA tidal stations both on the open coast and within San Francisco
Bay. After calibration the largest tidal constituents show good agree-
ment at tidal stations within the Golden Gate inlet and at Pt. Reyes
(Table 1, amplitude differences b0.03 m).Within San Francisco Bay am-
plitude errors of the major constituents are generally less than 0.05 m
and phase differences within 15°. Calibrated on water levels, the
model was validated against flow observations along Ocean Beach and
tidal fluxes through the Golden Gate. Current velocities along Ocean
Beach were obtained during several deployments of acoustic instru-
ments in 2005 and 2006 (Barnard et al., 2007). Comparison of modeled
and observed tidal velocities shows good agreement with Willmott
(1981) skill ranging from 0.68 to 0.90 (1 = perfect agreement 0 =
total disagreement). Similar results were obtained by comparison of
tidal fluxes through the Golden Gate (Elias and Hansen, 2013-in this
issue). In 2008 velocity (and flux) data were obtained by boat-
mounted ADCPs along two transects inside of the Golden Gate

image of Fig.�3


Fig. 4. SWAN wave domains, (A) largest domain extending off continental shelf (100 m isobath shown), as well as the Pt. Reyes and NOAA SF wave buoys. (B) Zoom of rectangle in (A)
showing mid and fine resolution domains covering the ebb-tidal delta and Ocean Beach as well as the CDIP SF Bar Buoy.
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(Erikson et al., 2013-in this issue). In total, 25 transects were obtained
covering both neap tide and spring tide conditions in January 2008.
Evaluation of the cross-sectional averaged fluxes showed good results
with fluxes at peak ebb and flood being accurately reproduced by the
model (see Elias and Hansen (2013-in this issue) for detailed compari-
son). The SWAN wave model was calibrated using three deployed
buoys (locations in Fig. 4) as well as an ADCP deployed in ~10 m
depth offshore of central Ocean Beach in 2008. Willmott skill for signif-
icantwave height ranges from 0.83 to 0.93with the skill for the ADCP at
Ocean Beach being 0.92.
Table 1
Observed (obs) and modeled (mod) amplitudes and phases of the four largest tidal con-
stituents in the San Francisco Bight. Alameda, Redwood City, Richmond and Mare Island
are within the Bay, the San Francisco station is in the inlet and the Point Reyes station is
on the south side of Point Reyes (locations shown in Fig. 3). Table reproduced from Elias
and Hansen (2013-in this issue).

Station Constituent

M2 K1 O1 S2 N2

(m) (°) (m) (°) (m) (°) (m) (°) (m) (°)

Point Reyes Obs 0.58 211 0.37 227 0.23 210 0.14 218 0.12 185
Mod 0.60 204 0.38 239 0.23 220 0.16 270 0.13 207

San Francisco Obs 0.55 191 0.38 220 0.24 205 0.14 197 0.12 165
Mod 0.54 189 0.37 235 0.22 242 0.15 312 0.12 244

Alameda Obs 0.68 224 0.38 233 0.23 217 0.15 235 0.14 199
Mod 0.71 233 0.38 246 0.24 260 0.19 340 0.15 271

Redwood City Obs 0.88 241 0.42 241 0.25 226 0.19 259 0.18 219
Mod 0.85 217 0.39 254 0.25 271 0.24 358 0.17 290

Richmond Obs 0.62 223 0.37 233 0.23 217 0.14 234 0.13 197
Mod 0.65 210 0.37 246 0.23 271 0.17 358 0.14 290

Mare Island Obs 0.60 261 0.34 254 0.20 237 0.13 274 0.12 234
Mod 0.61 244 0.33 263 0.20 271 0.16 358 0.12 290
5. Model input reduction

A long recognized problemwith performing process-basedmorpho-
logical modeling is that morphological evolution of large coastal fea-
tures such as an ebb-tidal delta occurs at time scales with several
orders of magnitude larger than the time scale of the hydrodynamic
fluctuations driving the sediment transport (de Vriend et al., 1993;
Roelvink, 2006; Lesser, 2009). Long term (multi-year) simulations
would be needed to create representative sediment transport patterns
over the complete range of forcing conditions. Such simulations are
computationally unfeasible given the spatial extent of the model and
resolution required in the areas of interest.

Approaches to accelerate morphodynamic simulations consist of
model reduction (de Vriend et al., 1993; Cayocca, 2001; Roelvink,
2006), input reduction (Latteux, 1995; Cayocca, 2001) or combinations
of these (Lesser, 2009). In this studywe use input reduction to construct
representative estimates of the tidal andwave forcing, thus allowing the
long-term forcing time series for tides andwaves to be compressed into
a limited set of representative forcing conditions. Fourteen years of off-
shorewave observationswere schematized into 24 representativewave
classes. Each of the individual wave cases was then run over a
morphologically-representative 24.8 hour tidal cycle (one lunar day)
created from the calibrated tidal constituents. The probability weighted
resultswere then summed to generate an ensemble of all 24wave cases.
All simulations were performed using both 2005 and 1956 ebb-tidal
delta bathymetries.

5.1. Representative tide

The objective of tidal input reduction is to replace the complex time
series of tidalwater level and current fluctuations, as observed in nature,
with a simplified tide. This simplified tide should reproduce the residual
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Table 2
Schematized wave conditions and probability derived from CDIP Pt. Reyes buoy, sea con-
ditions (Tp b 12 s) are indicated by the gray background.

Case Number Hs (m) Tp (s) Dp (°) Probability (%)

1 2.3 8.8 318.6 15.4
2 2.5 14.5 292.8 9.6
3 3.2 9.2 318.8 8.1
4 3.5 14.6 293.2 6.3
5 1.5 8.5 317.7 5.8
6 2.2 10.6 294.7 4.9
7 1.7 14.2 291.6 4.8
8 1.4 10.0 293.5 3.7
9 4.7 15.1 293.5 3.5
10 1.4 15.6 191.5 3.4
11 4.4 10.1 318.4 3.0
12 2.6 13.5 310.9 2.6
13 1.6 13.7 270.1 2.4
14 3.5 13.7 311.6 2.2
15 2.5 14.0 272.2 2.0
16 3.1 10.9 295.3 1.8
17 1.4 10.5 267.9 1.7
18 1.4 15.6 214.9 1.5
19 2.2 10.8 269.2 1.5
20 4.7 14.4 312.2 1.3
21 1.5 13.8 244.0 1.2
22 3.4 14.0 272.6 1.0
23 1.4 10.6 246.3 0.8
24 4.7 14.8 272.6 0.7
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circulation and sediment transport over the region of interest. Following
themethod outlined by Lesser (2009), the calibratedM2, K1, andO1 tidal
constituents are combined to create a mixed-semidiurnal representa-
tive tidal cycle, consistent with the tides in the San Francisco Bight.
The amplitude (amp) and phase (ϕ) of the K1 and O1 constituents are
combined into an artificial constituent, the C1, following:

C1 amp ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2K1O1

p
ϕC1 ¼ ϕK1þϕO1

2
: ð1Þ

The method of Lesser (2009) is an improvement of the schematiza-
tion technique initially developed by Latteux (1995) that relied only on
the M2 tidal constituent. Hoitink et al. (2003) identified and discussed
the importance of the interaction between M2, K1, and O1 constituents
for net sediment transport in regions were the K1 and O1 constituents
are relevant (such as along the U.S. Pacific coast). Under the assumption
that sediment transport is proportional to the cube of the current veloc-
ity, Lesser (2009) shows that the interaction of the artificial C1 constitu-
ent with the M2 produces a similar residual transport to simulations
including the M2, O1 and K1 tidal constituents. Lesser (2009) also
shows that a scaling or enhancement factor is needed to account for
augmented residual sediment transport due to mean flow. The en-
hancement factor is given by:

f ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

2 þ S22 þ K2
1 þ O2

1 þN2
2 þ P21 þ K2

2 þ Q2
1 þ…þ…þ…þ…

M2
2 þ C2

1

:

s
ð2Þ

The amplitude of the representative tide then becomes the enhance-
ment factor (f) multiplied by the sum of the M2 and C1 constituents.
Using the complete set of tidal constituents from the NOAA San
Francisco tide gauge, the most complete set of observed constituents
near Ocean Beach, yields an enhancement factor of 1.07. Simulations
running the model over a full spring–neap cycle showed that both the
residualflowand sediment transports,while different inmagnitude, ex-
hibit similar patterns for the area of interest (ebb-delta and alongOcean
Beach) compared to that of the 24.8 hour representative tidal cycle
using an enhancement factor of 1.07.

5.2. Wave cases

The offshore boundaries of the largest SWAN domain were forced
with 24 representative wave cases derived from the CDIP Pt. Reyes
Buoy (Station 029, located approximately 85 km northwest of Ocean
Beach in 550 m of water, Fig. 4A). The representative wave cases were
derived using fourteen years of hourly measurements of significant
wave height (Hs), peak period (Tp), and peak direction (Dp) between
January 1997 andDecember 2010, themost completewave climatology
available. The wave record was condensed into 48 cases, 24
representing wind sea conditions caused by local winds (Tp b 12 s)
and 24 representing swell conditions (Tp ≥ 12 s). After this division,
sea conditions account for 54% of the time series, while swell comprises
46%. The sea and swell sample populations were binned in 1 m incre-
ments from 1 to 4 m for the swell conditions and 0.75 to 3.75 m for
the sea conditions. To capture storm events in each sample population,
an additional 2 m bin from 4 to 6 m for swell and 3.75 to 5.75 m for the
sea conditions was included, with the 0.25 m offset applied to capture
the data density. Wave direction was binned in 25° increments from
180° to 330° (nautical convention) for both sea and swell. The 48
wave caseswere themean of conditions that fell within the bins defined
by the 2-dimensional (height and direction) probability density func-
tion. Together the 48 wave cases account for 93.1% of the total realiza-
tions with the remaining ~7% falling outside of the binned area. Here
we only use the 24 most probable cases accounting for slightly more
than 89% of the total realizations (Table 2). The remaining least probable
24 cases account for less than 2% of the total realizations and are thus
neglected. For each of the top 24 wave cases, the parametric wave
statistics were converted by SWAN to a JONSWAP spectra
(Hasselmann et al., 1973), whichwas then used as the boundary forcing
on the largest SWAN grid.

6. Analysis approach

To determine how the changes in the ebb-tidal delta bathymetry ul-
timately influence surfzone alongshore circulation and sediment trans-
port, the terms of the alongshore momentum balance were examined
using the output from the model simulations with the 1956 and 2005
ebb-tidal delta bathymetries. Inside the surfzone, the time-averaged
(over many wave periods), depth-integrated alongshore momentum
balance is (e.g. Feddersen et al., 1998):

ρ ηþ hð Þ ∂v
∂t þ u

∂v
∂x þ v

∂v
∂y

� �
¼ −ρg ηþ hð Þ ∂η∂y−

∂Syx
∂x −

∂Syy
∂y −τb þ τw−
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∂x þ ∂Fyy
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 !

ð3Þ

where the left hand side (LHS) of the equation is the local acceleration
and advective acceleration terms (ρ is water density, η is the water sur-
face deviation from still water, h is still water depth, and u and v are the
depth and time-averaged current velocities in the cross-shore (x) and
alongshore directions respectively (y)). The right hand side (RHS) of
Eq. (3) is composed of the alongshore pressure gradient (g is the accel-
eration due to gravity), followed by the gradients of the diagonal and
alongshore components of the radiation stress tensor (Longuet-
Higgins and Stewart, 1964), τb is the alongshore bed stress, τw is the

alongshore wind stress, and ∂Fyx
∂x þ ∂ Fyy

∂y

� �
is the turbulent momentum

flux due to mixing. In terms of understanding themagnitude and direc-
tion of the alongshore current, the pressure and radiation stress gradi-
ents are the terms driving the flow with the bed stress acting to slow
the flow and mobilize sediment. The remaining terms, with the excep-
tion of wind stress (neglected here), are responsive and result from
temporal and spatial gradients in the forcing and flow. Forcing and sed-
iment transport in the cross-shore direction are not investigated, and
not resolved by a 2DHmodel. However, becausewe are chiefly interest-
ed in changes in alongshore flow and transport, the use of a 2DHmodel
is acceptable.



Fig. 5. Ensemble significant wave height (all 24 wave cases) over the entire delta region in 1956 (A and D) and 2005 (B and E), the difference is also shown (C and F, note different color
bar). The lower panels are zoomed into the area along Ocean Beach indicated by the box in the upper panels. Depth contours (5 m interval) shown from 0 to 20 m in all panels.

228 J.E. Hansen et al. / Marine Geology 345 (2013) 221–234
Instead of examining the forcing at specific depth contours the re-
spective terms of Eq. (3)were cross-shore integrated from the shoreline
to 10 m depth. We use 10 m as this is the deepest contour to remain
roughly shore parallel and repetitive bathymetric surveys have shown
10 m to be the approximate depth of closure along Ocean Beach
(Barnard et al., 2007). Thus the shoreline to 10 m depth encompasses
the active profile that is likely to evolve over ~ annual timescales. The
cross-shore integration was performed by multiplying the terms of
Eq. (3) at each alongshore location by the local cross-shore grid cell
size (dx), which varied in the cross-shore direction, and then summing
the values across the surfzone in the x direction, following Eq. (4).

Zxn
x1

Fydx ¼
Xn
i¼1

Fy xið Þdx xið Þ ð4Þ

where, x1 = x(h = 0.5) and xn = x(h = 10 m), Fy is a momentum bal-
ance term (e.g. bed stress), xi is a cross-shore location, and dx(xi) is the
cross-shore grid cell-size also at the location given by xi. The integration
results in units of Newtons permeter in the alongshore direction (N/m).
The shoreline is approximated as 0.5 m depth as themodel does not ad-
equately resolve the physical processes in depths less than 0.5 m be-
cause of the resolution of the model and wetting and drying of
adjacent cells.

Time-averages over the 24.8 hour tidal cycle of the momentum
terms were calculated after cross-shore integration at each output
time step (every 15 min), producing the residual forcing for each of
the 24 wave cases over the entire tidal cycle. As there is considerable
intra-tidal variability in the forcing and flow over the 24.8 hour cycle,
resulting from tidal flows and the (non-linear) impact of tides on the
wave field (see Hansen et al. (2013) for details of the role of tidal forcing
in the surfzone at Ocean Beach) the average is amore relevant represen-
tation of the forcing compared to individual timesteps.

After cross-shore integration and time-averaging, the results from
the 24 wave cases were combined into an ensemble by computing a
probability weighted summation of the terms in Eq. (3), as well as the
predicted alongshore transport and velocity (velocity was not cross-
shore integrated). Wind stress was not included as wind-generated
waves are incorporated as a boundary condition derived from the near-
by Pt. Reyes deep-water wave buoy, and the mixing terms were also
small and thus neglected. Further, the local acceleration is insignificant
after time averaging.
7. Results

7.1. Wave field differences

Previous research has indicated that the ebb-tidal delta and tidal
flows on the inner-continental shelf have considerable impact on the in-
cident wave field and are important in determining hydrodynamics at
Ocean Beach (Eshleman et al., 2007; Shi et al., 2011; Hansen et al.,
2013). Incorporating all 24wave cases and a circulationmodel produces
farmore robust, but broadly similar results as those shown inDallas and
Barnard (2011). The 2005 ebb-tidal delta bathymetry results in wave
heights that are on average (ensemble of all 24 cases) 0.1–0.25 m larger
along southern Ocean Beach and 0.1–0.25 m smaller along northern
Ocean Beach compared to the 1956 bathymetry (Fig. 5). The changes
in the wave heights over the ebb-tidal delta (outside the surfzone,
depths N10 m) largely reflect the changes in the ebb-tidal delta ba-
thymetry, with larger waves occurring in areas that accreted (increased
shoaling) and smallerwaves in areas of thedelta that eroded (decreased

image of Fig.�5
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shoaling) (Fig. 5). Erosion of the southern rim of the delta has exposed
the surfzone (depths b 10 m) of southern Ocean Beach to increased
wave energy, particularly during energetic conditions (Hs N 3 m)
when less wave energy is dissipated on the now deeper ebb-tidal
delta offshore of southern Ocean Beach (Fig. 5F). Along northern
Ocean Beach infilling of the marginal flood channel between 1956 and
2005 altered wave refraction patterns over this portion of the ebb-
delta and has resulted in less wave energy reaching the shoreline
(Fig. 5F).

7.1.1. Ensemble alongshore momentum balances
The changes in the wave field from contraction of the ebb-tidal delta

result in differences in the surfzone forcing, circulation and ultimately
sediment transport. Fig. 6 shows the ensemble velocity field and cross-
shore integrated ensemble advective terms, radiation stress gradients,
pressure gradient, and bed stress based on the 1956 and 2005 ebb-
tidal delta bathymetries (the local acceleration is negligible after time-
averaging). Consistent differences in themomentum terms and velocity
between 1956 and 2005 are observed north of Northing 4177 km, and a
maximum occurs between Northing 4178 and 4180 km (Fig. 6). With
the 1956 ebb-tidal delta bathymetry, the southerly flow along the
shoreline between Northing 4178 and 4180 km is 10–20 cm/s stronger
thanwith the 2005 bathymetry. In 1956, both the southerly-directed ra-
diation stress gradients and northerly-directed pressure gradient were
larger between Northing 4178 and 4180 km (Fig. 6) as a result of
changes in the wave field and gradients therein. The 1956–2005 differ-
ence in the ensemble momentum terms between Northing 4178 and
4180 km corresponds to the northerly migration of the transverse bar
and infilling of the marginal flood channel in this area (Fig. 2). South
of Northing 4176 km the differences in the flow and forcing are more
subtle with local maxima at Northing 4175.5 km. This maximum is as-
sociated with scour adjacent to a wastewater outfall pipe that was
constructed in the 1980s. The scour adjacent to the pipe (evident as
the linear feature in Fig. 2F heading southwest from the coast at North-
ing 4175.5 km) results in a depression in wave heights over the pipe
(Fig. 5F) and a persistent rip-current onshore of where the pipe inter-
sects the shoreline (Hansen et al., 2011; Barnard et al., 2012a).

Along the length of Ocean Beach, the model predicts net southerly-
directed flows along the shoreline for both bathymetry cases (Fig. 6).
However, north of Northing 4178 km in both instances (1956 and
2005) the flow is toward the north offshore of ~5 m depth as a result
of flood dominated tidal residual flow. Using the sign cross-shore inte-
grated bed stress as a proxy for the direction of flow indicates a diver-
gence in the nearshore flow with both the 1956 and 2005 ebb-tidal
delta bathymetries. Of interest is the location of the divergence point
as this is likely to indicate divergence in the direction of cross-shore in-
tegrated alongshore sediment transport. With the 1956 ebb-tidal delta
bathymetry, the flow divergence point is at Northing 4179.3 km. In
2005 the divergence point shifted to the south approximately 750 m
to Northing 4178.6 km. This alongshore shift indicates that the contrac-
tion of the ebb-tidal delta has resulted in a change in the dominant di-
rection of alongshore flow across the surfzone for ~750 m stretch of
shoreline.

7.1.2. Alongshore sediment transport
The coupled wave and circulation model predicts significant differ-

ences in the ensemble wave height, alongshore momentum terms,
and velocity (Fig. 6) and predicted sediment transport patterns
(Fig. 7) using the two separate ebb-tidal delta bathymetries. The differ-
ences in the flow results in corresponding variations in the predicted
sediment transport patterns (Fig. 7). Similar to the differences in the en-
semble velocity field, the largest differences in the predicted potential
transport are betweenNorthing 4178 and 4180 kmwhere the 1956 en-
semble shows considerably larger southerly potential sediment trans-
port (Fig. 7A and B) and cross-shore integrated alongshore sediment
flux (Fig. 7C). North of Northing 4180 km the differences in the cross-
shore integrated sediment flux are comparatively small while south of
Northing 4177 km the transport is more uniform using the 2005 ba-
thymetry and more variable with the 1956 bathymetry. Consistent
with the velocity and cross-shore integrated bed stress (Fig. 6), the
model predicts a divergence in the direction of alongshore sediment
transport, with the divergence point migrating south by approximately
500 m between 1956 and 2005 (Fig. 7).

8. Discussion

Given the large spatial and long temporal scale of factors driving
ebb-delta response (e.g., changes in fluvial sediment supply to changes
in wave climate) much of our understanding of ebb-tidal delta dynam-
ics is based on conceptual models and empirical relations derived from
observational data sets (e.g., O'Brien, 1969; Walton and Adams, 1976).
These empirical relations and conceptual models have proven to be re-
markably universal; however, their major shortcoming is that they lack
comprehensive descriptions of the underlying physics. Recent studies
(e.g., van der Wegen et al., 2008; Lesser, 2009; Shi et al., 2011; Hansen
et al., 2013; Elias and Hansen, 2013-in this issue) illustrate the capabil-
ities of numerical (process-based) models for obtaining fundamental
understanding of the underlying physics behind inlet and ebb-tidal
delta dynamics at a variety of scales. In this paper we particularly
focus on the interactions between a changing ebb-tidal delta and the
shoreline. Comparing the 1956 and 2005 simulations reveals significant
differences in surfzone forcing, circulation, and sediment transport
resulting from the morphodynamic changes of the ebb-tidal delta. Of
the most interest here is whether or not these differences are relevant
to the morphologic evolution of Ocean Beach.

Previous analysis empirically indicates that this is the case. Hansen
and Barnard (2010) showed using monthly topographic surveys be-
tween 2005 and 2009 that the shoreline at Ocean Beach has rotated
counter-clockwise with the north end of the each accreting while the
south eroded. Barnard et al. (2012a) included three additional historic
shoreline surveys extending back to 1899 and showed that the rotation-
al trend has been evident over this entire period (Fig. 8A). The axis of ro-
tation in the shoreline is spatially correlated with the contraction of the
ebb-tidal delta between 1956 and 2005 as measured by the depth
change along the 1956 10-m contour (Fig. 8B, R2 = 0.67, 0.48, and
0.62 when correlated against the shoreline changes between 2005 and
2010, 1982 and 2002, and 1899 and 2002, respectively, the dates for
which shoreline data is available).

The contraction of the ebb-tidal delta has been largely driven by a re-
duction in tidal prism and sediment supply, with no apparent change in
the wave climate (c.f. Dallas and Barnard, 2011; Barnard et al., 2013-in
this issue-a). As the position of the ebb-tidal delta is determined by the
balance of the opposing tidal and wave forces (e.g. Oertel, 1975), con-
traction of the delta resulting from a reduction in the tidal prism and
sediment supply implies that the ebb-delta is currently more wave-
dominated, with net sediment transport in the direction of wave ap-
proach (Kana andMason, 1988). As the transverse bar is the shallowest
connection between the ebb-tidal delta and Ocean Beach, this is likely
the region of greatest onshore transport. An analysis of bedform geom-
etries provides evidence of onshore directed bed-load transport from
the transverse bar to Ocean Beach (Barnard et al., 2012b; Barnard
et al., 2013-in this issue-b). Numerical modeling of this sediment feed-
ing from the ebb-tidal delta to the surfzone would require a different
numerical modeling approach than is described here. In particular a
three dimensional model is required to simulate the onshore wave-
driven transport (bed streaming) and the timeframe of the delta con-
traction (decades) extends well beyond the length of our simulations.
As a result we are unable to establish the exact dynamics of the sedi-
ment transport pathways between the ebb delta and Ocean Beach
using the current numerical model, but rather suggest this as a topic
of future research using an appropriatemodel. However, the conceptual
models and observational data sets described in previous literature



Fig. 6. Ensemble velocity field (A–B) and dominant forcing terms (C–F) in Eq. (3) for all 24 wave cases using the 1956 (red) and 2005 (black) ebb-tidal delta geometries. Depth contours shown in the velocity panels for 1956 and 2005 (2 m interval
with 10 m in white).
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Fig. 7. Ensemble residual sediment transport from all 24wave cases computed using the 1956 (A) and 2005 (B) ebb-tidal delta bathymetry. (C) Cross-shore integrated ensemble of along-
shore component of transport. Panels A and B show depth contours, 2 m interval with 10 m in white.
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(e.g., O'Brien, 1969; Oertel, 1975; Kana and Mason, 1988) along with
the empirical evidence (i.e., bedform geometries) suggest the ebb
delta is supplying sediment to Ocean Beach via the transverse bar. As
the transverse bar has migrated to the north along Ocean Beach be-
tween 1956 and 2005, the alongshore location of the presumed primary
sediment delivery to the beach has alsomigrated north. Using the 1956
ebb-tidal delta bathymetry, the model predicts larger, southerly trans-
port across the entire region where the transverse bar attaches to
Ocean Beach (Northing 4176.5–4178 km, Fig. 7A and C). When using
the 2005 ebb-tidal delta bathymetry, the southerly transport in the
same region is reduced in magnitude, while the transport divergence
point migrated south and the transverse bar migrated to the north
(Fig. 7B and C). In 1956, any sediment that migrated onshore from the
ebb-tidal delta was transported to the south and acted as a source of
sediment for the shoreline south of the transverse bar attachment
point. By 2005 at least some portion of the sediment migrating onshore
from the ebb-tidal delta was moving north as a result of the southerly
migration of the transport divergence point and northerly migration
of the transverse bar, both of which overlap at approximately Northing
4179 km (Fig. 7).

These differences between 1956 and 2005 can be used to explain the
observed evolution of the shoreline at Ocean Beach. Any sediment
transported north from the transverse bar attachment point will move
north and become trapped by Pt. Lobos, the rocky headland that marks
the end of Ocean Beach at Northing 4181.3 km (Fig. 1B). Some portion
of this sediment may then be transported to the south along the shore-
line (Fig. 7B), but the net transport direction across the active profile is
toward the north (Fig. 7C). Trapping of a majority of the northerly
migrating sediment by Pt. Lobos is themost likely reason for the dramat-
ic seaward migration of the shoreline along the northern 1.5–2 km of
Ocean Beach (Fig. 8A). As the transverse bar has migrated north and
transport divergence point migrated south, by 2005 the southern end
of Ocean Beach was increasingly cut off from ebb-tidal delta sediments.
As a result the southern end of Ocean Beach receives less sediment and
has eroded (Fig. 8A). Contraction of the ebb-tidal delta has been an on-
going process that has been occurring since at least 1873 (c.f. Dallas and
Barnard, 2011) and the shoreline has been rotating over that same time.

An alternative or complimentary hypothesis linking the bathymetric
change of the ebb-tidal delta and the shoreline would be that the ob-
served shoreline changes have resulted from cross-shore sediment
transport due to modification of the cross-shore profile. The bathymet-
ric changes in the ebb-tidal delta between 1956 and 2005 resulted in the
nearshore profile becoming shallower offshore of northernOcean Beach
and steeper off the southernOcean Beach. Simple 1D equilibriumprofile
theory (e.g., Dean, 1991) suggests that the decrease in depth at the off-
shore end of the nearshore profile at the north end of the beach should
result in accretion of the sub-aerial beach and shoreline with the oppo-
site occurring at the south end, consistent with the observations at
Ocean Beach. Support for this hypothesis was obtained onshore of a dif-
ferent ebb-tidal delta in New Zealand by Foster et al. (1994) who
showed that all 80,000 m3 of a nearshore dredge nourishment in 4–
7 m depth could be accounted for by sub-aerial accretion of the beach.
The nourishment reduced the nearshore slope and to re-achieve an
equilibrium profile the sediment moved onshore. However, a similar
nearshore placement of a total of 690,000 m3 of dredge spoils offshore
of the south end of Ocean Beach (Northing 4175.5 km) in 9–14 m
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Fig. 8. (A)MeanHighWater (MHW) shoreline change between1899 and 2002, 1982 and2002, and 2004 and 2010 alongOcean Beach. (B) 2004 to 2010MHWshoreline change anddepth
change along the 1956 10 m depth contour between 1956 and 2005. Figure modified from Barnard et al. (2012b).
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depth over a several year period produced no significant trend in shore-
line change (Barnard et al., 2008). The Ocean Beach nourishmentwas at
the edge of the active profile and the grain sizewasfiner than that of the
beach sediments. However, given the relatively large volume, it would
be expected that if the cross-shore profile was attempting to re-
establish equilibrium, similar to that described by Foster et al. (1994),
at least some of the 690,000 m3 would have been deposited on the
sub-aerial beach. Therefore, while not possible to rule out significant
cross-shore transport resulting from changes in the profile, the present
evidence does not suggest that cross-shore transport resulting from
profile disequilibrium is the dominant force driving shoreline changes
from contraction of the ebb-tidal delta.

The processes described here are not unique to San Francisco
Bay and Ocean Beach. Ebb-tidal deltas are common geomorphic fea-
tures and occur in both active and passive geologic margins. While
the Golden Gate is somewhat unique in that the inlet is bedrock
confined, thereby preventing migration, the dynamics of the ebb-
tidal delta seaward of the Golden Gate are similar overall to many
other ebb-tidal deltas. Particularly, the seaward extent and location
of the transverse bar at all ebb-tidal deltas are largely defined by the
interplay of the wave climate, tidal prism and sediment supply. As a
result, the processes described here for Ocean Beach are similar to
those occurring at many inlet-adjacent shorelines globally. Further,
as many inlet and bay systems are also heavily populated areas, the
modifications to the San Francisco Bay system and resulting
changes to the ebb-tidal delta are also likely common. The results
presented here further support the view that ebb-tidal deltas and
their onshore shorelines are a coupled system, with the shoreline
position and orientation being directly related and largely con-
trolled over multi-annual time scales by the processes and evolu-
tion of the ebb-tidal delta. Additionally, this work illustrates the
connections and impact of human activities within the basin and
watershed (more than a 100 km from the coast in this instance)
on shoreline evolution adjacent to the inlet.

9. Conclusions

A coupledwave and circulation numericalmodel is used to determine
if contraction and deflation of an ebb-tidal delta at the mouth of San
Francisco Bay have resulted in changes in alongshore forcing, circulation,
and sediment transport at adjacent Ocean Beach. Numerical simulations
were conducted over a 24.8 hour representative tidal cycle using 24
wave cases derived from 14 years of wave climatology at an offshore
buoy. The 24 simulations were run using bathymetry data sets collected
in 1956 and 2005, between which the ebb-tidal delta lost 76 million m3

of sediment and contracted by ~1 km. The simulations show that the dif-
fering ebb-tidal delta geometries result in significant differences in the
alongshore momentum terms as well as the resulting circulation and
computed potential alongshore sediment transport. As the ebb-tidal
delta has contracted, the transverse bar, where the delta welds to the
shoreline, has migrated north while a point of persistent alongshore
flow and transport divergence has migrated south. The changes in the
relative alongshore positions of the transverse bar and alongshore trans-
port divergence point provide a probable explanation for the observed
counter-clockwise rotation of the shoreline at Ocean Beach observed
over the 20th century.

Acknowledgments

This work was funded by the US Geological Survey Coastal and
Marine Geology Program, US Army Corps of Engineers (San Francisco
District), as well as through a collaborative agreement between the US
Geological Survey and Deltares (Netherlands). Li Erikson is thanked
for providing the Golden Gate transect data.

image of Fig.�8


233J.E. Hansen et al. / Marine Geology 345 (2013) 221–234
References

Atwater, B.F., 1979. Ancient processes at the site of southern San Francisco Bay: move-
ment of the crust and changes in sea level. In: Conomos, T.J. (Ed.), San Francisco
Bay: The Urbanized Estuary. American Association for the Advancement of Science,
San Francisco, pp. 47–84.

Barnard, P.L., Eshleman, J.L., Erikson, L.H., Hanes, D.M., 2007. Coastal processes study at
Ocean Beach, San Francisco, CA: summary of data collection 2004–2006. U.S. Geolog-
ical Survey, Open File Report 2007–1217 (165 pp., http://pubs.usgs.gov/of/2007/
1217/).

Barnard, P.L., Erikson, L.H., Hansen, J.E., Elias, E., 2008. The performance of nearshore
dredge disposal at Ocean Beach, San Francisco, California: 2005–2007. U.S. Geological
Survey Open-file Report 2008–1347 (112 pp., http://pubs.usgs.gov/of/2008/1347/).

Barnard, P.L., Hansen, J.E., Erikson, L.H., 2012a. Synthesis study of an erosion hot spot,
Ocean Beach, California. Journal of Coastal Research 28 (4), 903–922.

Barnard, P.L., Erikson, L.H., Rubin, D.M., Dartnell, P., Kvitek, R.G., 2012b. Analyzing
bedforms mapped using multibeam sonar to determine regional bedload sedi-
ment transport patterns in the San Francisco Bay coastal system. In: Li, M.Z.,
Sherwood, C.R., Hill, P.R. (Eds.), Sediments, Morphology and Sedimentary Pro-
cesses on Continental Shelves: Advances in Technologies, Research and Applica-
tions. Special Publication 44 of the International Association of Sedimentologists
(IAS), pp. 273–294.

Barnard, P.L., Foxgrover, A.C., Elias, E.P.L., Erikson, L.H., Hein, J.R., McGann, M., Mizell, K.,
Rosenbauer, R.J., Swarzenski, P.W., Takesue, R.K., Wong, F.L., Woodrow, D.L., 2013a.
Integration of bed characteristics, geochemical tracers, current measurements, and
numerical modeling for assessing provenance of beach sand in the San Francisco
Bay Coastal System. Marine Geology 345, 181–206 (in this issue).

Barnard, P.L., Erikson, L.H., Elias, E.P.L., Dartnell, P., 2013b. Sediment transport patterns in
the San Francisco Bay Coastal System from cross-validation of bedform asymmetry
and modeled residual flux. Marine Geology 345, 72–95 (in this issue).

Booij, N., Ris, R.C., Holthuijsen, L.H., 1999. A third-generation wave model for coastal re-
gions 1. Model description and validation. Journal of Geophysical Research 104, C4.

Carter, R.W.G., Lowry, P., Stone, G.W., 1982. Sub-tidal ebb-shoal control of shoreline ero-
sion via wave refraction, Magilligan foreland, Northern Ireland. Marine Geology 48,
M17–M25.

Cayocca, F., 2001. Long-term morphological modeling of a tidal inlet: the Arcachon Basin,
France. Coastal Engineering 42, 115–142.

Chin, J.L., Wong, F.L., Carlson, P.R., 2004. Shifting shoals and shattered rocks-howman has
transformed the floor of west-central San Francisco Bay. U.S. Geological Survey, Circu-
lar, 1259 (38 pp., http://pubs.usgs.gov/circ/2004/c1259/c1259.pdf).

Cleary, W.J., FitzGerald, D.M., 2003. Tidal inlet response to natural sedimentation process-
es and dredging-induced tidal prism changes: Mason Inlet, North Carolina. Journal of
Coastal Research 19, 1018–1025.

Coastal Data Information Program (CDIP), 2011. Integrative Oceanography Division.
Scripps Institution of Oceanography, San Diego (http://www.cdip.ucsd.edu/).

Dallas, K.L., Barnard, P.L., 2011. Anthropogenic influences on shoreline and nearshore evo-
lution in the San Francisco Bay coastal system. Estuarine, Coastal and Shelf Science 92,
195–204.

de Vriend, H.J., Capobianco, M., Chesher, T., De Swart, H.E., Latteux, B., Stive, M.J.F., 1993.
Approaches to long term modeling of coastal morphology: a review. Coastal Engi-
neering 21 (1–3), 225–269.

Dean, R.G., 1988. Sediment interaction at modified coastal inlets: processes and policies.
Hydrodynamics and sediment dynamics of tidal inlets. In: Aubrey, D.G., Weishar, L.
(Eds.), Lecture Notes on Coastal and Estuarine Studies. Springer, New York.

Dean, R.G., 1991. Equilibrium beach profiles: characteristics and applications. Journal of
Coastal Research 7, 53–84.

Deltares, 2010. Delft3D-flow User Manual.
Elias, E.P.L., Hansen, J.E., 2013. Understanding processes controlling sediment transports

at the mouth of a highly energetic inlet system (San Francisco Bay, CA). Marine Geol-
ogy 345, 205–220 (in this issue).

Elias, E.P.L., van der Spek, A.J.F., 2006. Long-term morphodynamic evolution of Texel inlet
and its ebb-tidal delta (The Netherlands). Marine Geology 225, 5–21.

Erikson, L.H., Wright, S.A., Elias, E., Hanes, D.M., Shoellhamer, D.H., Largier, J., 2013. The
use of modeling and suspended sediment concentration measurements for quantify-
ing net suspended sediment transport through a large tidally dominated inlet. Marine
Geology 345, 96–112 (in this issue).

Eshleman, J.L., Barnard, P.L., Erikson, L.H., Hanes, D.M., 2007. Coupling alongshore varia-
tions in wave energy to beach morphologic change using the SWAN wave model at
Ocean Beach, San Francisco, CA. 10th International Workshop on Wave Hindcasting
and Forecasting and Coastal Hazard Symposium North Shore, Oahu, Hawaii, p. 20.

Feddersen, F., Guza, R.T., Elgar, S., Herbers, T.H.C., 1998. Alongshore momentum balances
in the nearshore. Journal of Geophysical Research 103, 15,667–15,676.

Finley, R.J., 1978. Ebb-tidal delta morphology and sediment supply in relation to seasonal
wave energy flux, North Inlet, South Carolina. Journal of Sedimentary Research 48,
227–238.

FitzGerald, D.M., 1984. Interactions between the ebb-tidal delta and landward shoreline;
Price Inlet, South Carolina. Journal of Sedimentary Research 54, 1303–1318.

FitzGerald, D.M., 1996. Geomorphic variability and morphologic and sedimentologic con-
trols on tidal inlets. Journal of Coastal Research 47–71.

Foster, G.A., Healy, T.R., Lange, W.P.d, 1994. Sediment budget and equilibrium beach pro-
files applied to renourishment of an ebb tidal delta adjacent beach, Mt. Maunganui,
New Zealand. Journal of Coastal Research 10, 564–575.

Foxgrover, A.C., Dartnell, P., Jaffe, B.E., Takekawa, J.Y., Athearn, N.D., 2007. High-resolution
bathymetry and topography of south San Francisco Bay, California. U.S. Geological
Survey Scientific Investigations Map 2987. (1 sheet. http://pubs.usgs.gov/sim/2007/
2987.).
Gilbert, G.K., 1917. Hydraulic-mining debris in the Sierra Nevada. U.S. Geological
Survey, Professional Paper 105 (188 pp., http://pubs.usgs.gov/pp/0105/report.
pdf).

Hanes, D.M., Barnard, P.L., 2007. Morphological evolution in the San Francisco Bight. Pro-
ceedings of the 9th International Coastal Symposium, Gold Coast Australia. Journal of
Coastal Research Special Issue, 50, pp. 469–473.

Hansen, J.E., Barnard, P.L., 2010. Sub-weekly to interannual variability of a high-energy
shoreline. Coastal Engineering 57, 959–972.

Hansen, J.E., Elias, E.P.L., List, J.H., Erikson, L.H., Barnard, P.L., 2011. A numerical model in-
vestigation of the formation and persistence of an erosion hotspot. In: Wang, P.,
Rosati, J.D., Robert, T.M. (Eds.), Coastal Sediments 2011. World Scientific, Miami, Fl,
pp. 1769–1782.

Hansen, J.E., Elias, E., List, J.H., Erikson, L.H., Barnard, P.L., 2013. Tidally influenced
alongshore circulation at an inlet-adjacent shoreline. Continental Shelf Research
56, 26–38.

Hasselmann, D., Dunckel, M., Ewing, J., 1973. Directional wave spectra observed during
JONSWAP 1973. Journal of Physical Oceanography 10 (88), 1264–1280.

Hayes, M.O., 1980. General morphology and sediment patterns in tidal inlets. Sedimenta-
ry Geology 26, 139–156.

Hicks, D.M., Hume, T.M., Swales, A., Green, M.O., 1999. Magnitudes, spatial extent, time
scales and causes of shoreline change adjacent to an ebb tidal delta, Katikati Inlet,
New Zealand. Journal of Coastal Research 15, 220–240.

Hoitink,A.J.F., Hoekstra, P., vanMaren,D.S., 2003. Flowasymmetry associatedwith astronom-
ical tides: implications for the residual transport of sediment. J. Geophysical Research108
(C10), 3315.

Holthuijsen, L.H., Booij, N., Ris, R.C., 1993. A spectral wave model for the coastal ocean.
Proceedings of the 2nd International Symposium of Ocean Wave Measurement and
Analysis, New Orleans, pp. 630–641.

Hubbard, D.K., Oertel, G., Nummedal, D., 1979. The role of waves and tidal currents in the
development of tidal-inlet sedimentary structures and sand body geometry; examples
fromNorth Carolina, South Carolina, andGeorgia. Journal of Sedimentary Research 49,
1073–1091.

Hummel, S., de Goede, E.D., 2000. Domain decomposition with grid refinement for shal-
low water modeling. 4th International Conference on Hydroinformatics. Iowa Insti-
tute of Hydraulic Research, Iowa City, Iowa.

Jaffe, B.E., Foxgrover, A., 2006. Sediment deposition and erosion in south San Francisco
Bay, California from 1956 to 2005. U.S. Geological Survey Open-report 2006–1287
(24 pp., http://pubs.usgs.gov/of/2006/1287/).

Jaffe, B.E., Smith, R.E., Foxgrover, A.C., 2007. Anthropogenic influence on sedimentation
and intertidal mudflat change in San Pablo Bay, California: 1856–1983. Estuarine,
Coastal and Shelf Science 73, 175–187.

Kana, T.W., Mason, J.E., 1988. Evolution of an ebb-tidal delta after an inlet relocation.
Hydrodynamics and Sediment Dynamics of Tidal Inlets.AGU, Washington, DC
382–411.

Knowles, N., Cayan, D.R., 2004. Elevational dependence of projected hydrologic changes in
the San Francisco estuary and watershed. Climatic Change 62, 319–336.

Latteux, B., 1995. Techniques for long-term morphological simulation under tidal action.
Marine Geology 126, 129–141.

Lesser, G.R., 2009. An Approach to Medium-term Coastal Morphological Modeling. Delft
University of Technology, Delft, The Netherlands 238.

Lesser, G.R., Roelvink, J.A., van Kester, J.A.T.M., Stelling, G.S., 2004. Development and vali-
dation of a three-dimensional morphological model. Coastal Engineering 51,
883–915.

Longuet-Higgins, M.S., Stewart, R.W., 1964. Radiation stresses in water waves: a physical
discussion with application. Deep Sea Research 11, 529–562.

National Oceanic &Atmospheric Administration (NOAA) Tides andCurrents, 2011. Center for
Operational Oceanographic Products and Services (CO-OPS). http://tidesandcurrents.
noaa.gov/.

O'Brien, M.P., 1931. Estuary tidal prisms related to entrance areas. Civil Engineering 1,
738–739.

O'Brien, M.P., 1969. Equilibrium flow areas of inlets on sandy coasts. ASCE, Journal of the
Waterways and Harbors Division WWI, 43–52.

Oertel, G., 1975. Ebb-tidal deltas of Georgia estuaries. In: Cronin, L.E. (Ed.), Estuarine Re-
search. Academic Press, New York, pp. 267–276.

Oertel, G.F., 1977. Geomorphic cycles in ebb deltas and related patterns of shore erosion
and accretion. Journal of Sedimentary Research 47, 1121–1131.

Oost, A.P., De Boer, P.L., 1994. Sedimentology and development of barrier islands, ebb-
tidal deltas, inlets and backbarrier areas of the Dutch Wadden Sea. Senckenbergiana
Maritima 24, 65–115.

Robin, N., Levoy, F., Monfort, O., Anthony, E., 2009. Short-term to decadal-scale onshore
bar migration and shoreline changes in the vicinity of a megatidal ebb delta. Journal
of Geophysical Research 114, F04024.

Roelvink, J.A., 2006. Coastal morphodynamic evolution techniques. Coastal Engineering
53, 277–287.

Shi, F., Hanes, D.M., Kirby, J.T., Erikson, L., Barnard, P., Eshleman, J., 2011. Pressure-gradi-
ent-driven nearshore circulation on a beach influenced by a large inlet-tidal shoal
system. Journal of Geophysical Research 116, C04020.

Stive, M.J.F., Wang, Z.B., 2003. Morphodynamic modeling of tidal basins and coastal inlets.
In: Lakhan, C. (Ed.), Advances in Coastal Modeling, pp. 367–392.

United States Army Corps of Engineers, 1996. Ocean beach storm damage reduction fea-
sibility study: USACE San Francisco District, final feasibility study for the city and
county of San Francisco (518 pp.).

van der Wegen, M., Wang, Z.B., Savenije, H.H.G., Roelvink, J.A., 2008. Long-term
morphodynamic evolution and energy dissipation in a coastal plain, tidal embayment.
Journal of Geophysical Research113, F03001. http://dx.doi.org/10.1029/2007jf000898,
2008.

http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0005
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0005
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0005
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0005
http://pubs.usgs.gov/of/2007/1217/
http://pubs.usgs.gov/of/2007/1217/
http://pubs.usgs.gov/of/2008/1347/
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0010
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0010
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0225
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0225
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0225
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0225
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0225
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0225
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0225
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0230
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0230
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0230
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0235
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0235
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0235
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0240
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0240
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0015
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0015
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0015
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0020
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0020
http://pubs.usgs.gov/circ/2004/c1259/c1259.pdf
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0025
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0025
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0025
http://www.cdip.ucsd.edu/
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0030
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0030
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0030
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0045
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0045
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0035
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0035
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0035
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0040
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0040
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0250
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0310
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0310
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0310
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0050
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0050
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0315
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0315
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0315
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0315
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0320
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0320
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0320
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0320
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0060
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0060
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0065
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0065
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0065
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0070
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0070
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0075
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0075
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0255
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0255
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0255
http://pubs.usgs.gov/sim/2007/2987
http://pubs.usgs.gov/sim/2007/2987
http://pubs.usgs.gov/pp/0105/report.pdf
http://pubs.usgs.gov/pp/0105/report.pdf
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0335
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0335
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0335
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0085
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0085
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0090
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0090
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0090
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0090
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0095
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0095
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0095
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0260
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0260
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0100
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0100
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0105
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0105
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0105
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0110
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0110
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0110
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0340
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0340
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0340
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0115
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0115
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0115
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0115
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0345
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0345
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0345
http://pubs.usgs.gov/of/2006/1287/
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0125
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0125
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0125
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0355
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0355
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0355
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0135
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0135
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0140
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0140
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0150
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0150
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0145
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0145
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0145
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0155
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0155
http://tidesandcurrents.noaa.gov/
http://tidesandcurrents.noaa.gov/
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0160
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0160
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0270
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0270
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0165
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0165
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0170
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0170
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0175
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0175
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0175
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0185
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0185
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0185
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0180
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0180
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0190
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0190
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0190
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0275
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0275
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0280
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0280
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0280
http://dx.doi.org/10.1029/2007jf000898, 2008
http://dx.doi.org/10.1029/2007jf000898, 2008


234 J.E. Hansen et al. / Marine Geology 345 (2013) 221–234
van Rijn, L.C., 2007a. Unified view of sediment transport by currents andwaves. I: initiation
of motion, bed roughness, and bed-load transport. Journal of Hydraulic Engineering
133, 649–667.

van Rijn, L.C., 2007b. Unified view of sediment transport by currents and waves. II:
suspended transport. Journal of Hydraulic Engineering 133, 668–689.

van Rijn, L.C., 2007c. Unified view of sediment transport by currents and waves. III: grad-
ed beds. Journal of Hydraulic Engineering 133, 761–775.
Walton, T.L., Adams, W.D., 1976. Capacity of inlet outer bars to store sand. Proceedings of
the 15th Coastal Engineering Conference. ASCE, Honolulu, HI.

Willmott, C.J., 1981. On the validation of models. Physical Geography 2,
184–194.

Wright, S.A., Schoellhamer, D.H., 2004. Trends in the sediment yield of the Sac-
ramento River, California, 1957–2001. San Francisco Estuary and Watershed
Science 2.

http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0195
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0195
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0195
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0200
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0200
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0205
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0205
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0210
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0210
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0215
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0215
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0220
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0220
http://refhub.elsevier.com/S0025-3227(13)00146-1/rf0220

	Changes in surfzone morphodynamics driven by multi-decadal contraction of a largeebb-tidal delta
	1. Introduction
	2. Study location and previous work
	3. Numerical model
	3.1. Hydrodynamic model
	3.2. Wave model
	3.3. Model bathymetry
	3.4. Sediment transport calculations

	4. Model calibration and validation
	5. Model input reduction
	5.1. Representative tide
	5.2. Wave cases

	6. Analysis approach
	7. Results
	7.1. Wave field differences
	7.1.1. Ensemble alongshore momentum balances
	7.1.2. Alongshore sediment transport


	8. Discussion
	9. Conclusions
	Acknowledgments
	References


