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a b s t r a c t
The impact of multi-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 northward ~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 migrating 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, alongshore migration of the transverse bar and divergence point has decreased the sediment supply to southern Ocean Beach, consistent with the observed erosion 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 multidecadal 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 seaward side of many tidal inlets (Hayes, 1980) and numerous 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 hydrodynamic forcing (see Dean, 1988; Oost and De Boer, 1994; Stive and
Wang, 2003). Conceptually, sediment supplied by the basin and via
⁎ Corresponding author at: United States Geological Survey, Paciﬁc Coastal and Marine
Science Center, 400 Natural Bridges Drive, Santa Cruz, CA 95060, USA. Tel.: +1 508 289
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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 seaward while a more energetic 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, regional stratigraphy (e.g., presence of resistant bedrock layers) and freshwater 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 that make 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 sediment 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, the watershed, 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 numerical model. The coupled ﬂow-wave model is forced with representative wave and tidal conditions using the modern (2005) ebb-tidal delta
bathymetry as well as that from 1956 to understand the cause of observed 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 the west 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 from hydraulic mining, which increased the sediment supply and reduced the tidal prism by decreasing storage in the
basin. In addition to the cessation of hydraulic mining in 1884, sediment
supply has also been reduced by damming of the major 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 estimated 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, particularly 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 numerous previous research efforts. Hanes and Barnard (2007) reported
92 million m3 (~60 cm vertical erosion) of sediment loss between
1956 and 2005 from the mouth 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 sediment with 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 erosion), 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 simulations 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 accretion 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 sediment 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 alongshore 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 sediment 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 indicates that the ebb-tidal delta and Ocean Beach are inherently coupled.
The results presented here demonstrate that the anthropogenicallydriven 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
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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.

(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 provided below, but for complete details readers are directed to the aforementioned 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-shore with the ﬁnest resolution being 12 m near the shoreline
(Fig. 3B). The grid along Ocean Beach is oriented such that the alonggrid 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 thirdgeneration, 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
Two model 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 National 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 the multibeam survey is an average of several 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 produced by Dallas and Barnard (2011) which was created from the 1956
NOAA NOS survey. The 1956 bathymetry was smoothly merged with
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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.

the remaining bathymetry such that no discontinuities existed and that
the bathymetry was identical in the areas not covered by the 1956 survey. In both cases the nearshore proﬁle inshore of approximately 6 m
depth was identical. Using the same nearshore proﬁle allows us to assess the changes in the surfzone hydrodynamics and sediment transport
patterns that result from the larger scale differences due to wave refraction by the ebb-tidal delta and not those resulting from local bathymetric effects.

the computed transports are potential transports and may not be realistic in areas of limited sediment supply (such as the bedrock scoured
inlet throat). This assumption is not expected to have a signiﬁcant impact on the results along Ocean Beach as the ebb-tidal delta has an estimated 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.

3.4. Sediment transport calculations

4. Model calibration and validation

Sediment transport within the ﬂow domains is calculated using the
TRANSPOR2004 transport equations for the movement of noncohesive sand fractions. These formulations are implemented in Delft3D
following van Rijn (2007a,b,c) with the suspended and bedload fractions 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 and waves on the circulation and sediment
transport patterns. If the bed level was allowed to be updated based on
the computed transport the ensuing feedback would make 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

Detailed calibration and validation of both the ﬂow and wave models
are also presented in Elias and Hansen (2013-in this issue). Tidal propagation within the ﬂow model was calibrated using 39 active and historic NOAA tidal stations both on the open coast and within San Francisco
Bay. After calibration the largest tidal constituents show good agreement at tidal stations within the Golden Gate inlet and at Pt. Reyes
(Table 1, amplitude differences b 0.03 m). Within San Francisco Bay amplitude 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 instruments 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 boatmounted ADCPs along two transects inside of the Golden Gate
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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.

(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 comparison). 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 significant wave height ranges from 0.83 to 0.93 with 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 constituents 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

Point Reyes
San Francisco
Alameda
Redwood City
Richmond
Mare Island

Obs
Mod
Obs
Mod
Obs
Mod
Obs
Mod
Obs
Mod
Obs
Mod

K1

O1

S2

N2

(m)

(°)

(m)

(°)

(m)

(°)

(m)

(°)

(m)

(°)

0.58
0.60
0.55
0.54
0.68
0.71
0.88
0.85
0.62
0.65
0.60
0.61

211
204
191
189
224
233
241
217
223
210
261
244

0.37
0.38
0.38
0.37
0.38
0.38
0.42
0.39
0.37
0.37
0.34
0.33

227
239
220
235
233
246
241
254
233
246
254
263

0.23
0.23
0.24
0.22
0.23
0.24
0.25
0.25
0.23
0.23
0.20
0.20

210
220
205
242
217
260
226
271
217
271
237
271

0.14
0.16
0.14
0.15
0.15
0.19
0.19
0.24
0.14
0.17
0.13
0.16

218
270
197
312
235
340
259
358
234
358
274
358

0.12
0.13
0.12
0.12
0.14
0.15
0.18
0.17
0.13
0.14
0.12
0.12

185
207
165
244
199
271
219
290
197
290
234
290

5. Model input reduction
A long recognized problem with performing process-based morphological modeling is that morphological evolution of large coastal features 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 study we use input reduction to construct
representative estimates of the tidal and wave forcing, thus allowing the
long-term forcing time series for tides and waves to be compressed into
a limited set of representative forcing conditions. Fourteen years of offshore wave observations were schematized into 24 representative wave
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
results were then summed to generate an ensemble of all 24 wave 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 tidal water level and current ﬂuctuations, as observed in nature,
with a simpliﬁed tide. This simpliﬁed tide should reproduce the residual
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circulation and sediment transport over the region of interest. Following
the method outlined by Lesser (2009), the calibrated M2, K1, and O1 tidal
constituents are combined to create a mixed-semidiurnal representative 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:
C 1 amp ¼

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2K1 O1

ϕC 1 ¼

ϕK1þ ϕO1
:
2

ð1Þ

The method of Lesser (2009) is an improvement of the schematization 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 velocity, Lesser (2009) shows that the interaction of the artiﬁcial C1 constituent 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 enhancement factor is given by:
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
M22 þ S22 þ K21 þ O21 þ N22 þ P21 þ K22 þ Q 21 þ … þ … þ … þ …
f ¼
: ð2Þ
M22 þ C21
The amplitude of the representative tide then becomes the enhancement 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
residual ﬂow and sediment transports, while different in magnitude, exhibit similar patterns for the area of interest (ebb-delta and along Ocean
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 and December 2010, the most complete wave 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 increments 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 cases were the mean of conditions that fell within the bins deﬁned
by the 2-dimensional (height and direction) probability density function. Together the 48 wave cases account for 93.1% of the total realizations 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
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Table 2
Schematized wave conditions and probability derived from CDIP Pt. Reyes buoy, sea conditions (Tp b 12 s) are indicated by the gray background.
Case Number

Hs (m)

Tp (s)

Dp (°)

Probability (%)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

2.3
2.5
3.2
3.5
1.5
2.2
1.7
1.4
4.7
1.4
4.4
2.6
1.6
3.5
2.5
3.1
1.4
1.4
2.2
4.7
1.5
3.4
1.4
4.7

8.8
14.5
9.2
14.6
8.5
10.6
14.2
10.0
15.1
15.6
10.1
13.5
13.7
13.7
14.0
10.9
10.5
15.6
10.8
14.4
13.8
14.0
10.6
14.8

318.6
292.8
318.8
293.2
317.7
294.7
291.6
293.5
293.5
191.5
318.4
310.9
270.1
311.6
272.2
295.3
267.9
214.9
269.2
312.2
244.0
272.6
246.3
272.6

15.4
9.6
8.1
6.3
5.8
4.9
4.8
3.7
3.5
3.4
3.0
2.6
2.4
2.2
2.0
1.8
1.7
1.5
1.5
1.3
1.2
1.0
0.8
0.7

statistics were converted by SWAN to a JONSWAP spectra
(Hasselmann et al., 1973), which was 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 ultimately inﬂuence surfzone alongshore circulation and sediment transport, 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):
!


∂F yx ∂F yy
∂v
∂v
∂v
∂η ∂Syx ∂Syy
þu þv
¼ −ρg ðη þ hÞ −
ρðη þ hÞ
−
−τ b þ τ w −
þ
∂t
∂x
∂y
∂y
∂x
∂y
∂x
∂y

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 surface 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 acceleration due to gravity), followed by the gradients of the diagonal and
alongshore components of the radiation stress tensor (LonguetHiggins and Stewart, 1964), τb is the alongshore bed stress, τw is the


∂F
∂F
alongshore wind stress, and ∂xyx þ ∂yyy is the turbulent momentum
ﬂux due to mixing. In terms of understanding the magnitude and direction of the alongshore current, the pressure and radiation stress gradients are the terms driving the ﬂow with the bed stress acting to slow
the ﬂow and mobilize sediment. The remaining terms, with the exception of wind stress (neglected here), are responsive and result from
temporal and spatial gradients in the forcing and ﬂow. Forcing and sediment transport in the cross-shore direction are not investigated, and
not resolved by a 2DH model. However, because we are chieﬂy interested in changes in alongshore ﬂow and transport, the use of a 2DH model
is acceptable.
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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.

Instead of examining the forcing at speciﬁc depth contours the respective 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
F y dx ¼
x1

n
X

F y ðxi Þdxðxi Þ

ð4Þ

in the surfzone at Ocean Beach) the average is a more relevant representation 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 crossshore integrated). Wind stress was not included as wind-generated
waves are incorporated as a boundary condition derived from the nearby 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

i¼1

where, x1 = x(h = 0.5) and xn = x(h = 10 m), Fy is a momentum balance 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 per meter in the alongshore direction (N/m).
The shoreline is approximated as 0.5 m depth as the model does not adequately resolve the physical processes in depths less than 0.5 m because 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

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 incident 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 24 wave cases and a circulation model produces
far more robust, but broadly similar results as those shown in Dallas 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 bathymetry, with larger waves occurring in areas that accreted (increased
shoaling) and smaller waves in areas of the delta that eroded (decreased
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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 ebbdelta and has resulted in less wave energy reaching the shoreline
(Fig. 5F).

shore integrated sediment ﬂux are comparatively small while south of
Northing 4177 km the transport is more uniform using the 2005 bathymetry 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).

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 crossshore integrated ensemble advective terms, radiation stress gradients,
pressure gradient, and bed stress based on the 1956 and 2005 ebbtidal delta bathymetries (the local acceleration is negligible after timeaveraging). Consistent differences in the momentum 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
than with the 2005 bathymetry. In 1956, both the southerly-directed radiation 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 difference 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 associated 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 Northing 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 intersects the shoreline (Hansen et al., 2011; Barnard et al., 2012a).
Along the length of Ocean Beach, the model predicts net southerlydirected 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 integrated bed stress as a proxy for the direction of ﬂow indicates a divergence 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 integrated 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 contraction of the ebb-tidal delta has resulted in a change in the dominant direction of alongshore ﬂow across the surfzone for ~750 m stretch of
shoreline.

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 dynamics 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 remarkably 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 capabilities 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 between 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 rotational trend has been evident over this entire period (Fig. 8A). The axis of rotation 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 reduction 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), contraction of the delta resulting from a reduction in the tidal prism and
sediment supply implies that the ebb-delta is currently more wavedominated, with net sediment transport in the direction of wave approach (Kana and Mason, 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 geometries 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 feeding 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 wavedriven transport (bed streaming) and the timeframe of the delta contraction (decades) extends well beyond the length of our simulations.
As a result we are unable to establish the exact dynamics of the sediment 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 appropriate model. However, the conceptual
models and observational data sets described in previous literature

7.1.2. Alongshore sediment transport
The coupled wave and circulation model predicts signiﬁcant differences 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 differences in the ﬂow results in corresponding variations in the predicted
sediment transport patterns (Fig. 7). Similar to the differences in the ensemble velocity ﬁeld, the largest differences in the predicted potential
transport are between Northing 4178 and 4180 km where the 1956 ensemble shows considerably larger southerly potential sediment transport (Fig. 7A and B) and cross-shore integrated alongshore sediment
ﬂux (Fig. 7C). North of Northing 4180 km the differences in the cross-
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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).

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

231

Fig. 7. Ensemble residual sediment transport from all 24 wave cases computed using the 1956 (A) and 2005 (B) ebb-tidal delta bathymetry. (C) Cross-shore integrated ensemble of alongshore component of transport. Panels A and B show depth contours, 2 m interval with 10 m in white.

(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 between 1956 and 2005, the alongshore location of the presumed primary
sediment delivery to the beach has also migrated north. Using the 1956
ebb-tidal delta bathymetry, the model predicts larger, southerly transport 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 shoreline (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 the most likely reason for the dramatic 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 ongoing 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 observed shoreline changes have resulted from cross-shore sediment
transport due to modiﬁcation of the cross-shore proﬁle. The bathymetric changes in the ebb-tidal delta between 1956 and 2005 resulted in the
nearshore proﬁle becoming shallower offshore of northern Ocean Beach
and steeper off the southern Ocean Beach. Simple 1D equilibrium proﬁle
theory (e.g., Dean, 1991) suggests that the decrease in depth at the offshore 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 opposite occurring at the south end, consistent with the observations at
Ocean Beach. Support for this hypothesis was obtained onshore of a different 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) Mean High Water (MHW) shoreline change between 1899 and 2002, 1982 and 2002, and 2004 and 2010 along Ocean Beach. (B) 2004 to 2010 MHW shoreline change and depth
change along the 1956 10 m depth contour between 1956 and 2005. Figure modiﬁed from Barnard et al. (2012b).

depth over a several year period produced no signiﬁcant trend in shoreline change (Barnard et al., 2008). The Ocean Beach nourishment was at
the edge of the active proﬁle and the grain size was ﬁner 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 reestablish 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 features 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 ebbtidal 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 controlled over multi-annual time scales by the processes and evolution 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 coupled wave and circulation numerical model 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 differing 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 transport divergence point provide a probable explanation for the observed
counter-clockwise rotation of the shoreline at Ocean Beach observed
over the 20th century.
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