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Abstract: A Delft3D-SWAN coupled flow and wave model was constructed
for the San Francisco Bight with high-resolution at 7 km-long Ocean Beach, a
high-energy beach located immediately south of the Golden Gate, the sole
entrance to San Francisco Bay. The model was used to investigate tidal and waveinduced flows, basic forcing terms, and potential sediment transport in an area in
the southern portion of Ocean Beach that has eroded significantly over the last
several decades. The model predicted flow patterns that were favorable for
sediment removal from the area and net erosion from the surf-zone. Analysis of
the forcing terms driving surf-zone flows revealed that wave refraction over an
exposed wastewater outfall pipe between the 12 and 15 m isobaths introduces a
perturbation in the wave field that results in erosion-causing flows. Modeled
erosion agreed well with five years of topographic survey data from the area.
Introduction
Ocean Beach, in San Francisco, CA, USA, is an energetic 7-km stretch of sandy
beach adjacent to the entrance of San Francisco Bay. Over recent decades,
erosion at a “hotspot” in the southern reach of Ocean Beach (Fig. 1) has resulted
in the partial destruction of a recreational parking lot and damage to other public
infrastructure (Barnard et al. 2007; Hansen and Barnard 2010). During the El
Niño winter of 2009/2010, unusually large waves caused a dramatic increase in
erosion in the hotspot area. During spring high tides, large waves attacked the
weakly consolidated bluff backing the hotspot area, causing portions of a major
roadway to collapse onto the beach. Although portions of the bluff are already
armored, the rip-rap armor mostly consists of concrete debris and has proven to
be only partially effective at protecting the bluffs. The 2009/2010 winter erosion
prompted an emergency effort to further armor the bluffs with more strategically
placed rip-rap in an effort to protect wastewater pipes that lie under the highway.
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Currents along Ocean Beach are complex because of both alongshore wave
height variations and strong tidal currents. Ocean Beach is located immediately
south of the Golden Gate, the sole inlet to San Francisco Bay, and tidal flux
through the inlet leads to considerable alongshore currents at Ocean Beach that
can be greater than 1 m/s outside of the surf-zone (Barnard et al. 2007). Wave
forcing along Ocean Beach varies alongshore because of refractive focusing by
the San Francisco Bar (Fig. 1) a ~150 km2 ebb-tidal delta offshore of the Golden
Gate. The wave field is also modified by the tidal currents which decay with
distance from the inlet.
The focus of this paper is on use of a numerical model to understand the primary
short-term mechanism for sediment removal from the area of erosion. This is
achieved by analysis of the primary forcing terms of the momentum equation
that drive nearshore circulation in and around the hotspot. Additionally, flow
and sediment transport patterns are linked to an elongated depression in local
bathymetry caused by scouring adjacent to an exposed wastewater outfall pipe.

Fig. 1 Left panel: Regional map showing area of numerical model and the four hydrodynamic grids.
Crosses indicate wave buoys (Pt Reyes [PR] and San Francisco Bar [SF]). Right panel: Map
showing the focus area, including the erosion hotspot (black box), and the high-resolution surf zone
grid (red). Station TV1 is the site of a 2008 acoustic wave and current instrument deployment (ref)
used for model calibration.

Flow and sediment transport onshore of bathymetric anomalies has been
investigated before, mostly in the instance of dredge borrow pits (i.e. Bender
and Dean 2003; Bender and Dean 2004; Benedet and List 2008). Benedet and
List (2008) showed accretion onshore of a dredge borrow pit and erosion in the
up-drift direction. In a schematized model, wave refraction over a borrow pit
created a depression in wave heights onshore of the pit, leading to alongshore
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variations in flow and sediment transport. Often, accretional salients are
observed onshore or down drift of bathymetric depressions such as borrow pits
(Bender and Dean 2003). Here we link shoreline erosion to flow perturbations
caused by a wave-altering bathymetric feature.
Modeling Framework
A coupled hydrodynamic (Delft3D-Flow; Lesser et al. 2004) and wave (SWAN;
Booij et al. 1999) numerical model was created to investigate hydrodynamics and
sediment transport in the erosion hotspot area (Fig. 1). Because of the proximity of
Ocean Beach to San Francisco Bay, the presence of the San Francisco Bar, and the
need to accurately model wave forcing in the surf zone, the spatial extent of the
model had to be very large relative to the 7 km extent of Ocean Beach.
Flow Model
The Delft3D flow model was used to compute hydrodynamic conditions along
Ocean Beach, as well as to model potential sediment transport. The flow model
for Ocean Beach included four coupled flow grids of varying resolution (Fig. 1).
Each grid was two-way coupled with the adjacent grid using domain
decomposition. This allowed each grid to be of a different resolution, permitted
rectilinear and curvilinear grids to be coupled, and was computationally efficient
because each grid was run on a separate processor of a multi-core machine.
Delft3D-flow solves the non-linear shallow water equations in either two or three
dimensions (Lesser et al. 2004). The Ocean Beach surf zone grid (Fig. 1) has an
18 m alongshore and 12 m cross-shore grid cell size. Because of the size of this
grid, a 6 s time step was required to achieve a low enough Courant number to
maintain model stability. The model was run in depth-averaged, two-dimensional
horizontal (2DH) mode to keep run times acceptable. In this mode verticallystructured flows in the cross-shore were not resolved, such as near-bed return
flow. However, this simplification was acceptable for this study because
alongshore processes and two dimensional flows were the primary interest.
Wave Model
The wave model SWAN (version 40.72ABCDE) is two-way coupled with the
flow model to produce wave-driven currents and to include the effects of
currents on the wave field. SWAN is a phase-averaged nearshore wave model
that iteratively solves the spectral action balance equation (Booij et al. 1999).
The model has been extensively validated in coastal environments (i.e. Rogers et
al. 2007). Sensitivity testing of our coupled model showed that quasi-stationary
runs passing output between the wave and flow models every 15 minutes of
model time was sufficient to adequately resolve tidal variations in water level, as
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well as changes in tidal currents that impact the wave field through wave-current
interaction. The wave model consisted of two nested grids, the largest of which
extended to just off the continental shelf. The wave grid for Ocean Beach was
the same as the high-resolution flow grid shown in Figure 1.
Sediment Transport Calculations
Potential sediment transport was calculated in the model using the VanRijn
(1993) formulation. All coefficients and parameters were left at default values,
with the exception of the bed-load and suspended-load coefficients associated
with transport by wave propagation, which were set to zero. This was required
because the 2DH flow model used does not resolve the vertical flow structure
caused by wave propagation. However, cross-shore sediment transport driven by
2DH flows, such as rip-currents, is included.
We did not attempt to accurately model the actual magnitude of sediment
transport, because the field data required for verification was not available.
Instead, we focused on transport gradients that result in sediment convergence
(beach accretion) and divergence (beach erosion). Sensitivity testing showed
that differences in sediment transport formulations and empirical coefficients
within each formulation changed the magnitude of predicted sediment transport,
but did not dramatically alter patterns of sediment convergence and divergence.
The sediment within the model domain was schematized as a non-cohesive sand
with a median diameter (D50) of 250 µm which is consistent with the 280 µm
sub-aerial beach sand found in the swash zone along Ocean Beach (Barnard et
al. 2007). Only a single size fraction was used because field data show that
Ocean Beach has relatively little alongshore variability in sediment size
(Barnard et al. 2007).
Model Calibration and Validation
Flow model
Dynamic inputs to the model included tidal and wave forcing. Tidal forcing was
specified as water level boundaries on the three open boundaries of the coarsest
flow grid (Fig. 1). Because the domain was so large, spatially-variable tidal
constituents were used to create the water level boundary conditions. The eight
major tidal constituents (M2, S2, K1, O1, N2, P1, K2, Q1) at the four corners of
the largest domain were obtained from satellite altimetry data, using the Oregon
State Tidal Inversion Software (OTIS, Egbert and Erofeeva 2002) and the TMD
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toolbox (Padman and Erofeeva 2004). Water levels were linearly interpolated
along boundaries such that spatially-variable tidal forcing was achieved along all
open-coast boundaries. The tidal constituents at the four corner points were then
fine-tuned to match data from NOAA tide gauges, as well as from instruments
that had previously been deployed as part of the USGS monitoring program at
Ocean Beach (Barnard et al. 2007). T_tide (Pawlowicz et al. 2002) was used to
decompose both the modeled and observed water-level time series at the
instrument and tide gauge sites, and the ratio between the magnitudes of each of
the observed and modeled tidal components were calculated and then applied to
the model boundaries. This process was repeated with the phase of the tidal
components, and the entire process was iterated until satisfactory agreement
(R2>0.99) was achieved between modeled and observed water levels in the area
of interest (Fig. 2).

Fig.2 Comparison between measured and modeled wave heights at site TV1 and the San Francisco
Bar buoy as well as water levels at site TV1 (locations of sites shown on Fig. 1).

Wave Forcing
Wave forcing was implemented by applying uniform parametric forcing on the
three open boundaries of the coarsest wave domain. Significant wave height
(Hs), peak period (Tp), and peak direction (Dp) were converted by SWAN to a
JONSWAP distribution (Hasselmann et al. 1973) which was then applied as
spectral forcing on the boundaries. The SWAN wave model was calibrated using
data from several buoys as well as with wave data collected by an in situ
instrument. Forcing for the wave model was derived from data from the Coastal
Data Information Program (CDIP) Pt Reyes buoy (87 km northwest of Ocean
Beach, 550 m water depth; Fig. 1) which began collecting directional wave data
in late 1996. Data from the CDIP San Francisco Bar buoy (10 km west
northwest of Ocean Beach, 15 m water depth; Fig. 1) was used for validation
along with current and wave data from station TV1 (11.5 m water depth; Fig. 1).
A comparison between measured and modeled wave heights at the San
Francisco Bar buoy and station TV1 is shown in Fig. 2.
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Model Schematizations
Because of the high resolution of the model domain near Ocean Beach and
corresponding requirement for a small time step (6 s) running the model for long
stretches of time was not computationally feasible. The full tidal signal was,
therefore reduced to a 24.84 hour representative tide (2 times the M2 frequency)
that was based on the entire set of calibrated tidal constituents. For wave
forcing, the 13 year wave record from the CDIP Pt. Reyes Buoy was
schematized into 24 representative wave cases, and each of the 24 cases was run
for one representative tidal cycle.
Representative Tide
The representative tide cycle was created using the method described by Lesser
(2009), which is a schematization using the M2, K1, and O1 tidal constituents.
Using the Lesser (2009) methodology, an artificial constituent was developed,
termed the C1, which was a combination of the K1 and O1 constituents. The
representative tide then is reduced to the M2 and C1 constituents, multiplied by
an enhancement factor, which is calculated using the equation from Lesser
(2009):
ℎ 

=

       
 

(1)

The resulting enhancement factor for the San Francisco region is 1.26. The
enhancement factor is needed to increase the magnitude of the representative
tide, since five of the eight major tidal constituents are not included. Sensitivity
analysis using several different types of representative tides demonstrated that
the results presented here are not sensitive to the exact representative tide used.
Wave Schematization
The 13 year wave record from the CDIP Pt. Reyes Buoy was reduced to 24
representative cases, 12 for sea conditions (Tp<12 s) and 12 for swell conditions
(Tp≥12 s). This division split the wave record approximately in half (54% sea,
46% swell). Data from each group (sea or swell) was binned in 1 m significant
wave height intervals up to 4 m, with a 4 to 6 m bin to capture large wave
events. Wave direction was organized into 4 bins with divisions at 180°, 270°,
300°, and 335° for both sea and swell conditions, and the probability of
occurrence of each wave case was calculated based on the total record (sea and
swell combined). Simulations were run for all 24 wave cases, but only results
from one case that represents moderate storm conditions are presented here
(case 12; 4.7 m Hs, 15.1 s Tp, 288° Dp).
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Results and Discussion
Hansen and Barnard (2010) described the spatial and temporal changes in the
mean high water (MHW) shoreline position at Ocean Beach between 2004 and
2009. Their results showed a strong pattern of counterclockwise shoreline
rotation, with the north end of the beach accreting while the south end eroded.
Much of this pattern was attributed to multi-decadal processes related to
contraction of the San Francisco Bar towards the Golden Gate. The erosion
hotspot is embedded in this larger trend of shoreline rotation at the southern end
of the beach (Fig. 1), and while model results are available for the entire beach,
the focus of this paper is on hydrodynamics and sediment transport in the
erosion hotspot area.
To understand the forcing that drives the flows, the depth-averaged velocity,
water level, and bed shear stress from the flow model, along with wave forcing
from SWAN, were used to calculate the depth averaged alongshore momentum
balance, which is given as (e.g. Feddersen et al. 1998)

 ∂v ∂v ∂v 
∂η ∂S ∂S
+ u + v  = −ρg(h +η) − yx − yy −τby −τwy − ε
∂y ∂x
∂y
∂x ∂y 
 ∂t

ρ(η + h)

(2)

The left hand side (LHS) of the equation is advective acceleration, where

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-averaged current velocities in the cross-shore
(x) and alongshore (y) directions respectively. On the right hand side (RHS) of
the equation, the first term is the pressure gradient, followed by the alongshore
y

components of the radiation stress tensor, followed by the bed stress ( τ b ), wind
y

stress ( τ w ), and finally

ε

, which encompasses turbulent momentum flux

(Reynolds stresses). The turbulent momentum flux term was neglected because
it is a second order term and thus small relative to the other terms. Wind was
also not included in either the wave model or flow model. Estimates of the wind
stress term using several formulations and from the range of possible wind
speeds showed that, except under extreme conditions, the wind stress term was
one to three orders of magnitude smaller than the dominant terms in the
alongshore momentum balance in the surf zone. Wind growth of waves in the
San Francisco Bight likely is important, but could not be included in this study
without dramatically increasing computation time, and while including wind
would improve our results, it would not change our overall conclusions because
the effect of wind stress on the flow is small and the fetch from the wave
boundary to Ocean Beach is not large enough to significantly alter the wave
field.
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At each output time step (every 15 minutes) each of the forcing terms (RHS of
EQ. 2) and the non-linear advective terms were calculated. A tidally-averaged
alongshore momentum balance was then computed for each wave case by
averaging the individual terms over one representative tidal cycle (24.84 hours).

Fig. 3 Tidally-averaged velocity vectors and 1 m depth contours from wave case 12. Vectors are
thinned for plotting; vector color and length correspond to magnitude.

The tidally averaged velocity vectors for case 12 in the erosion hotspot area at
the southern portion of Ocean Beach are shown in Fig. 3. Unlike sites that are
not adjacent to a major tidal inlet, current velocities outside of the surf zone at
Ocean Beach are significant, and can be as high as 1 m/s (Barnard et al. 2007).
In all 24 wave cases the tidal current residuals outside of the surf zone (>10 m
depth) were toward the south (ebb-dominated). In the nearshore, tidallyaveraged alongshore currents for wave case 12 were directed to the north,
opposite to what would be expected for an offshore wave approach angle that is
18° north of west. This is a direct result of wave refraction across the San
Francisco Bar, which rotates waves from the west and north counter-clockwise,
causing waves in case 12 to approach slightly from the south by the time they
reach the surf zone.
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Fig. 4 Instantaneous depth-averaged velocities from wave case 12 at four times in a single tidal
cycle. The lower plot shows the representative tide with vertical lines at the output times.

Analysis of the time series of velocities inside the surf zone for all wave cases
shows that for large waves (> 4 m Hs) or waves that approach the coast steeply
from the north (>310° Dp), currents in the surf-zone at the erosion hotspot
(Northing 4175-4176.5 km) were unidirectional (north to south) over the entire
tidal cycle, with a tidally modulated magnitude. When waves were less than 4 m
and when angles of incidence were less than 310°, alongshore currents in the
surf-zone reversed with the tidal currents. In all cases, considerable horizontal
current shear was evident when the phase of the tide changed and offshore tidal
currents began to oppose the direction of currents in the surf zone, as shown in
Fig. 4 for wave case 12. During the ebb tide (top panels of Fig. 4) currents
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outside of the surf zone opposed the northerly-directed wave-driven surf-zone
currents, which leads to horizontal cross-shore current shear. Other noteworthy
features in the flow results that appear in many wave cases include a change in
flow velocity (acceleration) centered at approximately Northing 4175.5 km (e.g.
Figs 3 and 4), and an eddy-like feature centered at Northing 4175.5 km that
featured a strong (~0.5 m/s) offshore-directed current similar to a rip-current, as
seen in the first panel of Fig. 4. This current was most prevalent when the tidal
currents were weakest, particularly at peak high tide and early in the ebb (Fig. 4,
top left panel).

Fig. 5 Major terms of the cross-shore integrated (0 to 8 m depth) alongshore momentum balance and
cross-shore integrated alongshore sediment flux for wave case 12. In the first panel the solid line is
the advective terms and the dotted line is the sum of the forces (panels two through four).

Decomposition of the tidally-averaged flows into the cross-shore integrated
(shoreline to 8 m depth) alongshore momentum balance provided insight into
the forcing mechanisms driving the modeled flows in wave case 12. At Northing
4175.5 km, a large discontinuity is present in the advective terms, radiation
stress gradients, and pressure gradient (Fig. 5, first, second and third panels).
This discontinuity was evident in most wave cases but was most visible during
larger wave conditions. For wave case 12, the advective terms indicate an
increase in northward forcing (positive values in Fig. 5) from about Northing
4174.5 to 4175.5 km, followed by an abrupt shift to southerly forcing, which
then increased again toward the north. Examining the forcing terms reveals the
reason for the discontinuity and the changes in the flow; between Northing 4175
and 4175.5 km, the pressure gradient increased (became less negative) while the
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radiation stress gradients increased from ~40 to 80 N/m2, allowing the flow to
accelerate towards the north. This is reflected in the increased magnitude (more
negative) of the bed shear stress over this stretch. Just north of Northing 4175.5
km, the radiation stress gradients drop rapidly to around 40 N/m2, while the
pressure gradient (caused by variations in wave height and corresponding setup) changed from near zero to progressively more negative values approaching
-40 N/m2; this removed almost all of the northward forcing because the pressure
gradient and radiation stress gradients roughly cancel each other out, leading to
a deceleration of the current in the northerly direction as the bed shear stress acts
against the inertial motion of the flow.
A negative cross-shore integrated (from the shoreline 8 m depth) sediment flux
shown on the right panel of Fig. 5 indicates a net loss of sediment from the
shoreline through the entire surf zone. The sediment flux curve is essentially the
inverse of the advective terms and shows sediment being eroded in areas of
alongshore flow acceleration and deposited in areas of flow deceleration.
Although there was predicted accretion (at Northing ~ 4175.75 km), overall
there was net erosion between Northing 4174 and 4177 km based on the total
integration of the sediment flux curve. Overall, erosion of this stretch of coast
agrees well with topographic surveys conducted at Ocean Beach that showed
upwards of 25 m of shoreline erosion between 2004 and 2009 (Hansen and
Barnard 2010). What is not observed in the field data is the peak in accretion
predicted by the model at Northing ~4175.75 km. However, from 2004 to 2009,
there was no sub-aerial beach at the hotspot area during most of the year, even
during low tides, so much of the time flow was interacting with rip-rap
armoring. The model does not resolve this type of interaction, and also does not
include a limited sediment supply. In addition, the specific location of erosion
and accretion peaks predicted by the model depends to some degree on the wave
case being considered, as a result the aggregate effect of multiple wave cases
results in a less pronounced accretion peak than that observed for case 12 alone.
In addition to the larger-scale trend of decreasing wave height to the south due
to refraction across the ebb tidal delta, there was a notable ~0.5 m alongshore
decrease in significant wave height for wave case 12 between Northing 4175.25
and 4175.5 km (Fig. 6). This decrease was coincident with an exposed
wastewater outfall pipe; exposure of the pipe has led to scour of the surrounding
area (Barnard et al. 2007). The pipe is exposed for ~3km at water depths of
about 12 to 15 m, with scour of up to 1.5 m extending up to 100 m on either side
of the pipe (Barnard et al. 2009). Local wave refraction along the pipe axis is
much like that over a submarine canyon, with waves being refracted away from
the deeper scoured area. This results in decreased energy over and onshore of
the pipe, and an increase in energy on either side. This pattern of refraction away
from the pipe accounts for the decrease to the north and increase to the south of
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the outfall pipe in the radiation stress gradients. The scour area had the greatest
effect on waves with offshore incidence angle from 270-305°. Waves from these
directions were refracted around the San Francisco Bar in such a way that they
approached the coast roughly along the pipe axis. Waves with steeper (more
northerly, >310°) offshore incidence angles cross over the pipe and are less
affected by the pipe scour.

Fig. 6. Significant wave height (Hs) and 1 m depth contours (10 m contour show in white) from
wave case 12 showing depression in wave heights from the scoured area adjacent to the wastewater
outfall pipe. The scoured area is visible as deviations in the 12 and 13 m depth contours. Only results
from the surf zone grid are shown.

Conclusions
A Delft3D-SWAN coupled numerical model indicates that strong offshoredirected currents and alongshore flow accelerations in the erosion hotspot area
are caused primarily by wave refraction over an exposed wastewater outfall
pipe, and that the resulting flow patterns should result in net sediment removal
from the area. The potential erosion predicted by the model agrees well with five
years of topographic beach data (Hansen and Barnard 2010).
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In contrast to previous works, here we observe erosion both up- and downdrift
of a bathymetric anomaly, with net erosion over the region adjacent to the
anomaly. Likely reasons for differences in flow and sediment transport patterns
compared to previous studies include differences in geometry of the outfall pipe
compared to dredge borrow pits, increased wave energy at Ocean Beach (most
previous studies have been conducted at low energy East Coast sites), and
modulation of flow by strong tidal currents at the Ocean Beach site.
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