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a b s t r a c t
Sixty-one Global Positioning System (GPS), sub-aerial beach surveys were completed at 7 km long Ocean
Beach, San Francisco, CA (USA), between April 2004 and March 2009. The ﬁve-year time series contains over
1 million beach elevation measurements and documents detailed changes in beach morphology over a
variety of spatial, temporal, and physical forcing scales. Results show that seasonal processes dominate at
Ocean Beach, with the seasonal increase and decrease in wave height being the primary driver of shoreline
change. Storm events, while capable of causing large short-term changes in the shoreline, did not singularly
account for a large percentage of the overall observed change. Empirical orthogonal function (EOF) analysis
shows that the ﬁrst two modes account for approximately three-quarters of the variance in the data set and
are represented by the seasonal onshore/offshore movement of sediment (60%) and the multi-year trend of
shoreline rotation (14%). The longer-term trend of shoreline rotation appears to be related to larger-scale
bathymetric change. An EOF-based decomposition technique is developed that is capable of estimating the
shoreline position to within one standard deviation of the range of shoreline positions observed at most
locations along the beach. The foundation of the model is the observed relationship between the temporal
amplitudes of the ﬁrst EOF mode and seasonally-averaged offshore wave height as well as the linear trend of
shoreline rotation. This technique, while not truly predictive because of the requirement of real-time wave
data, is useful because it can predict shoreline position to within reasonable conﬁdence given the absence of
ﬁeld data once the model is developed at a particular site.
© 2010 Elsevier B.V. All rights reserved.

1. Introduction
Along many coastlines beach monitoring programs have been
established to characterize the morphological change over a variety of
spatial and temporal scales. Such monitoring programs aid regional
coastal managers in their efforts to protect public and private
infrastructure and provide safe recreation. For sandy beaches located
at established ﬁeld stations, such as Duck, NC (USA) (e.g., Birkemeier
and Mason, 1984) or Hasaki Oceanography Research Station (HORS)
in Japan (Katoh, 1997), nearly continuous monitoring over small
spatial scales is possible. However, apart from these established
research stations, monitoring programs usually aim to capture the
meso-scale processes over seasonal to annual cycles, often involving a
combination of topographic and bathymetric surveys, current and
wave measuring instrument deployments, and other forms of remote
sensing such as video imagery (e.g., Ruggiero et al., 2005; Barnard
et al., 2007; Smith and Bryan, 2007; Quartel et al., 2008).
To quantify and understand seasonal and shorter-term change on
beaches, researchers have attempted to directly correlate some
measure of sub-aerial beach change with offshore or nearshore
⁎ Corresponding author. University of California Santa Cruz, Department of Earth
and Planetary Sciences, 1156 High Street, Santa Cruz, CA 95064, United States.
E-mail address: jeff_hansen@usgs.gov (J.E. Hansen).
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wave conditions with varying degrees of success (e.g., Sonu and
VanBeek, 1971; Wright et al., 1985; Dail et al., 2000; Bernabeu et al.,
2003; Miller and Dean, 2007b; Quartel et al., 2008). Much of the
reason for the poor correlation in a number of studies has been
attributed to insufﬁcient temporal resolution of the changing beach
proﬁle (Quartel et al., 2008; Hansen and Barnard, 2009). Some
researchers have had improved success with averaging the wave
conditions over a ﬁxed period of time before the date of the
topographic survey and thus ﬁnding the most important time scale
of changing wave conditions to beach response (Wright et al., 1985;
Quartel et al., 2008). With the advent of shoreline detecting video
systems, such as ARGUS (Holman et al., 1993), the problem of
insufﬁcient temporal survey resolution has been resolved, but spatial
coverage is typically limited to ∼b1 km alongshore.
In this paper we use data collected from 61 Differential Global
Positioning System (DGPS) topographic surveys conducted over ﬁve
years along a 7 km long sub-aerial beach at Ocean Beach, San Francisco,
CA, to ﬁrst, investigate forcing mechanisms that are driving coastal
change at the time scales of days to years; second, relate the forcing to
the observed shoreline position and changes in position; and ﬁnally, use
the results and relationships derived to develop a model to estimate
shoreline position. Speciﬁcally, we investigate the comparative role of
storm events versus longer-term trends in the offshore wave ﬁeld in
driving seasonal shoreline changes. Additionally, inter-annual shoreline
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changes are examined in the context of regional evolution of a large ebb
tidal delta that may control longer-term trends in the shoreline.
These efforts are motivated by the need to better understand the
dominant shoreline processes at energetic sandy beaches. In particular, at the study site, an erosional hot spot has persisted for decades,
with infrastructure damage occurring during the more severe winter
storms. Therefore, this research also was motivated by the need to
develop simple tools such that coastal managers can better prepare
for infrastructure damage caused by both longer-term erosional
processes and large winter storms.
2. Site description
Ocean Beach is a north–south trending sandy beach that makes up
the western ﬂank of the City of San Francisco, California, and is the
buffer between the city and the Paciﬁc Ocean (Fig. 1). Located
immediately south of the Golden Gate, the sole entrance to San
Francisco Bay, Ocean Beach is exposed to strong (O(1 m/s))
alongshore-directed tidal currents caused by tidal movement in and
out of the Bay (Barnard et al., 2007). Ocean Beach is microtidal with a
mean tidal range of 1.25 m with a maximum spring tide range of
2.65 m (NOAA, 2008).
The offshore wave climate is dominated by waves arriving from
the west to northwest, with some energy arriving from the south
during summer months. Mean monthly offshore signiﬁcant wave
height ranges from 1.9 m in August to 3.1 m in December (CDIP,
2009). Large long-period (N14 s) wave events are common during the
winter months with CDIP buoys indicating that periods can reach as
high as 25 s in rare instances. Data from deployed acoustic instruments indicate that signiﬁcant wave heights in the nearshore often
exceed 4 m during the winter months and under extreme conditions,

maximum wave heights can exceed 10 m, as measured at an 11.5 m
water depth instrument site (Barnard et al., 2007; Hansen and
Barnard, unpublished data). The local offshore bathymetry is
dominated by the San Francisco Bar, a large (∼150 km2) ebb tidal
delta located immediately west of the Golden Gate (Fig. 1). This
bathymetric feature causes considerable refraction and variable
focusing of incident waves, leading to spatial variation in nearshore
wave heights (up to nearly a factor of 1.5 in some instances) along the
7 km stretch of beach (Eshleman et al., 2007).
According to the morphodynamic classiﬁcation scheme of Wright
and Short (1983, 1984), Ocean Beach is an intermediate beach
characterized by a moderate swash zone slope (1.5°–4.5°), a single
well-deﬁned offshore winter bar that moves onshore during the
summer months, and a well-deﬁned inter-tidal bar in some locations.
Shoreward of the winter bar is a deep trough that can be as much as
3 m lower than the crest of the bar (Barnard et al., 2007). Alongshore
topographic variation is evident most of the year with mega-cusps
often developing in the winter months with associated persistent
strong rip currents (Hansen, 2007). Video data from the summer of
2005 show that swash is dominated by energy in the infragravity
range (T = 40–70 s) at the northern end of Ocean Beach (Erikson et al.,
2007). Qualitative observations indicate similar results for the
remaining seasons and portions of the beach.
The southern portion of Ocean Beach contains an erosion hot spot,
deﬁned here as an area of prolonged net annual erosion (Fig. 2), that
has seen considerable sediment loss over the last several decades; this
loss has resulted in the partial destruction of a recreational parking lot
and currently threatens public wastewater infrastructure. To investigate the reasons for this erosion and to evaluate various mitigation
efforts, the United States Geological Survey (USGS) began a beach
monitoring program in the spring of 2004. The program includes

Fig. 1. Location map showing the study area, Ocean Beach, and the regional bathymetry including the San Francisco Bar, the 10 and 15 m depth contours are shown in white.
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random error of 0.05 m in both the horizontal and vertical directions
(Barnard et al., 2007). The survey points are organized in a
triangulated irregular network (TIN) and converted to a grid to
produce a 2 m cell-size topographic surface of the surveyed beach.
When possible, the surveys were completed during spring low tides in
order to maximize the area and elevation range surveyed.
3.2. Shoreline position

Fig. 2. Map showing the location of Ocean Beach, Pt. Lobos, the cross-shore proﬁles
(every other one shown, indicated by thin black lines), the seven reaches (numbers in
boxes, thick cross-shore lines represent boundaries), the erosion hot spot (rectangular
box), and the nearshore bathymetry (contour interval is 1 m, 10 m contour shown in
white).

monthly or more frequent topographic surveys, quarterly nearshore
bathymetric surveys, instrument deployments, and numerical modeling (see Barnard et al., 2007 for complete description).
3. Methods
3.1. Survey methods
Sixty-one GPS-based topographic beach surveys have been
conducted as part of the monitoring program, with at least one
survey completed most months from April 2004 to March 2009. More
frequent surveys were performed during the winters of 2005/2006
and 2006/2007 to characterize the response of Ocean Beach to periods
of large waves and storms, with some surveys as close as two days
apart. The surveys are conducted with an all-terrain vehicle (ATV)
equipped with a GPS receiver and antenna. From April 2004 to
February 2007 the surveys were conducted in differential mode
(DGPS) and post-processed; beginning in March 2007 the surveys
have been conducted using Real-Time Kinematic (RTK)-GPS (see
Morton et al. (1993) and Dail et al. (2000, Appendix) for a more
complete description of GPS beach surveying techniques). A typical
survey of the entire 7 km stretch of beach consists of roughly 20,000
individually recorded points, each with a conservatively estimated

For each survey the mean high water (MHW, 1.619 m NAVD88)
and mean sea level (MSL, 0.975 m NAVD88) contours (NOAA CO-OPS,
2008) were extracted from the survey grids. The Digital Shoreline
Analysis System (DSAS, Thieler et al., 2005) was then used to calculate
the position of the shoreline contours relative to a ﬁxed shore-parallel
baseline at 130 cross-shore proﬁles spaced at 50 m alongshore
(Fig. 2). Given the uncertainty in the GPS survey points (±0.05 m)
and that introduced through gridding the data (±0.02 m) with the
typical range of beach slopes the maximum horizontal uncertainty in
the shoreline position is 2.5 m for any given survey (Barnard et al.,
2008).
Both visual observations and the topographic data show that over
the entire length of the beach there is considerable variation in beach
width, backshore barrier, morphological behavior, and wave conditions. Therefore, the study area was also divided up into seven reaches
ranging from 467 to 1477 m in alongshore length to better isolate
areas of similar morphology and response (Fig. 2). The reach divisions
were entirely based on visual observation of beach behavior and wave
conditions over the ﬁve-year period and the divisions typically
correspond to a change in the backshore barrier (seawall, rip-rap
armoring, dune, or bluff) although the backshore barrier does not
necessarily interact or have an inﬂuence on the morphodynamics of
the individual reaches. The entire beach is a continuous system,
however, dividing the beach up into the seven reaches provides a
more manageable method of examining and reporting the longerterm change of the entire beach without averaging out larger spatial
scale signals.
Beach width was calculated from the MSL shoreline position to the
back beach barrier which was extracted from high resolution aerial
photographs taken in February 2004 and has not greatly changed
(compared to overall width) since that time. For much of the beach,
the back beach barrier is ﬁxed by either a seawall or rip-rap armored
bluff; in instances where the beach is backed by dunes, the most
seaward position of vegetation was chosen as the backshore barrier.
Observations over the ﬁve-year period have shown that the dune
vegetation is stable and in only a few instances has dune incision been
measured or observed.
Varying spatial survey coverage prevented meaningful volumetric
change calculations. However, previous studies at Ocean Beach have
indicated that changes in the MHW and MSL shoreline proxies are well
correlated (R2 N 0.9 for most of beach) to volumetric change (Hansen,
2007), and similar results have been found at other locations (Farris
and List, 2007). For some surveys the shoreline proxies were not
captured for the entire beach, most often because of persistent erosion
in some areas of the beach, poor GPS satellite geometry, or extensive
wave run-up. These data gaps were interpolated to conduct some of
the statistical analyses that required a continuous data set. In cases
where the survey grids did not encompass the MHW or MSL position
and a complete data set was required, the shoreline proxies were
linearly interpolated in time using the shoreline position at the same
proﬁle from the surveys before and after the survey or surveys with
missing data. Linearly interpolating in time was chosen over
interpolating in space using adjacent proﬁles because of the tendency
for undulations in the shoreline to cause unrealistic interpolation
by either indicating the shoreline was far too inland or seaward.
For analyses that did not require a complete data set a minimum
amount of interpolation was performed to prevent the unnecessary
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introduction of artiﬁcial data, and all longer-term changes and rates of
change are based on an un-interpolated data set. Overall, these data
gaps were very minor for the northern 5 km of the beach and in the few
instances where interpolation was required for analyses purposes
(e.g., the EOF analysis described below) this exercise did not
signiﬁcantly alter the results.
Since the monitoring program began in 2004 access to the beach
south of proﬁle 100 (Reaches 6 and 7, N5 km from northern boundary
of beach, Fig. 2) has become increasingly sporadic, especially during
the winter months, because of the considerable erosion that has taken
place there. This “pinch point” encompasses most of Reach 6 and is
backed by a rip-rap armored low bluff (∼5 m above beach) that is
often impassable to the ATV even during many low tides, thus the
southern 1.5 km of beach could sometimes not be surveyed for several
consecutive months. As a result, this portion of the beach was
excluded from the analyses that required a complete data set because
of the considerable amount of data that would need to be
interpolated. Data coverage of the MHW position is greater than
that of the MSL position throughout the entire ﬁve-year period for all
areas of the beach, therefore preference for the analysis is given to the
MHW position and unless noted otherwise all analyses are in
reference to the MHW shoreline position.

For the Ocean Beach data set, the spatial and temporal EOF modes
are calculated from the time series of cross-shore shoreline positions
for the northern 5 km of the beach (transects 1–100, so as to not
include the area of the beach with limited data coverage), which are
then used to describe the temporal and spatial evolution of the
shoreline and examine the forcing mechanisms. The survey data are
not interpolated to a ﬁxed survey frequency; the EOFs are calculated
from the shoreline position data set regardless of the time spacing
between surveys. Interpolating to a ﬁxed survey frequency does not
greatly change the results; in most cases the observed signals were
more muted if the data was interpolated to a ﬁxed sampling
frequency.
Multiplying the respective spatial and temporal modes together
creates an additional matrix that is the size of the original data set for
each mode. These “combined eigenfunctions” are useful for reconstructing the original data in terms of each mode and visualizing the
characteristics of each in both time and space. It is important to note
that there is no explicit relationship between the spatial or temporal
modes and any physical forcing, but often the patterns of the
respective modes clearly point to speciﬁc forcings that are then
assumed to be the cause of the patterns observed in the EOFs.
Additionally, the temporal modes can be correlated against various
time series of forcings, such as offshore wave conditions.

3.3. Empirical orthogonal function (EOF) analysis

3.4. Statistical and regression analyses

EOF analysis, also referred to as principal component analysis, has
become a common tool in analyzing and visualizing coastal data sets
that vary over large spatial and temporal scales and has been used to
analyze repeated beach surveys since the mid 1970s (e.g. Winant et
al., 1975; Aubrey, 1979; Miller and Dean, 2007a). The most powerful
aspect of EOF analysis is the technique's ability to quantitatively
identify the dominate signals in a system in which a large number of
processes are occurring in both space and time. The two most
important outputs of the EOF calculations are two matrices, one
representing the spatial components and one the temporal components. Each matrix has as many columns as there are spatial
measurements and as many rows as there are measurements in
either time or space. Each column represents a mode of variability and
each row representing either an observation station in space or an
observation in time. In this paper the columns of these matrices are
referred to as the spatial or temporal modes. The spatial modes
provide the spatial structure of the shoreline attributable to each
mode while the temporal modes provide the amplitudes of each
spatial mode in time. EOF analysis on coastal data sets dates back to
the initial works by Winant et al. (1975) and Aubrey (1979) who
performed EOF analysis on beach and nearshore proﬁle measurements and related the ﬁrst three modes to the mean beach proﬁle, the
seasonal onshore/offshore movement of sediment, and the formation
of a low-tide terrace, respectively. For this analysis the temporal mean
at each proﬁle is removed prior to calculating the EOFs such that the
ﬁrst mode is no longer the mean shoreline position. In addition to the
information provided here readers are referred to Miller and Dean
(2007a,b) and references therein for a complete description of how
EOFs are calculated and used.
A cursory examination of the Ocean Beach shorelines from
multiple surveys shows considerable variability in both the alongshore direction and time. It is for this reason that EOF analysis was
chosen as a means of understanding the shoreline data set. Unlike
many other statistical analyses, EOF analysis can investigate a physical
feature (in this case the shoreline position) that varies in both time
and space (the alongshore direction here). Essentially, EOF analysis is
a linear decomposition such that the original data set is just broken
down into components similar to Fourier analysis on a time series
except with the addition of the spatial dimension and without the
requirement of using combinations of sine and cosine.

In addition to the EOF analysis, standard statistical measures were
calculated for each proﬁle to describe the seasonal shoreline change
and storm response (change on the order of days), as well as the
multi-year trends. To understand the processes that are driving
morphodynamic evolution the position of the shoreline and changes
in position of the shoreline were directly examined and correlated
through linear and multiple regression to various measures of the
offshore wave conditions (primarily height, period and direction). The
wave conditions were parameterized by averaging them over a
number of days prior to each survey; the averaging interval that
produced the highest coefﬁcients of determinations (R2) is assumed
to be the optimal time scale of wave condition variations that drive
shoreline position and changes in position. The averaging interval
remained the same for all surveys regardless of whether or not the
averaging interval was greater than the time period following the
previous survey.
Of the complete set of surveys, 14 of the 61 were spaced between 2
and 11 days of the previous survey. The change in shoreline position
between these “short-interval” surveys was analyzed independently
of the complete data set with the goal of understanding the shortterm variations in the shoreline in terms of short-term changes in
wave forcing. Changes in the shoreline position from these surveys
were also correlated to the offshore wave data using the optimal
averaging technique described above.
Wave data for all analyses were obtained from the CDIP Pt. Reyes
Buoy (Station 029), located 87 km northwest of Ocean Beach in 550 m
of water. During the few occasions the CDIP Pt. Reyes Buoy was not
available (less than 6% of the time), data from NOAA's Monterey Bay
Buoy (station 46042, located 110 km south of Ocean Beach in 1574 m
water depth) were used. While these buoys are geographically
separated by more than 150 km their readings are comparatively
similar with R2 = 0.88 for wave height between 1997 and 2008. Since
2007 two other buoys closer to Ocean Beach where either deployed
(the CDIP San Francisco Bar Buoy, station 142) or began collection
directional wave data (NOAA San Francisco Buoy, station 46026).
However, because the data record from these buoys does not extend
the length of the topographic data set they were not used.
Additionally, the San Francisco Bar buoy is located in the main
shipping channel inside of the bar crest and therefore is not likely to
be very representative of the wave conditions that occur at Ocean
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Beach because of the signiﬁcant amount of refraction that has
occurred prior to waves reaching the buoy.
Direct examination of the shoreline shows considerable smallscale variation in the alongshore direction, most often caused by
beach cusps or other types of alongshore varying topography. These
features have a maximum wavelength of several hundred meters and
their formation and evolution are not discussed in this paper in great
detail. As such, for all analyses except the EOF analysis these features
were removed from the shoreline position data set by smoothing the
position of the shoreline using a 500 m running mean; this method
effectively removes these features and is similar to methods
employed by other researchers (i.e. Yates et al., 2009). Smoothing
the shoreline in this manner provides a better estimate of the larger
alongshore scale (O(1 km)) shoreline position and changes that are
most likely related to the scale of forcing (in both space and time)
addressed in this paper.
3.5. Multi-year change calculations
Multi-year changes and rates of change were calculated using
linear regression. To remove the bias that would be introduced in the
multi-year regression model because of the greater survey frequency
during the winter months the data from the more frequent winter
surveys (mostly 2005/2006) were removed such that the survey
frequency was approximately monthly.
4. Results
4.1. Inter-annual shoreline change
Since the monitoring program began in 2004, there has been a
marked alongshore variation in the shoreline change along Ocean
Beach. The upper panel of Fig. 3 shows the alongshore trend of the
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shoreline change from 2004 to 2009. The north end of the beach has
become considerably wider, greater than 50 m in some areas, while
portions of the southern end have eroded more than 20 m since the
surveys began in 2004. Rates of change calculated for the entire beach
and each reach from the linear regression model between 2004 and
2009 range from 7.0 ± 3.5 m/yr (accretion) to − 3.0 ± 1.7 m/yr
(erosion), with the entire study area accreting at 0.3 ± 2.4 m/yr on
average, which indicates that as a whole the beach is fairly stable. The
magnitude of changes and rates of change for the entire beach as well
as each reach are shown in Table 1.
The location of the alongshore shift from multi-year erosion to
accretion takes place in the vicinity of where the San Francisco Bar
attaches to the shore (∼ 3.0 km Fig. 2) in a location where there is a
north to south downward slope in the offshore bathymetry in water
depth greater than 10 m (N3.0 km in Fig. 2). This shift also directly
corresponds to an abrupt increase in beach slope, as deﬁned by the
slope between the MHW and MSL position. Fig. 4 shows the 2004–
2009 mean beach slope as a function of distance alongshore. Two
notable increases in beach slope are noted, one at 3 km and a second
larger increase beginning at 4.4 km. Grain size variation along the
entire length of Ocean Beach is insigniﬁcant and cannot account for
the variation in slope (Barnard et al., 2007). The overall increasing
trend of beach slope observed south of 3 km follows that of the
nearshore bathymetry out to a depth of 12 m which is also indicated
in Fig. 3. The second increase in beach slope corresponds to the
erosion hot spot area and is likely related to the observed scouring
that takes place in this region from interaction of the swash and the
armored low bluff during high tide. The nearshore slope (shoreline to
12 m depth) is low in the region where the San Francisco Bar attaches
to the coast and higher both to the north and south of the bar
attachment point. The ﬂood tidal channel (centered on 1.8 km in
Fig. 2) that intersects the 10 m depth contour largely accounts for the
increase in nearshore slope seen at the north end of the beach.

Fig. 3. Upper Panel: linear regression MHW shoreline change from 2004–2009, the alternating shading in this an all plots indicates the seven reaches. The alongshore distance scale
corresponds to that shown in Fig. 2 (North end of beach is at 0 km). Lower panels: plots of data points used and linear regression ﬁts to plot the shoreline change in the upper panel,
also shown are the data points that were removed (stars) so that the linear trends would not be biased toward the winter months.
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Table 1
Statistics for the entire beach and each reach, all values are alongshore averages except the max change.
April 2004–March 2009

Backshore backing

Proﬁles

Length
(km)

Beach width
(m)a

Max change
(m)

Standard deviation
(m)

Total change
(m)b

Change rate
(m/yr)b

Change rate uncertainty
[+/−] (m/yr)

Entire Beach
Reach 1
Reach 2
Reach 3
Reach 4
Reach 5
Reach 6c
Reach 7c

Varies
Seawall
Dunes
Seawall
Dunes
Low bluff/rip-rap
Rip-rap bluff
High bluff

1–130
1–30
31–56
57–74
75–88
89–100
101–109
110–130

6.5
1.5
1.3
0.9
0.7
0.6
0.45
1.05

90.4
142
91.0
102.0
65.3
55.3
43.0
63.0

110
110
72.8
69.0
63.8
59.7
32.0
53.0

13.3
20.9
14.0
12.2
11.7
9.6
5.9
9.0

1.6
34.7
1.9
− 13.0
− 10.6
− 14.7
− 11.2
− 10.7

0.3
7.0
0.4
− 2.6
− 2.1
− 3.0
− 2.3
− 2.2

2.4
3.5
2.7
2.4
2.2
1.7
1.0
1.6

a
b
c

Measured from ﬁxed back beach barrier to position of MSL.
Calculated using linear regression.
Reaches 6 and 7 contain less data than the remainder of the beach.

4.2. Seasonal shoreline change
The topographic data set shows that the MHW shoreline position
at Ocean Beach was highly variable over the ﬁve years (2004–2009) of
monitoring (Fig. 5). The standard deviation of shoreline positions at
each proﬁle ranges from 6 to more than 20 m with an alongshoreaveraged standard deviation of 12.7 m. Over the ﬁve-year period the
mean range of shoreline positions observed for all proﬁles is 55 m,
with an envelope of maximum change between all surveys (nonconsecutive) ranging from 32 m to 110 m at individual proﬁles
(Table 1). Average beach width (measured from MSL to a ﬁxed
backshore barrier at each proﬁle) also varies considerably from north
to south and ranges from 140 m at the northern end to less than 40 m
in the vicinity of the erosion hot spot. Variability in the shoreline
position corresponds with overall beach width and slope. Shoreline
variability is greatest at the northern end of the beach where the
beach is the widest and the slope is the lowest (Reach 1, Fig. 5).
Table 1 shows the statistics for the entire beach as well as for each
reach.
The dominant pattern seen in the MHW shoreline position for the
entire beach is seaward movement during the summer and autumn
and landward movement during the winter until the most landward
position of the shoreline is achieved usually in late winter or early
spring (e.g. lower panels in Fig. 3), similar to the patterns described by
Shepard (1950) for other US west coast beaches. This pattern
corresponds with movement of sediment offshore in the winter to
develop a single well-deﬁned bar followed by the movement of
sediment onshore from the bar to the beach in the summer, with
bathymetric data showing that the offshore bar exists year round with
seasonally varying sediment storage (Barnard et al., 2007).
Superimposed on the seasonal signal are abrupt changes in the
position of the shoreline caused by storm events in the winter
months. Short-term (within 11 days from previous survey) shoreline

Fig. 4. Plots of beach slope (between MSL and MHW), nearshore slope (shoreline to
12 m depth) and beach width (MSL to back ﬁxed shore barrier). Beach slope and width
are temporal means of all 61 surveys.

change at individual proﬁles ranged from 24.6 m of erosion to 30.9 m
of accretion. The response of the beach to storm events was not
necessarily uniform; there was often considerable spatial variation in
the magnitude and direction of shoreline change with some proﬁles
eroding and some accreting. Removal of a large berm that frequently
forms throughout the year at the extreme northern end of the beach
generally accounted for the largest short-term landward movement in
the shoreline, with one event causing more than 20 m of landward
movement of the MHW shoreline over a three-day period. While in
many instances the response of the beach to storm events was
signiﬁcant in terms of the amount of sediment moved, the magnitude
of these events is considerably less than the magnitude of the overall
seasonal onshore/offshore sediment movement. In most cases storm
events appear as “noise” on the sinusoidal trend of onshore/offshore
sediment movement (e.g. lower panels in Fig. 3).
Each of the seven reaches reacted somewhat differently to wave
conditions and has experienced a different net change over the length
of the monitoring program. While each reach is not a closed off beach
compartment bounded by a ﬁxed headland or impediment to
sediment transport, each does exhibit different morphologic characteristics. The dimensions, calculated statistics, and shoreline change
rates over the ﬁve-year period for the entire beach and each reach can
be found in Table 1. The calculations for Reaches 6 and 7 contain less
data than the remaining regions of the beach, particularly during the
winter months, therefore the statistics for these reaches are likely
weighted more toward the summer accreted state of the beach.
4.3. EOF analysis
EOFs were calculated for the unsmoothed shoreline data in an
attempt to capture the dominant modes of variability in space and
time and shed light on the most important processes that shape the
shoreline. Due to the frequent gaps in the shoreline time series in the

Fig. 5. Alongshore variation in minimum, maximum, and standard deviation of
shoreline position (relative to mean) of all 61 surveys for each proﬁle.
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southern 1.5 km of the beach, the EOFs were only calculated for the
ﬁrst 5 km of the beach (proﬁles 1–100, Fig. 2). The results of the EOF
analysis data show that the ﬁrst mode accounts for nearly 60% of the
observed variance in the MHW shoreline position. The second mode
accounts for 14% total variance and modes greater than two account
for ﬁve or less percent of the total variance. For the northern 5 km of
the beach, the ﬁrst ﬁve modes only account for 84.5% of the variance
for the MHW shoreline position (14 modes are required to account for
more than 95% of the variance). Fig. 6 shows both the spatial and
temporal modes; from modes one to four the spatial trends become
increasingly variable in the alongshore direction. Examining the
temporal signal of the ﬁrst mode reveals a peak in the autumn or early
winter and a minimum in late winter or early spring (Fig. 6). This
pattern in the ﬁrst temporal mode corresponds with that observed in
the time series of shoreline position at each proﬁle (e.g., lower panels
in Fig. 3) and suggests the seasonal movement of sediment onshore
and offshore.
The seasonal migration of sediment is best illustrated by the
combined eigenfunction of the ﬁrst mode; the pattern observed in the
ﬁrst temporal mode is evident along with the spatial trend of the
seasonal signal (Fig. 7). Moving south along the beach the magnitude
of the seasonal signal decreases, this corresponds directly to the
maximum observed variability, standard deviation of shoreline
position change, beach slope and width (Figs. 4 and 5). The areas of
the beach that have the largest shoreline changes are indicated by the
largest peaks and troughs in the combined eigenfunctions. These
areas, particularly the peak centered on 1 km, which extends several
hundred meters at most, are not correlated with any sub-aerial
geologic or morphologic feature that would result in these areas
behaving differently from the adjacent beach. However, reoccurrence
of the peaks in the same location every year in the data set suggests a
unique physical mechanism for the increased shoreline position
variability in these locations. The proximity of the most noticeable
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recurring peaks, at approximate alongshore distances 1.0, 2.5, and
4.0 km, are spatially correlated to alongshore variations in the
nearshore bathymetry (Fig. 2) which implies a possible relationship.
The largest peak in amplitude of the ﬁrst combined mode, at 1 km, is
located immediately onshore of the site where a large ﬂood tidal
channel intersects the 10 m depth contour. The second set of peaks, at
2.5 and 4.0 km, are located directly to the north and south of where
the shallowest portion and main axis of the south lobe of the San
Francisco Bar welds to the coast.
Noticeably different from the ﬁrst mode, the combined eigenfunction of the second mode shows considerably more variability both
spatially and temporally (Figs. 6 and 7). Accounting for just more than
14% of the total variance, the second mode has noticeably larger-scale
alongshore variability and a deﬁned trend in time. At the northern end of
the beach the combined eigenfunction for the second modes shows a
continual increase in time through the length of the data set while the
opposite pattern is seen south of alongshore distance 1.5 km. This trend
largely agrees with the longer-term trend of observed alongshore
shoreline rotation seen in Fig. 3, with the north end of the beach
accreting while the south end erodes. The alongshore location of the
shift from accretion to erosion seen in the combined eigenfunction for
the second mode also agrees well with that seen in Fig. 3.
Modes higher than two explain an increasingly small amount of
the variance and generally show increasing alongshore variability in
the shoreline that could be explained by beach cusps and other
alongshore topographic features. However, because of the increasingly small amount of the total variance these modes account for, they
cannot be separated from noise. EOF analyses conducted on ten
separate random-number data sets of the same size as the
topographic data set indicate that approximately 5% of the variance
can be explained by random chance alone given the dimensions of the
data set. Therefore, modes greater than two, which each explain less
than 5% of the variance may or may not be physically based.

Fig. 6. Plots of the ﬁrst four spatial and temporal EOF modes. The EOFs were calculated only for the northern 5 km of the beach because of data gaps south of 5 km.
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Fig. 7. Combined eigenfunctions of the ﬁrst two modes produced by the EOF analysis. Note the z axis scale difference between the two panels.

4.4. Wave forcing and storm response
To examine the dependence of the shoreline on the wave climate,
several measures of the shoreline were correlated against the offshore
wave climate. Similar to the methods employed by Miller and Dean
(2007b), the temporal amplitudes of each mode were correlated with
the observed wave conditions. Fig. 8 shows the result of correlating
the amplitudes of the ﬁrst two temporal modes with the offshore
signiﬁcant wave height averaged over a varying number of days prior
to the survey. The strongest correlation (R2 ∼ 0.7) was between the
ﬁrst temporal mode and the offshore signiﬁcant wave height averaged
over approximately 80 days prior to each of the 61 topographic
surveys. No other modes showed good correlation regardless of the
time averaging. As Fig. 8 shows, the peak in R2 values is very broad,
with values over 0.65 from 66 to 134 days. This time range
encompasses the approximate length of one season and implies that
the largest percentage of variability in the shoreline is related to
seasonal scale wave-height variations. Fig. 9 shows daily averages of
the offshore signiﬁcant wave height, as well as the height smoothed
using a 90-day running mean, highlighting the seasonal nature of the
offshore wave climate and showing a similar cyclic nature to the ﬁrst
temporal mode shown in Figs. 6 and 7. The R2 values for the ﬁrst two

Fig. 8. Coefﬁcients of determination produced by linear regression when correlating the
amplitudes of the ﬁrst two temporal modes with offshore signiﬁcant wave height
averaged over a varying number of days before each of the 61 surveys.

modes were only slightly improved when wave period and direction
were included using multiple linear regression. Modes higher than
two show no signiﬁcant correlation.
To better understand the short-term changes in the shoreline, the
change in position of the shoreline between consecutive surveys was
examined over short periods of time and compared with the offshore
wave conditions. Of the 61 surveys 14 were carried out within 11 days
of the previous survey, primarily in the winter months. For these
“short-interval” surveys the shoreline position was smoothed using a
500 m running mean to remove small-scale oscillations in the position
of the shoreline; the difference in position from each consecutive
survey was calculated and then compared to offshore wave conditions
using multiple linear regression. Data from the southern 1.5 km of the
beach were not included because many of the short-interval surveys
did not reach this portion of the beach. The optimal averaging method
previously described was again used, such that the averaging interval
that produced the highest overall coefﬁcients of determination was
assumed to be the time scale of wave changes responsible for
shoreline changes. In the previous section it was found that seasonal
scale variation in the offshore wave height were well correlated to the
seasonal component of the shoreline position, as recorded by the ﬁrst
EOF mode. Here we examine the changes in the shoreline over
relatively short periods of time to investigate deviations from the
seasonal scale pattern mostly driven by storm events. For the shortinterval surveys it was found that the change in the position of the
shoreline was best correlated with offshore wave height and direction
averaged over the three days prior to the second survey, although the
results were fairly similar if an averaging interval between two and
ﬁve days was used. Using an averaging interval of three days produced
an alongshore mean R2 value of 0.56 with a maximum value of 0.78
and a minimum value of 0.27 (P values also shown, Fig. 10). Of the 14
short-interval survey pairs used to calculate the short-interval
shoreline differences the amount of time between surveys ranged
between 2 and 11 days with a mean interval of 6.5 days. In all but one
case, the three-day averaging interval was less than or equal to the
time interval between the short-interval survey sets implying that the
change in the position of the shoreline is most related to wave
conditions that took place within the few days prior to the survey. This
of course is likely not true in areas of the beach where low R2 values
were found (Fig. 10). The most statistically signiﬁcant correlation
values were achieved when wave direction was included along with
wave height. If wave period was also included, R2 values increased
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Fig. 9. Daily averages of offshore signiﬁcant wave height, peak period, and peak direction at the CDIP Pt. Reyes Buoy (station 29). Thick black lines are the respective values smoothed
using a 90-day running mean.

very slightly, but in general this caused statistical signiﬁcance to
decrease. Hansen and Barnard (2009) illustrated the importance of
wave direction on beach response and showed that the more westerly
approaching waves (270°–300°) caused the greatest erosion of the
beach, whereas waves coming from steeper incidence angles (N300°)
caused less erosion of the beach.
4.5. EOF-based predictive model
Principally based on the relatively high correlations achieved
between the ﬁrst mode temporal amplitudes and the seasonallyaveraged offshore wave height an EOF-based model was created to
predict the shoreline position given the offshore wave height. The
longer-term trend of shoreline rotation, the second EOF mode, was
also included such that the model includes both the seasonal
variations in the shoreline and the longer-term trend of erosion/

accretion. In order to increase the amount of the variance in the
shoreline data set accounted for by the ﬁrst EOF mode, the linear
regression-derived longer-term trend of erosion or accretion (i.e.,
Fig. 3) was removed from the shoreline position for each survey. It is
also assumed that the small-scale alongshore oscillations in the
shoreline caused by beach cusp and other similar features are
contained in modes greater than two; these were removed by
smoothing the shoreline position using a 500 m running mean.
With the longer-term erosion/accretion trend and small-scale
oscillations removed from the shoreline position time series, the EOFs
were recalculated. The temporal amplitudes were then correlated to
offshore wave height; the averaging interval that produced the
highest coefﬁcients of determination was then used to create a linear
model to predict temporal amplitudes at any given date. With the
newly-calculated predicted temporal amplitudes and the existing EOF
spatial structure, the de-trended (temporal mean-removed) shoreline
position can then be calculated using the equation:
M

x′ðtÞ = ∑ ai ðtÞφki
i=0

Fig. 10. Coefﬁcients of determination produced when the change in the MHW shoreline
position from the 14 surveys that were within 11 days of one another is compared to
offshore wave height (using simple linear regression) as well as wave height and
direction (using multiple linear regression) averaged over the three days prior to the
second survey. P values are also shown.

ð1Þ

where x′(t) is the mean-removed shoreline position at time t, M is the
total number of modes (in this case only one), ai(t)is the temporal
amplitude of mode i at time t, and φki is the spatial mode i at spatial
position (proﬁle number) k. The linear regression model used to
calculate the longer-term trend of erosion or accretion can be used to
predict that trend at future survey dates, which in combination with
the existing temporal mean position can be added to the predicted
shoreline position, calculated using Eq. (1). Obviously the predicted
shoreline cannot be unsmoothed to reintroduce the smaller scale
alongshore variability. Because there is no means of accurately
predicting wave conditions at seasonal time scales beyond using
climatic averages, this technique relies on real-time wave data and
cannot actually be used to predict the shoreline in the future.
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To test whether or not this EOF-based model is useful, an
increasing number of surveys were removed for the full 61 survey
data set to see how well the predicted shoreline agreed with that
actually observed. Fig. 11 shows the case where the last 13 surveys of
the data set were removed (approximately 15 months of time). The
13 surveys were removed from the data set, the linear regression
longer-term trend and new EOFs were calculated using the previous
48 surveys, and the mode one temporal amplitudes were correlated
against the optimally-averaged wave height (R2 = 0.86). With the
longer-term trend and small-scale alongshore oscillations removed,
the ﬁrst mode accounts for 85% of the variance compared to 60% in the
full data set case described earlier when neither of these were
removed. Using the linear model shown in Fig. 11, 13 new mode 1
temporal amplitudes and shorelines were calculated to correspond
with the dates of the 13 surveys that were removed. In addition to
showing the temporal amplitudes used to create the linear model,
Fig. 11 also shows the actual values had the complete set of 61 surveys
been used.
Table 2 provides performance estimates of the results of the
hindcast comparison between the 13 actual and EOF model predicted
shorelines. The comparison was made once the shoreline position was
calculated for each of the 13 surveys using Eq. (1) and both the 48
survey temporal mean at each proﬁle and the longer-term trend were
added. For consistency the actual shoreline position used in the
comparison was also smoothed using a 500 m running mean. The
mean of the alongshore-averaged differences at each proﬁle for all 13
surveys is 3.6 m (positive [negative] differences indicate that the
predicted shoreline was landward [seaward] of the actual shoreline).
To better gauge the skill of the model, the absolute value of the
difference in shoreline position between the actual and predicted
shoreline was divided by a measure of the shoreline variability at each
proﬁle location. Here, the variability at each proﬁle is characterized by
the standard deviation of the shoreline position at each proﬁle from

all 48 surveys; the range of observed shoreline positions at each
proﬁle was also used (Table 2). An R2 value for each survey was also
calculated as another means of estimating the model skill. As shown in
Table 2, the EOF-based model is generally accurate to within one
standard deviation of the shoreline positions recorded at each proﬁle
by the 48 surveys used to create the model. R2 values between the
actual and predicted shoreline positions along the entire 5 km stretch
of beach range from 0.11 to 0.91 for the 13 predicted surveys
(Table 2). Fig. 12 shows an example of the actual and predicted
shorelines for four of the 13 surveys, also shown is the absolute value
of the difference divided by one standard deviation of the range of
positions recorded at each proﬁle. In general the model captures the
larger-scale structure of the shoreline and often resolves the subkilometer scale alongshore structure.
More than two years of surveys (approximately 25) can be
removed from the 61 survey data set before, on average, the
predictions become worse than one standard deviation. The shoreline
predictions are the worst between January and April when the beach
is most likely to be impacted by storm events. Impacts from storm
events during this time of year are most likely to cause the shoreline
to deviate from the sinusoidal pattern caused by seasonal waveheight variations. Of the 13 predicted surveys the model performed
the worst for the survey that took place on 29 February 2008. Between
24 February and 26 February, 2008, a very large storm impacted the
coast with offshore signiﬁcant wave heights at the CDIP Pt. Reyes Buoy
ranging from 4 m up to 9.1 m, the highest half hourly signiﬁcant wave
height recorded since the buoy was deployed in 1997 (CDIP, 2009).
Additionally, data from an acoustic wave and current proﬁler
deployed in 11.5 m of water offshore of Reach 4 during this same
storm recorded maximum wave heights up to 10.5 m, although it is
likely that considerable dissipation had taken place offshore of the
deployment location on the outer shoals of the San Francisco Bar
(Hansen and Barnard, unpublished data).

Fig. 11. Upper panel: plot of the mode one temporal amplitudes from the ﬁrst 48 surveys that were used to create the linear model (indicated by the line). The circles are the
predicted mode one temporal amplitudes produced by the linear model for the 13 predicted survey dates, the stars are the actual amplitudes. Lower panel: time series plot of the
actual and predicted mode one temporal amplitudes as well as the previous three years of data that were used to create the linear model shown in the upper panel.
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Table 2
Summary of statistics for shoreline prediction hindcast. All values except for minimum and maximum are alongshore means.
Survey date

Mean difference
[actual-predicted]
(m)

Standard deviation
of difference
(m)

Minimum
Difference
(m)

Maximum
difference
(m)

Ratio of difference
to standard
deviation (–)

Ratio of
difference
to range (–)

R2 of actual
versus
predicted

6-Dec-07
1-Feb-08
29-Feb-08
11-Apr-08
22-May-08
25-Jun-08
4-Aug-08
17-Sep-08
11-Nov-08
29-Dec-08
23-Jan-09
24-Feb-09
20-Mar-09
Means

1.1
6.6
11.6
1.9
− 1.6
2.9
1.7
1.3
0.4
0.1
− 1.2
5.9
16.1
3.6

7.8
9.2
12.6
8.9
9.7
10.0
10.1
12.0
10.5
8.3
8.2
6.7
10.5
9.6

− 18.6
− 15.3
− 13.3
− 21.9
− 25.4
− 18.7
− 22.8
− 26.5
− 26.0
− 22.1
− 21.1
− 4.5
2.0
− 18.0

12.2
20.4
33.7
18.2
20.1
22.8
13.1
21.6
15.1
14.8
15.0
23.1
39.5
20.7

0.5
0.8
1.1
0.6
0.5
0.7
0.7
0.8
0.7
0.5
0.5
0.5
1.4
0.7

0.1
0.2
0.3
0.2
0.1
0.2
0.2
0.2
0.2
0.1
0.1
0.1
0.4
0.2

0.80
0.41
0.11
0.58
0.66
0.69
0.78
0.82
0.86
0.86
0.88
0.91
0.78
0.7

5. Discussion
Over the ﬁve-year period of data collection, Ocean Beach has
generally shown a pattern of shoreline rotation, with the shoreline at
the north end of the beach accreting while the southern portion
erodes. The only visible sub-aerial pattern of alongshore sediment
transport is the propagation of beach cusps and migration to both the
north and to the south has been observed. However, the strong trend
of shoreline rotation suggests that net alongshore sediment transport
is south to north. This pattern follows that observed in the San
Francisco Bar since 1873. Since that time, the entire San Francisco Bar
has been radially contracting with a total loss of sediment of 100 ±
65 × 106 m3 between 1873 and 2005 (Dallas and Barnard, 2009). The

factors causing the constriction of the delta are beyond the scope of
this paper, but Dallas and Barnard (2009) suggest that the following
factors are important: reduced tidal prism from development inside
San Francisco Bay, removal of sediment by dredging, aggregate
mining, and borrow pits, and reduction of sediment supply due to
damming of drainages entering the Bay. The contraction of the San
Francisco Bar undoubtedly has had an effect on Ocean Beach. The
ﬂood tidal channel located at ∼1.5 km in Fig. 2 has ﬁlled in with up to
2 m of sediment between 1956 and 2005, the two most recent
hydrographic surveys (Hanes and Barnard, 2007; Dallas and Barnard,
2009). This inﬁlling is likely related to a decrease in resistance of
water ﬂow across the San Francisco Bar caused by the dredging of the
main ship channel through the center of the ebb tidal delta (Fig. 1). It

Fig. 12. Examples of the model predicted and actual shoreline positions for four of the 13 predicted surveys over the 15 month prediction period. Both have the temporal mean of the
48 surveys used to create the model removed. Also plotted is the absolute difference (|actual-predicted|) at each proﬁle divided by the standard deviation of the shoreline positions at
that proﬁle from the 48 surveys.
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is likely that the reduced alongshore-directed tidal currents, inferred
from the inﬁlling of the ﬂood tidal channel, are largely responsible for
the observed accretion at the north end of the beach. Anecdotal
reports pre-dating this data set, historical photographs dating back to
the 1920s, and historical shoreline analysis (Dallas and Barnard, in
review) suggest that the northern portion of Ocean Beach is
considerably wider now than it was in the past. This is particularly
highlighted by the fact that a large seawall constructed in this region
in 1929 is now virtually never in contact with the swash even during
extreme storm events (United States Army Corps of Engineers
[USACE], 1996). The Reach 1 rate of accretion between 2004 and
2009 (7.0 ± 3.5 m/yr) is quite high and it appears unlikely that this
rate of accretion has been occurring for several decades simply given
the current width of the beach. Inclusion of two additional shorelines
collected using LiDAR in 1997 and 2002 (not shown) suggest that
possibly the rate of accretion is higher now than in the past. Continued
deepening of the main shipping channel through the center of San
Francisco Bar from 12 m in 1922 up to almost 17 m in 1975 (USACE,
1996) has likely caused a continued decrease in resistance to tidal
movement through the ship channel in the center of the ebb tidal
delta and possibly thus accelerated inﬁlling of the ﬂood channel and
sub-aerial beach at the north end of Ocean Beach. However, a much
more in depth analysis of historical data is required to fully investigate
this hypothesis. Regardless of the rate of change in the accretion rate
at the north end of the beach over time it does appear clear that the
accretion in this area is related to the accretion observed in the ﬂood
channel offshore of this area.
The sub-aerial erosion observed at the southern end of Ocean
Beach can also be largely attributed to the overall radial contraction of
the San Francisco Bar. Much of the erosion of the San Francisco Bar
that has taken place between 1873 and 2005 has occurred at the outer
rim of the ebb tidal delta (up to 2 m in many locations between 1956
and 2005, Hanes and Barnard, 2007). Erosion of the outer rim not only
reduces the offshore sediment supply to the south end of the beach
where the outer rim attaches to the beach (approximately 5 km in
Fig. 2) but also changes the way incoming waves refract across the San
Francisco Bar. The increased depths in this area likely expose the
erosion hot spot region to increased wave energy and alongshore
transport gradients, thus possibly explaining the erosion. The
southern end of Ocean Beach has historically been narrow and
chronic erosion of this area has been a problem for several decades
(USACE, 1996). This situation is aggravated by the fact that the low
bluff in this area is armored thereby not allowing the shoreline to
recede any further during the winter months to achieve an
equilibrium position. This leads to scour around the rip-rap on the
beach and ultimately the beach becomes entirely submerged.
The EOF analysis conducted on the ﬁve-year data set strongly
suggests that the seasonal onshore/offshore pattern of shoreline
change is the dominant signal in the data followed by the longer-term
trend of erosion and accretion. Together these two modes account for
nearly three-quarters of the variability in the shoreline position. The
seasonal signal appears to be entirely driven by seasonal scale
variations in wave height. While this may not seem like a novel
conclusion, the apparent unimportance of storms is very interesting
particularly given this sites exposure to very large waves. The large
storm events that impact the coast in the winter do cause
considerable change in the shoreline, as much as 20 m of erosion in
a three-day period. Yet the change from these events is mostly minor
in comparison to the magnitude of the seasonal signal. The lower
panels in Fig. 3 show the shoreline position from all 61 surveys,
including the short-interval surveys that were principally carried out
during the winter of 2005/2006 and 2006/2007. It can be seen that the
changes between many of the closely spaced surveys in time is
relatively insigniﬁcant compared to the overall magnitude of the
seasonal signal. When storm events do have a signiﬁcant impact on
the coast the high rate of erosion is seemingly matched by a similar

rate of beach recovery with the shoreline recovering to the position
that is in equilibrium with seasonal wave heights relatively rapidly.
Therefore, it seems that at Ocean Beach, at least, the threat to
infrastructure, dunes, and bluffs from storms is really only realized
when the beach is near its seasonally-controlled landward extent
which usually occurs around February of each year.
The storm driven changes in the shoreline, while considerably less
in magnitude than the seasonal scale changes, provide insight into the
relative timescales of wave forcing changes and beach response. These
shore-term changes where related to the wave conditions in an effort
to gauge the response of the shoreline to short-term variations in the
wave climate and it was found that the change in the shoreline
position, over shore-time scales, was most related to the wave
conditions that occurred over the three days prior to the second
survey. This may seem as somewhat of a contradiction to the
approximately 90-day timescale found when correlating the wave
conditions with the temporal amplitude of the ﬁrst EOF mode. It is
important to note that the ﬁrst EOF mode only accounts for the
seasonal component of the shoreline position and not the smaller
scale deviations. Although the dominant signal in the shoreline data is
the seasonal component, the shoreline position at any given time is a
summation of the seasonal component, the longer-term rotational
trend, and any short-term variations from storms or calm periods. The
ﬁnal component, the small-scale deviations, is what we attempted to
capture by correlating the change in the shoreline with the recent
wave conditions. The fact that the shoreline change between two
surveys separated by seven days, for example, is best characterized by
the wave conditions that occurred over the previous three days
provides several insights into the system. First, that the time scale of
shoreline variations is such that the forcing conditions that occurred
during the ﬁrst four days between the two surveys is relatively
unimportant in determining the ﬁnal shoreline change between the
two surveys. For instance, assume a storm eroded the shoreline just
after the initial survey in the survey set, after only a few days the
beach has recovered such that the effects of that storm event are not
necessarily seen in the seven-day shoreline difference. Secondly, if
surveys that were spaced more than 11 days were included in this
short-term analysis the correlations dropped dramatically; this we
believe, is because as the survey interval begins to approach two or
more weeks seasonal scale variations in the wave climate begin to be
felt. Therefore, for intra-annual changes in the beach there is a
superposition of two timescales. The larger seasonal scale changes
make up the bulk of the annual movement, but superimposed on the
seasonal variations are smaller magnitude shoreline changes that are
driven by short-term variations in the forcing.
As was mentioned previously, there are three notable peaks in the
seasonal shoreline range, as seen on Figs. 5 and 7, the largest at 1 km
with two smaller peaks seen at 2.4 and 3.8 km, with each directly
onshore of a notable bathymetric feature. The largest peak is directly
onshore of the intersection between the ﬂood tidal channel discussed
earlier and the 10 m depth contour (∼ 1 km, Fig. 2). The two smaller
peaks are directly north and south of the location where the
shallowest portion of the San Francisco Bar intersects the coast.
Eshleman et al. (2007) documented the role of the San Francisco Bar
in altering offshore waves as they propagate across this feature using
the numerical wave model SWAN (Holthuijsen et al., 1993). Fig. 13
presents results from the model runs described in Eshleman et al.
(2007), and shows the spatial variations in signiﬁcant wave height
across the region and the wave height at the 10 m depth contour
along Ocean Beach during typical winter wave conditions (offshore
signiﬁcant wave height 3.8 m, period 15 s, direction 295°). As the right
panel in Fig. 13 shows there is a notable increase in the wave height at
the 10 m depth contour at the location of the ﬂood tidal channel
(∼1 km). Additionally, a larger increase in wave height is seen at the
location where the main axis of the San Francisco Bar attaches to the
coast (∼ 3 km). The largest peak in increased seasonal shoreline range
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Fig. 13. Left panel: SWAN numerical wave model results from Eshleman et al. (2007) showing the spatial variation in signiﬁcant wave height (m) across the San Francisco Bar. The
model was initialized with an offshore wave height of 3.8 m, period 15 s, and direction of 295°. The black lines are 5 m incremented depth contours. Right panel: output from the left
panel at the 10 m contour off of Ocean Beach, the ﬂood tidal channel is located at ∼1 km alongshore distance and the San Francisco Bar attachment point is at alongshore distance
∼3.0 km.

is onshore of the ﬂood tidal channel and corresponding wave height
increase while the two smaller increases in seasonal shoreline range
are north and south of the second larger increase in wave height near
the bar attachment point. Similar results are seen if other wave
conditions are used. The co-location of the peaks in alongshore
seasonal shoreline range and alongshore variation in wave height
suggest that these gradients in wave height are creating gradients in
sediment transport which may account for the observed peaks in the
alongshore magnitude of the seasonal shoreline signal. This point
warrants further analysis and will be addressed in future research
efforts analyzing the relative inﬂuence of pressure gradients and
radiation stress in driving alongshore ﬂows and sediment transport.
Based on the results of the EOF analysis, two separate linear
models were combined to predict shoreline position; one that relates
the temporal amplitudes of the ﬁrst mode to seasonally-averaged
wave height and a second that uses the observed long term trend in
the shoreline data to predict the magnitude of future shoreline
rotation. This model is able to predict the shoreline position to within
one standard deviation of the range of positions recorded at each
proﬁle for most parts of the beach. EOF-based predictive models are
not new; Aubrey et al (1980) successfully used daily and weekly
proﬁle surveys and nearshore wave data to predict the short-interval
evolution of the beach and nearshore proﬁle in San Diego, California.
However, the model presented here is notable in its simplicity as it is
based primarily on monthly surveys, uses offshore wave data, both of
which are becoming increasingly easy to obtain as beach monitoring
programs and networks of buoys expand, and yet it is largely
successful at predicting the position of the shoreline over two years
in advance.
The predictive nature of this model is limited by knowledge of the
seasonally-averaged offshore wave height which is not available at
any distance in the future. Analysis of wave data collected at the CDIP
Pt. Reyes buoy between 1997 and 2009 shows that there is
considerable variation (as much as a 50% difference) in the intensity
of the winter wave climate, as deﬁned by the cumulative daily energy
ﬂux between October 1 and March 31. The intensity of the winter
wave climate and corresponding magnitude of seasonal erosion of the
shoreline is dictated by large scale climate processes including
episodic events such as El Niño and La Niña. Year to year variability
in the remaining seasons is not as pronounced. Without being able to

properly characterize the seasonal wave climate in advance, particularly for the winter, the true predictive nature of this model is not
achieved. Yet, this model not only provides a method of predicting the
shoreline in instances when continuous wave data is available, it's
performance also provides insight into the dominate processes that
are at work at Ocean Beach, namely the seasonal and longer-term
trends. In reality the model discussed here is as much a decomposition
technique that allows, using knowledge of a particular site, the
important components of the shoreline to be predicted using
individual models. Thus the speciﬁc models that were used at Ocean
Beach to account for the seasonal cycle and rotation of the shoreline
may not be applicable at other sites, but a different set of simple
models may be developed if several years of topographic data are
available.
Using spatially dense observed or accurately modeled nearshore
wave conditions may improve the correlations presented in this
paper. However, we believe that a large part of the value of the
analyses described in this paper lies in their simplicity and the fact
that they rely on commonly available wave data, both of which are
more likely to make these techniques of use to coastal managers.
Additionally, it could also be argued that in areas of non-uniform
nearshore bathymetry as one approaches the coast the wave
conditions at any given point become less representative of the
surrounding area. The amount of wave focusing that occurs as waves
refract across the San Francisco Bar is a function of the deep water
wave period and direction and a wave measurement in the wave focal
zone may not be representative of the wave conditions at south Ocean
Beach away from the focal zone. For example large waves in the focal
zone may represent moderate offshore waves and strong focusing or
large offshore waves and limited focusing.
6. Conclusions
The ﬁve-year time series of shoreline position data at 7 km long
Ocean Beach in San Francisco, CA, USA, shows that seasonal and
longer-term processes, such as sediment supply and larger-scale
morphological response, dominate the position of the shoreline.
Storm events did have a considerable impact on the shoreline, but
their effect was largely short lived and often overpowered by the
magnitude of the seasonal onshore and offshore movement of
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sediment that corresponds to seasonal scale increases and decreases
in offshore wave height. Over the ﬁve-year period the shoreline has
exhibited a strong pattern of rotation with the north end of the beach
accreting by as much as 50 m in some areas while the south end of the
beach eroded up to 20 m. Areas of the beach that show increased
magnitudes of seasonal shoreline change were observed to occur
directly onshore of pronounced bathymetric features that are capable
of producing alongshore gradients in wave height.
The dominance of the seasonal signal coupled with the ability to
characterize the shoreline rotation trend through linear regression
allowed a predictive model to be created that predicts shoreline
position given the offshore wave height. A hindcast comparison shows
that if the model is produced from the ﬁrst three years of shoreline data
the position for the remaining two years can be predicted to within one
standard deviation of the observed range of shoreline positions at each
beach proﬁle location.
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