
Coastal Engineering 91 (2014) 251–260

Contents lists available at ScienceDirect

Coastal Engineering

j ourna l homepage: www.e lsev ie r .com/ locate /coasta leng
Observations of surfzone alongshore pressure gradients onshore of an
ebb-tidal delta
Jeff E. Hansen a,b,⁎, Tim T. Janssen c, Britt Raubenheimer d, Fengyan Shi e, Patrick L. Barnard a, Isaac S. Jones f

a United States Geological Survey, Pacific Coastal and Marine Science Center, 400 Natural Bridges Drive, Santa Cruz, CA 95060, USA
b School of Earth and Environment, University of Western Australia, 35 Stirling Highway, Crawley, WA 6009, Australia
c Theiss Research, El Granada, CA 94018, USA
d Woods Hole Oceanographic Institution, 266 Woods Hole Rd., Woods Hole, MA 02543, USA
e Center for Applied Coastal Research, University of Delaware, 301 Du Pont Hall, Newark, DE 19716, USA
f Department of Geoscience, San Francisco State University, 1600 Holloway Ave., San Francisco, CA 94132, USA
⁎ Corresponding author at: School of Earth and Enviro
Australia, 35 Stirling Highway, Crawley, WA 6009, Austra

E-mail address: jeff.hansen@uwa.edu.au (J.E. Hansen)

http://dx.doi.org/10.1016/j.coastaleng.2014.05.010
0378-3839/© 2014 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 16 July 2013
Received in revised form 7 May 2014
Accepted 8 May 2014
Available online 12 July 2014

Keywords:
Alongshore pressure gradient
Momentum balance
Radiation stress gradients
Wave set-up
Alongshore currents
Surfzone
The relative importance of radiation stress gradients and alongshore pressure gradients to surfzone dynam-
ics is investigated using observations of water levels, waves, and flows measured onshore of a large ebb-
tidal delta. Incident wave heights measured along the ~11-m depth contour varied about 10% over a 1.2-
km alongshore transect, resulting in alongshore wave setup differences on the order of 10 cm over the
600-m extent of the surfzone instrument array in 1.5-m depth. Despite the moderate alongshore variability
in wave heights, the southerly alongshore pressure gradient, associated with the alongshore variability of
wave-driven set-up, was typically twice as large as the northerly radiation stress gradient forcing, consis-
tent with the observed southerly currents during the week-long experiment. The magnitude of the along-
shore forcing and resulting alongshore velocity is reproduced by the two-dimensional depth-averaged
numerical model of Shi et al. (JGR-Oceans, 2011). These observations, together with the numerical results,
indicate that moderate alongshore wave height gradients (O(10−4)) outside the surfzone owing to along-
shore variations in the offshore bathymetry can result in alongshore pressure gradients that are larger than
radiation stress gradients.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Alongshore surfzone currents driven by breaking waves can trans-
port considerable amounts of sediment, and thus have significant influ-
ence on the evolution of wave-dominated coastlines (e.g. Allen, 1981;
Komar and Inman, 1970; Schoonees and Theron, 1993). On beaches
with alongshore uniform bathymetry and waves, these wave-driven
currents are driven mostly by the cross-shore gradient of the diagonal
component of the radiation stress tensor, which is balanced by bot-
tom friction (Feddersen and Guza, 2003; Feddersen et al., 1998;
Longuet-Higgins, 1970; Thornton and Guza, 1986). In regions with
alongshore-variable bathymetry and waves, alongshore pressure
gradients associated with variations in wave-driven setup (increases
in the mean water level associated with dissipating waves) can also
be important. In particular, laboratory and numerical modeling stud-
ies show that surfzone bathymetric variations, such as a gap in a
sandbar, results in alongshore-variable setup that drives nearshore
nment, University of Western
lia.
.

flows (Chen et al., 2003; Haas et al., 2003; Haller et al., 2002; Putrevu
et al., 1995; Schmidt et al., 2005; Slinn et al., 2000). Analyses of field ob-
servations onshore of a steep, narrow nearshore submarine canyon
(Apotsos et al., 2008) show that alongshore gradients in wave-
induced setup, associated with alongshore variations of the incident
wave height (~400% wave height difference over approximately
500-m distance, O(10−3) gradients), can drive strong nearshore cur-
rents (O(1 m/s)). In a numerical study, Shi et al. (2011) found that
refraction and wave focusing across a large (150 km2) ebb-tidal
delta at Ocean Beach, San Francisco, creates alongshore pressure gra-
dients that can dominate the nearshore currents.

Observations of nearshore and surfzone dynamics on high-energy
coastlines are difficult tomake, and as a consequence, such observations
are rare and our empirical understanding of nearshore dynamics is
based mostly on lower-energy environments (e.g. Apotsos et al., 2008;
Feddersen et al., 1998). Here we present new surfzone observations
collected at Ocean Beach, San Francisco, CA (USA), a sandy beach ex-
posed to large waves to determine (empirically) the contribution of
alongshore pressure gradients resulting from alongshore variations
in wave heights to the surfzone alongshore flows. Comparisons of
the observations with simulations from the model presented by Shi
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et al. (2011) are used to corroborate the dominant terms in themomen-
tum balance, and to evaluate the forcing terms that were not resolved
by our experimental array (such as advection and turbulent transport).

2. Field experiment

2.1. Experiment overview

Measurements were collected from 11 to 17 March, 2010, during
the Ocean Beach Nearshore Experiment (OBEX) on the southern por-
tion of Ocean Beach in San Francisco, CA (USA). Ocean Beach is a
north–south trending sandy beach located on the west side of the
city of San Francisco, and immediately south of the Golden Gate,
the sole entrance to San Francisco Bay (Fig. 1). Tides at Ocean
Beach are mixed semi-diurnal with a mean range of 1.25 m andmax-
imum spring range of 2.65 m (National Oceanic and Atmospheric
Administration (NOAA) Tides and Currents, 2011). Seaward of the
surfzone (~10 m water depth), tidal currents are generally strong
(~1 m/s), especially near the north end of Ocean Beach (Barnard
et al., 2007). However, in the inner surfzone (depths ≲ 2.5 m), the
importance of the barotropic pressure gradient associated with the
tidal flows is small (one to two orders of magnitude less than the ob-
served wave-induced alongshore pressure gradients), and the dy-
namics become increasingly dominated by wave-induced forcing
(radiation stress and pressure gradients) (Shi et al., 2011).

Offshore root-mean-square (rms) wave height (Hrms), recorded in
550-m water depth 85-km northwest of Ocean Beach by the CDIP Pt.
Reyes Buoy (Fig. 1A inset) during the experiment, ranged from 1.7 to
3.5 m with directions primarily from the west-northwest (Coastal
Data Information Program (CDIP), 2011), representing typical winter
and spring wave conditions. Refraction of the incident waves over the
large ebb-tidal delta (150 km2) located directly outside the inlet
(Fig. 1A), and by tidal currents, results in alongshore variations of the
wave field outside the surfzone and alongshore variability in surfzone
forcing (Eshleman et al., 2007; Hansen et al., 2013; Shi et al., 2011).
Fig. 1. (A)Map of San Francisco Bay area, the ebb-tidal delta (San Francisco Bar), Ocean Beach, a
tours (gray curves) are shown from 0 to 20m in 2m intervals with the 10 and 15m contours sh
pressure reference station (Ref.). The 1-m contour intervals (gray curves) and the 10m contour
the deployment, with the remaining bathymetry from a compilation of multibeam (depths N 8
2.2. Field measurements

The incident wave field wasmeasured with three acoustic wave and
current (AWAC) instruments deployed approximately 600-m apart
along the 11-m depth contour (NAVD88) (Fig. 1B, North, Center, and
South offshore sites). Wave heights (Hrms) at the 11-m offshore sites
were typically 32% lower than those in 550-m water depth at the CDIP
Pt. Reyes Buoy, likely owing to both bottom friction and refraction
over the shelf and ebb-tidal delta. At the northern offshore site, Hrms

values were on average 8% (0.19 m) larger than those at the southern
offshore site, with a maximum difference of 28% (0.69 m) (Fig. 2).
Waves in 11-m depth were predominantly from the west-southwest
(mean angle of incidence 3.4°, range −6.6° to 17.7° for all three sites,
measured counterclockwise relative to shore normal), indicating that
refraction resulted in a counterclockwise rotation of as much as 60°
compared with the wave directions in deep water.

Surfzone waves, currents, and mean water levels were measured at
six sites from approximately the low-tide shoreline on the deployment
date (11 March, sites 1A, 2A, and 3A) to ~50-m offshore in about 1.5-m
mean water depth (sites 1B, 2B, and 3B) (Figs. 1B and 3). Instruments
were placed along 3 cross-shore transects with pressure sensors at all
sites (except site 2B), acoustic Doppler current profilers (ADCP, sites
1A, 2A, 1B, 3B), and acoustic Doppler velocimeters (ADV, sites 2B and
3A). Pressure and ADV data were collected at 2 Hz while the ADCP
data was averaged over a two-second burst every 5 s. The pressure sen-
sors were buried approximately 1-m below the sea bed to avoid pres-
sure fluctuations from flow over the pressure port (c.f. Raubenheimer
et al., 1998), and the current sensors were located just above the sea
bed (~0.1–0.3 m). Wave heights in the surfzone were depth-limited
and tidally modulated (Fig. 4A, site 2B is representative), and wave
directions (relative to shore normal) were small (Fig. 4B, mean angle
of incidence 9.1°).

Bathymetry, topography, and surfzone instrument locations were
surveyed (relative to NAVD88) once during the experiment using a
DGPS-equipped Personal Water Craft (PWC) and twice with a DGPS-
nd the Ocean Beach Nearshore Experiment (OBEX) instruments sites (circles). Depth con-
own in bold. (B) The OBEX instrument sites (circles) and site names, and the atmospheric
(bold) are shown. The bathymetry in the instrumented area is from a DGPS survey during
m) and quarterly bathymetric surveys (depths b 8 m).



Fig. 2. Root-mean-square wave height (Hrms) at the northern vs. southern offshore sites
(Fig. 1B).
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equipped all-terrain vehicle. To cover the surfzone instrument sites and
connect to the PWC survey, two DGPS wading surveys were conducted,
but a gap of approximately 100-m remained separating the wading and
PWC surveys, between ~1.75 and 3.5-m depth, due to energetic wave
conditions. The horizontal and vertical uncertainty of all DGPS survey
points is approximately 0.05 m. The bathymetry at Ocean Beach in the
mid to outer surfzone (N3 m depth) was roughly alongshore uniform
during the experiment, with the cross-shore profile characterized by a
single bar and trough (Fig. 3). Inshore of the trough, the bathymetry
was more alongshore variable, with a rip-channel developing between
the middle and southern surfzone cross-shore arrays (sites 2A–B and
3A–B) shortly after the instruments were deployed. Bed level changes
during the experiment were minimal at the surfzone sites (b0.1 m),
except at site 3A where the bed eroded 0.19 m.

We defined the alongshore direction as being parallel to a straight
line connecting the northern and southern 1.5-m sites (1B and 3B),
which were deployed in approximately the same water depth (mean
depth 1.5 ± 0.064 m; −0.53 m relative to NAVD88, Fig. 3). The
Fig. 3. Representative cross-shore profile obtained from DGPS surveyed bathymetry and
topography. Mean sea level is 0.975 m NAVD88. The approximate locations of the AWAC
(circle) at the offshore sites and the co-located ADCP or ADV and pressure sensor at the in-
shore sites (diamonds) are indicated. The pressure sensors were buried approximately 1
m below bed level. Note that the offshore and surfzone sites were not at the same along-
shore locations (see Fig. 1B).
horizontal coordinates x (positive onshore) and y (positive northward)
are measured along the cross- and alongshore directions, respectively.
All current observations were rotated (6° counterclockwise from
north, the angle defined by sites 1B and 3B) so that u and v are cross-
and alongshore velocities, respectively (see Appendix A for further de-
tails on our definition of the alongshore coordinate and sensitivity of
our results to shoreline angle).

Pressure measurements were corrected to remove spatial sea
level variations due to inaccuracies in DGPS surveyed vertical loca-
tions of the instruments. These corrections were determined by as-
suming the sea level was flat during an hour with small waves and
calm winds at high tide (0900 GMT, 20 March, 2010, Hrms at 11-m
depth sites ~0.5 m, wind speed ~2 m/s) so that wave setup, and
tidal- and wind-driven pressure gradients were small, and the as-
sumption was approximately valid (following Raubenheimer et al.,
2001). During this time, sites 1B and 3B, between which the setup
gradients were calculated, were outside of the surfzone.

To isolate wave-induced water level variations, tidal water level
variations were removed using the fluctuations in pressure recorded
at the center offshore AWAC sensor outside of the surfzone in 11-m
depth, where the wave-averaged water level variations are assumed
to be entirely tidal (neglecting small set-down effects associated
with shoaling waves, and wind-driven variations). Atmospheric
pressure, and variations therein, was subtracted from all pressure
records using observations made at a nearby (sub-aerial) station
(site labeled Ref. in Fig. 1B).

3. Data analysis

3.1. Radiation stress gradients

The diagonal component of the radiation stress tensor, Sxy
(Longuet-Higgins and Stewart, 1962, 1964), was estimated using linear
wave theory as (Longuet-Higgins, 1970):

Sxy ¼
1
8
ρgH2

rms cos θð Þ sin θð Þ cg
c

ð1Þ

where Hrms is the root-mean square (rms) wave height, θ is the mean
wave direction, cg is the group speed, and c is the wave phase speed
(all parameters estimated from hour-long records). In the surfzone,
the ratio of the group to phase speed is assumed to be unity and the roll-
er contribution to Sxy is neglected (Apotsos et al., 2008). Hrms values
were computed from the sea surface variance (between 0.05 and
0.3 Hz) estimated using linear theory and the 2 Hz pressure records col-
lected either by the buried pressure sensors, or at site 2B by the ADV
pressure sensor (the buried pressure sensor did not function at this
site). Mean wave directions (between 0.05 and 0.3 Hz) estimated
from the site 2B ADV velocity data (c.f. Herbers et al., 1999; Kuik et al.,
1988) were used at all 1.5-m sites (direction observations were not
available at sites 1B or 3B) and were refracted shoreward using Snell's
law. Using a mean (energy weighted) frequency to calculate Sxy follow-
ing Eq. (1), versus integrating over the complete frequency and direc-
tional spectra, may overestimate the magnitude of Sxy, particularly for
broaddirectional spectra (Feddersen, 2004; Ruessink et al., 2001). How-
ever, any potential overestimation of Sxy will not alter the force balance
and conclusions described here.

Radiation stress gradients were calculated between the 1.5-m sites
and the shallowest sites (“B” and “A” sites in Fig. 1B). Values of ∂Sxy

∂x at
all three cross-shore transects were averaged providing an estimate of
∂Sxy
∂x across the entire surfzone array (Fig. 4). As a check on the ∂Sxy

∂x esti-
mates computed as the cross-shore difference of Sxy, point estimates
of ∂Sxy

∂x at site 2B were calculated following:

∂Sxy
∂x ¼ −ε

sin θð Þ
c

; ð2Þ

image of Fig.�2
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Fig. 4. (A)Water depth (solid curve) and root-mean-square (rms) wave height (dashed curve) at site 2B, (B) wave direction relative to shore normal at site 2B, and (C)−∂Sxy/∂x averaged
over all three cross-shore surfzone arrays vs. time. In (C) the bars indicate the range of−∂Sxy/∂x across all three transects prior to averaging.
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where ε is the rate of wave energy dissipation following Janssen
and Battjes (2007). The point estimates are within ~30% of the es-
timates from the cross-shore transects (not shown) and both
Fig. 5. (A) Time series of wave induced setup at sites 1B and 3B, and the setup d
methods result in the same conclusions. Alongshore gradients of
Syy were several orders of magnitude less than ∂Sxy

∂x and were thus
neglected.
ifference. (B) Mean water depth at site 1B (mean depth at 3B is the same).

image of Fig.�4
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3.2. Alongshore pressure gradients

The depth-integrated alongshore pressure gradient is given by:

∂P
∂y ¼ ρg hþ ηð Þ ∂η∂y ; ð3Þ

where ρ is seawater density (assumed1025kg/m3), g is the gravitation-
al acceleration, h is the still water depth, and η is the deviation from the
still water level. All parameters were averaged over one-hour periods to
remove wave and wave-group (infragravity) fluctuations. Using half-
hour averages produced similar results, suggesting that the estimates
are robust and sufficiently stationary for our analysis. The total water
depth (h + η), is computed as the mean of the hourly-averaged total
water depth at sites 1B and 3B, and ∂η

∂y is computed between sites 1B
and 3B (Fig. 5). The still water depth, h, at sites 1B and 3B differed by
0.06 m averaged over the week-long deployment (range owing to
changing bed levels of 0.02–0.11 m).

4. Wave-driven nearshore dynamics

During the week-long deployment, wave incidence was mostly
from the south, with relatively small incidence angles at both the
11-m depth and surfzone sites (typically less than 10°), resulting in
(relatively weak) northerly radiation stress gradient forcing at the
inshore surfzone sites (Fig. 4C). Consistent with the observed along-
shore wave height gradient outside the surfzone (Fig. 2), wave-
induced setup was larger at the north-end of the surfzone array
(Fig. 5), resulting in a southward pressure gradient force. The magni-
tude of the pressure gradient was usually several times larger than
that of the (northward) radiation stress gradient force (Fig. 6). As a
consequence, the surfzone alongshore current, although variable,
was southward for the entire week-long deployment (Fig. 6), consis-
tent with the larger southward directed pressure gradient.

Although wave-induced setup values increased with decreasing
tidal elevation (water depth, Fig. 5), the magnitude of the depth-
integrated pressure gradient forcing (which depends on total water
depth) decreased with decreasing tidal elevation (Fig. 7A). The radia-
tion stress gradients decrease rapidly with decreasing depth owing to
lower wave energy (depth-limited wave height squared decreases
roughly as total water depth squared) and onshore refraction of the
Fig. 6. Scatter plot of the alongshore velocity vs. the pressure (squares) and radiation stress
(circles) gradient forcings. The pressure gradient is calculated between sites 1B and 3B
while radiation stress gradients are averaged over all three cross-shore transects.
waves (smaller incidence angles). The ratio of the magnitudes of the
pressure gradient to the radiation stress gradient force increased with
decreasing depth (Fig. 7B). This ratio implies that, in the presence of
even moderate alongshore wave height variations, the resulting pres-
sure gradient becomes increasingly more important with decreasing
depth and, as is the case here, can be several times larger than the op-
posing radiation stress gradients in shallow water. The results shown
in Fig. 7 are for time-dependent measurements at a fixed cross-shore
location, rather than simultaneous observations at different depths,
and may be affected by changing incident wave conditions resulting
from tidally modulated refraction over the delta and by the offshore
tidal currents.

A characteristic of the OBEX observations is that wave incidence
angles were small (~10°), thereby limiting the magnitude of the radia-
tion stress forcing. For areas (or times) with larger incidence angles
(but similar wave height gradients), the alongshore pressure gradient
will be relatively less important in much of the surfzone, but may still
be important near the shoreline. The increase in the magnitude of the
alongshore pressure gradient relative to that of the radiation stress
gradients approaching the shoreline can be seen by considering that
on a planar beach, and assuming depth-limited wave height, the ratio
of the alongshore pressure and radiation stress gradients varies in the
cross-shore direction as,

∂P
∂y

����
����

∂Sxy
∂x

�����
�����
¼ C yð Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ht x; yð Þp : h−1=2
t ð4Þ

where ht(x,y) = h(x) + η(x,y). Here, C(y) represents all the cross-shore
independent terms that are a function of the alongshore wave height
gradient, cross-shore bottom slope, and angle of wave incidence (see
Appendix B). The details of Eq. (4) depend on the assumptions regard-
ing wave height variations in the surfzone and local dissipation rates,
and thus this relation is notmeant to be an analytical solution. However,
and regardless of the assumptions, the alongshore pressure gradient
(resulting from the alongshore variablewave-induced setup) associated
with an alongshore variablewave field, will become increasingly impor-
tant, and will exceed the radiation stress gradient as (h + η) → 0.
Whether or not this asymptote has any dynamical relevance depends
on the particular site, bathymetry, and wave conditions. For instance,
if the pressure gradient does not exceed the radiation stress gradient
until very near the shoreline, and is much smaller elsewhere, its
presence is not likely to influence the surfzone currents. However, our
observations at Ocean Beach show that the pressure gradient was
greater than the radiation stress gradients well away from the shoreline
(up to ~150 m offshore) and consequently it strongly impacted the
nearshore dynamics.

Further, from relation (4), we can see that for the pressure and ra-
diation stress gradients to be approximately the same magnitude in
2-m water depth at Ocean Beach (assuming 1:100 beach slope,
angle of wave incidence 10°, wave frequency of 0.08 Hz, breaker co-
efficient (γ) of 0.5, and Hrms = 2 m) the alongshore Hrms gradient
would have to be of the order of 5 × 10−4 (~50 cm per 1 km),
which is of the same order-of-magnitude as our observed wave
height gradients in 11-m depth. For larger angles of wave incidence
(all else being equal) the pressure gradient will be relatively less im-
portant, while for larger alongshore wave height gradients, the pres-
sure gradient will be relatively more important.

5. Discussion

The observations presented here suggest that moderate alongshore
variations in the incident wave field, associated with refraction over

image of Fig.�6


Fig. 7. (A) Pressure gradient (gray open squares) and radiation stress (black open circles) forcing and (B) ratio of magnitudes of pressure gradient to radiation stress forcing (when |∂Sxy/
∂x| N 0.05N/m2) vs. tidal level (depth). The lines represent linearfits to thedata averaged in 25 cmdepth bins (indicated byfilled squares and circles in both A and B). The pressure gradient
is calculated between sites 1B and 3B while radiation stress gradients are averaged over all three cross-shore transects.
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bathymetry and by currents, can cause alongshore pressure gradients
that can be several times larger than local radiation stress gradients
and act in the opposing direction. During the observation period, the
average wave height gradient at Ocean Beach along the 11-m depth con-
tour was less than 20 cm over more than 1-km distance, which likely
would be imperceptible to an observer on the beach. Moderate refraction
effects are not rare, particularly along geologically active coastlines, and
can be introduced by common geomorphic features including sandbars,
headlands, submarine canyons, deltas, and rocky or coral reefs. It is there-
fore likely that wave height gradients of similar magnitude as those seen
at Ocean Beach are present at numerous other coastal sites. This result
would appear to suggest that alongshore pressure gradients may also
be an important component of nearshore flows at a variety of sites.

5.1. Numerical modeling and closure of the momentum balance

In previous field studies of alongshore surfzone dynamics the
alongshore momentum balance often has been closed with a qua-
dratic bottom stress (τb) formulation using the observed velocity
field (e.g. Feddersen et al., 2000)

τb ¼ Cdρ Uvh i; ð5Þ

where U is the magnitude of the total observed velocity vector, 〈〉 indi-
cates time averaging over many wave periods, and Cd is an empirical
drag coefficient, which is determined through linear regression using
the observations (Apotsos et al., 2008; Feddersen and Guza, 2003;
Feddersen et al., 1998). However, here the correlations between the
sum of the pressure gradient and radiation stress forcing with the bot-
tom stress are low (R2 b 0.1). This poor correlation could be owing to
errors in the estimated terms, to neglected terms of themomentumbal-
ance (e.g., additional processes), or to noise in the observations. To
investigate the reason for the low correlation, and in particular to rule
out errors in the observed pressure gradients, we compared our obser-
vationswith a numerical simulation using themodel of Shi et al. (2011)
(which was calibrated and validated with earlier field data at Ocean
Beach, not including observed pressure gradients). The model settings
are the same as those originally used by Shi et al. (2011), and only the
boundary conditions (tidal and waves) and bathymetry were updated
to match those observed during our experimental period.

Simulated alongshore pressure gradients, radiation stress forcing,
and velocities agree well with the observations (Fig. 8). Both model
and data show tidal fluctuations in the magnitudes of the two forcing
terms, with the radiation stress forcing primarily to the north and the
larger pressure gradient forcing to the south. The simulated and ob-
served velocities are southward, consistent with the dominance of
the pressure gradient forcing (Fig. 8). Radiation stress gradients are
overestimated by the model both when directly estimated with the
model equations (Figs. 8 and 9) and if computed using finite-
differencing of Sxy as was done with the observations (the modeled
estimates are not sensitive to which method is used). The model
overestimates wave heights at all surfzone sites, with the largest dis-
crepancy at the 1.5 m sites, as well as the cross-shore decay in wave
heights (i.e. dissipation rate) between the deep and shallow surfzone
sites. This discrepancy is possibly owing to the value of the free param-
eters in the dissipation formulation, which were based on prior model-
ing studies and were not fit to this data set. As a result, the difference
between the opposing driving forces (pressure gradient and radiation
stress gradient) is reduced in the model compared with that for the ob-
servations (Fig. 9). However, the good overall model-data agreement
suggests the low correlations between observed forcing and bed stress
are not owing to errors in the directions or magnitudes of the field-
estimated momentum terms. Furthermore, the model simulations sug-
gest that the pressure gradients, radiation stress forcing, and bottom
stress are the dominant terms, with the total acceleration and mixing
terms each being less than about 15% of the sum of the observed pres-
sure and radiation stress gradients.

The low correlations and inability to close the force balance using
Eq. (5) is largely a result of a low signal-to-noise ratio. The surfzone
observations have considerable high-frequency variability owing to
processes such as surfzone eddies or shear waves (which are not in-
cluded in the model). These noise levels, coupled with the limited
variability of the forcing and flow during the deployment (Fig. 8), re-
sults in a signal-to-noise ratio that is too low to close the alongshore
force balance. Despite the lack of closure, the agreement between the
numerical simulation and observations (Figs. 8 and 9) as well as the
sensitivity analysis (Appendix A) indicate our force balances are cor-
rect and conclusions reasonable.
5.2. Relation to NCEX observations

This study was in part motivated by the work of Apotsos et al.
(2008), who showed that during the Nearshore Canyon Experiment
(NCEX) pressure gradients could dominate the surfzone alongshore
force balance shoreward of a submarine canyon. The conditions con-
sidered in that study were characterized by relatively small waves
(~1m), but with wave heights varying as much as 400% over approx-
imately 500 m (Apotsos et al., 2008). The present study extends
these results to areas with much larger waves, but more moderate
alongshore wave height gradients (Fig. 10). The wave heights and
wave height gradients shown in Fig. 10 are from representative

image of Fig.�7


Fig. 8. Time series of observed (black) and modeled (gray) (A) pressure and radiation stress gradients, (B) alongshore velocity, and (C) observed depth.
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locations just outside of the surfzone for both the OBEX and NCEX ex-
periments (at ~5-m depth for NCEX and ~11-m depth for OBEX) and
approximately represent the breaking wave height and alongshore
breaking wave height gradients at each site. These measurements
thus provide an estimate of the wave field that drives the surfzone
Fig. 9. Magnitude of mean values of the alongshore momentum terms (modeled and ob-
served). Bottom stress (τb) from the field data is estimated as the sum of the pressure and
radiation stress gradients (i.e. all other terms are negligible). The total acceleration term
(Dv/Dt) consists of the local acceleration and advective terms and ∂Myx/∂x is thehorizontal
mixing term. Neither the total acceleration nor mixing terms were resolved with the field
data.
radiation stress gradients and alongshore pressure gradients (e.g.
Bowen et al., 1968). The considerable range of wave heights and
wave height gradients from the combined NCEX/OBEX observational
Fig. 10. Alongshore rms wave height gradient observed during OBEX and NCEX (Apotsos
et al., 2008) vs. the alongshore mean wave height. Data from the time periods in Apotsos
et al. (2008) and duringwhichOBEX instrumentswere in the surfzone (11–17March) are
indicated by thefilled black shapes. The NCEX data is from ~5mdepthwhile OBEX is from
~11 m depth.
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Fig. A1. Non-dimensional metric of bathymetric variation, χ2 (Ruessink et al., 2001) vs.
counterclockwise angle of rotation (0° corresponds to +y = north).
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dataset (Fig. 10), where alongshore pressure gradients were found to
be dynamically important in the nearshore, suggest that pressure-
driven dynamics are not limited to a narrow subset of conditions.
Combined with the fact that the relative strength of the alongshore
pressure gradient increases near the shoreline (see Section 4),
these results suggest that these pressure-driven dynamics may be
relatively common, even when the alongshore variability in wave
forcing is only moderate.

6. Conclusions

Observations of inner surfzone mean flows and forcing (averaged
depth ~1.5 m) at a beach exposed to high-energy waves shoreward of
an ebb-tidal delta were collected during spring 2010. At this location,
the alongshore pressure gradient exceeded the radiation stress gradi-
ent, ∂sxy∂x , as far as ~150-m from the shoreline. The observed alongshore
pressure gradient resulted from moderate variations of the incident
wave field (~10% change in wave height over 1.2-km alongshore dis-
tance) outside the surfzone, induced by refraction over the nearshore
bathymetry and by tidal currents on the inner continental shelf. The
observed surfzone alongshore currents were southward during the ex-
periment period, consistent with the observed southward pressure gra-
dient force overcoming the mostly northward, but smaller, radiation
stress gradient force. These findings and analyses, which are reproduced
by the numericalmodel of Shi et al. (2011), suggest thatmoderatewave
height gradients that can be induced by wave refraction over common
geomorphic features found near the coast can result in surfzone pres-
sure gradients that affect the nearshore flows.
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Appendix AA.1. Definition of alongshore

Estimates of the alongshore setup gradient and resulting pressure
gradient are sensitive to the definition of the cross- and alongshore
coordinate system. In particular, it is possible to inadvertently
project some portion of the (larger) cross-shore pressure gradient
onto the alongshore pressure gradient. To establish quantitatively
the alongshore direction we used the non-dimensional metric of
alongshore non-uniformity, χ2, following Ruessink et al. (2001):

χ2 ¼ 1
LxLy

ZLx
0

ZLy
0

h x; yð Þ−h xð Þ
h xð Þ

 !2

dydx: ðA:1Þ

Here Lx and Ly are the cross- and alongshore length scales of the
instrumented area (~900 m and ~1200 m respectively), h(x,y) is the
local depth as a function of both horizontal coordinates, h xð Þ is the
alongshore-averaged cross-shore profile (as a function of x), and the inte-
gration is over the area of the domain. The bathymetric/topographic sur-
vey data between −11 m and +2.5 m NAVD88 (up to ~1.5-m above
MSL) was interpolated onto rectilinear grids (dx = dy = 5 m) initially
oriented with+y as north and+x as east. The grid was progressively ro-
tated counterclockwise up to 20°, with χ2 computed on each grid for
every degree of rotation. For this range of shoreline orientations, the func-
tion χ2 has a local minimum at 5° counterclockwise relative to north
(Fig. A1). This minimum indicates the least variability in the along-grid
direction and thus represents the preferential orientation for alongshore
given the survey data (i.e. the bathymetry is themost alongshore uniform
in this orientation). The 5° shoreline rotation is consistentwith the along-
shore orientation estimate based on the depth contour connecting the
sensors 1B and 3B (6° relative to north), between which the setup differ-
encewas computed. Thedefinition of alongshorewas left at 6° fromnorth
as this allowed for a direct calculation of the alongshore setup gradient
between sites 1B and 3B, thereby avoiding the introduction of potential
errors associated with estimates of the cross-shore setup gradient
(required to complete the vector rotation) between the 1.5-m and
shallower sites (“B” and “A” sites in Fig. 1B). Further, given the direction
of the observed setup gradients, a rotation of 1° clockwise (into the refer-
ence frame defined by theminimumχ2, 5° counterclockwise fromnorth)
results in an increase in the magnitude of the observed alongshore setup
gradients and resulting pressure gradients. In other words, by defin-
ing a 6° shoreline orientation (instead of 5°) we potentially slightly
underestimate, rather than overestimate, the magnitude of the
alongshore pressure gradient.

A further check on the sensitivity of our estimates of the along-
shore pressure gradient to the definition of the alongshore direction
was conducted by rotating the pressure gradient vector over a range
of shoreline angles. The cross-shore pressure gradient, needed for
the vector rotation, was estimated as themean pressure gradient cal-
culated between sites 1A and B as well as 3A and B. A rotation of ±3°
from the orientation defined by sites 1B and 3B does not affect our
conclusions regarding the dynamics (Fig. A2). A rotation of 4° be-
yond the 6° defined between sites 1B and 3B (10° from north) is re-
quired for the mean alongshore pressure gradient to be near zero.
With the accuracy inherent to our DGPS survey data (x,y,z uncertain-
ty ~0.05 m), an error of this magnitude in the shoreline is not realis-
tic, and would be easily evident. A 4° rotation equates to ~40-m in
the cross-shore (approximately the same as the cross-shore spacing
of the surfzone instruments) and 0.4-m in depth change, nearly a
third of the mean depth at the 1.5-m sites.

Appendix B

B.1. Derivation of Eq. (6)

Assuming that inside the surfzone Sxx ¼ 3
2 E (where E ¼ 1

8ρgH
2
rms),

and that the wave height is proportional to the total water depth

image of Fig. A1


Fig. A2. Plot of depth integrated alongshore pressure gradient versus counterclockwise angle of rotation. The setup gradient between sites 1A and 3Awith 1B and 3B respectivelywas used
to define the cross-shore pressure gradient needed for the vector rotation. The angle between sites 1B and 3B was 6° (indicated by black vertical line), which represents no rotation of the
observed alongshore pressure gradient.
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(Hrms=γht, where γ is assumed constant and ht is the totalwater depth
(h+ η)), the cross-shore balance between the radiation stress gradient
and the pressure gradient (neglecting bottom friction) gives:

η x; yð Þ ¼ −
3
8
γ2

1þ 3
8
γ2

h xð Þ−h xb yð Þð Þð Þ ðB:1Þ

where h(xb(y)) is the (alongshore variable) still-water depth at the loca-
tion where the waves begin to break (e.g. Bowen et al., 1968; Mei et al.,
2005). If we neglect set-down effects outside the surfzone, the depth-
integrated alongshore pressure gradient is then

∂P
∂y ¼

3
8
γ2

1þ 3
8
γ2

ρght
∂h xb yð Þð Þ

∂y : ðB:2Þ

Similarly, assuming that Sxy ¼ Ecg cosθ sinθ
c ¼ Fx sinθ

c (where Fx =
Ecg cos θ is the cross-shore wave energy flux), and that incident

wave angles are small (cosθ ≈ 1 so Fx≈ 1
8ρg

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ghtγ2h2t

q
), implies that,

∂ht
∂x ¼ 1

1þ 3
8
γ2

� �∂h
∂x ; ðB:3Þ

and thus,

∂Sxy
∂x ¼ 5

16 1þ 3
8
γ2

� �ρg3=2γ2h3=2t
∂h
∂x

sinθ
c

: ðB:4Þ
Finally, the ratio of the pressure gradient to radiation stress gradient
then becomes,

∂P
∂y

����
����

∂Sxy
∂x

�����
�����
¼ 6

5
ffiffiffi
g

p
∂h xb yð Þð Þ

∂y

����
����

∂h
∂x

sinθ
c

����
����

2
6664

3
7775 hþ ηð Þ

−1=2 ¼ C yð Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h xð Þ þ η x; yð Þ

p ; ðB:5Þ

where C(y) represents the terms within the brackets, and does not de-
pend on the cross-shore coordinate.
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