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The contribution of tidal forcing to alongshore circulation inside the surfzone is investigated at a 7 km
long sandy beach adjacent to a large tidal inlet. Ocean Beach in San Francisco, CA (USA) is onshore of a
 150 km2 ebb-tidal delta and directly south of the Golden Gate, the sole entrance to San Francisco Bay.
Using a coupled ﬂow-wave numerical model, we ﬁnd that the tides modulate, and in some cases can
reverse the direction of, surfzone alongshore ﬂows through two separate mechanisms. First, tidal ﬂow
through the inlet results in a barotropic tidal pressure gradient that, when integrated across the
surfzone, represents an important contribution to the surfzone alongshore force balance. Even during
energetic wave conditions, the tidal pressure gradient can account for more than 30% of the total
alongshore pressure gradient (wave and tidal components) and up to 55% during small waves. The
wave driven component of the alongshore pressure gradient results from alongshore wave height and
corresponding setup gradients induced by refraction over the ebb-tidal delta. Second, wave refraction
patterns over the inner shelf are tidally modulated as a result of both tidal water depth changes and
strong tidal ﬂows (  1 m/s), with the effect from currents being larger. These tidally induced changes in
wave refraction result in corresponding variability of the alongshore radiation stress and pressure
gradients within the surfzone. Our results indicate that tidal contributions to the surfzone force balance
can be signiﬁcant and important in determining the direction and magnitude of alongshore ﬂow.
& 2013 Elsevier Ltd. All rights reserved.
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1. Introduction
Wave driven alongshore circulation at sandy beaches has been
extensively investigated and linked to the transport of sediments
and pollutants (e.g. Bowen, 1969; Komar and Inman, 1970; LonguetHiggins, 1970; Thornton and Guza, 1986; Feddersen et al., 1998;
Chen et al., 2003; Feddersen and Guza, 2003; Apotsos et al., 2008;
Clark et al., 2010, and many more). Similarly, detailed analyses have
been conducted describing ﬂow, forcing, and sediment transport
through and adjacent to tidal inlets (e.g. O’Brien, 1969; Hayes, 1980;
Hench and Luettich, 2003; Elias et al., 2006; van der Vegt et al.,
2006; Vennell, 2006; Olabarrieta et al., 2011). However, given the
common occurrence of tidal inlets along wave dominated coast,
surprisingly few analyses have been conducted investigating hydrodynamics at inlet adjacent sandy beaches where surfzone alongshore circulation may be impacted by both wave and tidal
processes. One such example is the analysis of Davis and Fox
(1981) who investigated circulation using ﬁeld measurements and
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a numerical model in and around Matanzas River, Florida (USA).
They concluded that impacts of the inlet and tidal circulation on the
open coast surfzone circulation were extremely limited in spatial
extent, with tidal currents being undetectable 500 m from the inlet.
Here, we investigate the role of tidal forcing in altering and
otherwise inﬂuencing alongshore circulation within the surfzone
at an energetic shoreline adjacent to a much larger tidal inlet.
Numerical results are presented from Ocean Beach in San
Francisco, CA (USA) a 7 km long stretch of sandy beach located
immediately south of the Golden Gate, the sole entrance to San
Francisco Bay. Tidal ﬂux is large through the Golden Gate, with a
tidal prism of approximately 2  109 m3 (Barnard et al., 2007; Dallas
and Barnard, 2011), two orders of magnitude larger than Matanzas
River described by Davis and Fox (1981). Recently Shi et al. (2011)
conducted a numerical investigation of alongshore momentum
balances at Ocean Beach for storm conditions (offshore signiﬁcant
wave height (Hs) of 3.5 m) and determined that refraction of waves
across an ebb-tidal delta that attaches to the coast at Ocean Beach
introduces an alongshore pressure gradient that can dominate the
alongshore forcing. They also concluded that the tidal pressure
gradient, resulting from tidal ﬂow through the inlet, was not large
enough to alter the spatial variability in forcing introduced by the
heterogeneous wave ﬁeld. However, the focus of their analysis was
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on the role of the heterogeneous wave ﬁeld and they did not present
a quantitative analysis of the relative contributions of tidal and wave
forcing to the overall force balance. Their analysis of the tidal
pressure gradient was also limited to a single time during the ebb
which, as will be shown here, is not representative of the entire tidal
cycle. In the present analysis we extend their results by speciﬁcally
investigating tidal contributions to surfzone alongshore forcing,
through the tidal pressure gradient and also through tidal inﬂuences
on the wave ﬁeld, using numerically computed alongshore momentum balances from 24 climatologically derived wave conditions over
a 24.8 h representative tidal cycle.

2. Study location
Ocean Beach in San Francisco, CA (USA) is a 7 km stretch of sandy
beach that makes up the western ﬂank of the City of San Francisco
(Fig. 1). The proximity of Ocean Beach to the Golden Gate subjects
this area to strong alongshore tidal currents, up to  1 m/s at the
north end of Ocean Beach in  10 m depth (Barnard et al., 2007).
Wave propagation is impacted both by interaction with these strong
tidal currents and by the San Francisco Bar, a 150 km2 ebb-tidal
delta located immediately outside of the Golden Gate (Fig. 1C). The
southern lobe of the ebb-tidal delta attaches to the coast in the
middle of Ocean Beach and acts as a wave guide focusing large
waves at the attachment point at  Northing 4178 km (Eshleman
et al., 2007; Shi et al., 2011). This portion of the central California
coast is subject to large winter waves with deep water signiﬁcant
wave heights reaching 9 m during extreme storms (Coastal Data
Information Program (CDIP), 2011). Tides in the San Francisco Bight
are mixed-semidiurnal, with a mean range of 1.25 m and a maximum spring tide range of 2.65 m (National Oceanic & Atmospheric
Administration (NOAA) Tides and Currents, 2011).

3. Governing alongshore dynamics
In the surfzone, the time-averaged (over many wave periods),
depth-integrated alongshore momentum balance can be written
as (e.g. Feddersen et al., 1998):
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where the left hand side (LHS) of the equation is the local
acceleration and advective acceleration terms (r is the water
density, Z is the water surface deviation from still water, h is still
water depth, u and v are the depth and time-averaged current
velocities in the cross-shore (x) and alongshore directions respectively (y)). On the right hand side (RHS) of the equation the ﬁrst
term is the alongshore pressure gradient (g is the acceleration due
to gravity), followed by the gradients of the diagonal and
alongshore components of the radiation stress tensor (LonguetHiggins and Stewart, 1964), tb is the bed stress acting in the
alongshore (y) direction, tw is the alongshore wind stress, and
ðð@F yx =@xÞ þ ð@F yy =@yÞÞ is the turbulent momentum ﬂux due to
mixing (Reynolds stresses).
In (1) all but the wind stress can result or be modulated by
forcing due to waves and tides. Radiation stress gradients within
the surfzone can change over the tidal cycle as a result of changes
in refraction patterns outside of the surfzone from tidally driven
water depth changes and through wave–current interaction (Wolf
and Prandle, 1999; Mei et al., 2005). More directly, at inlet
adjacent shorelines, tidal ﬂow through an inlet will lead to an
alongshore barotropic pressure gradient. Ultimately alongshore
currents within the surfzone are forced by the radiation stress
gradients, the pressure gradient, and wind stress (often
neglected). The remaining terms in (1) are responsive and result
from the ﬂow and spatial variability therein. Thus, in our
investigation of the role of tidal forcing in alongshore surfzone
circulation we focus on the tidal pressure gradient and tidal
modiﬁcations to wave ﬁeld and resulting radiation stress gradients (via depth and wave–current interaction driven changes in
refraction). Separating the velocity dependent terms (e.g. the bed
stress and advective terms) of (1) in numerical simulations with
both waves and tides is not possible due to the non-linearity of
these terms.
Shi et al. (2011) determined numerically that wave focusing by
the ebb-tidal delta in the center of Ocean Beach ( Northing
4178 km in Fig. 1C) introduces an alongshore variation in wave
heights and setup thereby leading to an alongshore pressure
gradient. The alongshore pressure gradient is in a divergent
pattern away from the wave focal zone (northerly directed north
of the wave focal zone and southerly directed south of the focal
zone) (Shi et al., 2011). As a result, at Ocean Beach the pressure
gradient in (1) can consist of two components, one resulting from
wave driven setup differences, and a second due to sea surface
variations caused by tidal ﬂow through the Golden Gate. For our

Fig. 1. (A) Regional map showing location of San Francisco (SF) Bay area, ﬂow model domains (gray, domain decomposition boundaries shown in black), location of CDIP
Pt. Reyes Buoy (star) and NOAA Pt. Reyes tide station (circle). (B) Map of San Francisco Bay and ﬂow domain boundaries (black lines). (C) Detail map of ebb-tidal delta
(San Francisco Bar, 2 m contour interval to 20 m, 10 and 15 m depth contours shown in black), Golden Gate, highest resolution ﬂow domain along Ocean Beach (gray),
NOAA Golden Gate tide station (black circle), and location of CDIP San Francisco Bar buoy (red star).
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The numerical hydrodynamic model, Delft3D-FLOW (Lesser
et al., 2004) coupled with the wave model SWAN (Holthuijsen
et al., 1993; Booij et al., 1999; Ris et al., 1999) was used to
simulate the hydrodynamics and produce alongshore momentum
balances. Delft3D solves the unsteady shallow-water equations in
two or three dimensions on a staggered Arakawa-C grid (Lesser
et al., 2004). In addition to the forces applicable to nearshore
ﬂows (i.e. those in (1)), Delft3D also includes the Coriolis force,
can be applied to investigate density driven ﬂows (due to salinity
or temperature differences, not included here), and the transport
of sediments. Numerical details of Delft3D as well as the governing equations and underlying assumptions can be found in Lesser
et al. (2004). The model and settings used here are identical to
those described in Elias and Hansen (Marine Geology, in press),
who provide considerable detail on the model setup, calibration,
and validation. A brief description on the numerical model is
provided below, but for complete details readers are directed to
the aforementioned reference.

Goede, 2000; Deltares, 2010). Grid resolution of the Delft3D ﬂow
grid near Ocean Beach is ﬁxed at 18 m in the alongshore and
variable in the cross-shore with the ﬁnest resolution being 12 m
near the shoreline (Fig. 1C). The grid along Ocean Beach is
oriented such that the along-grid direction is parallel to the
shoreline. Resolution of the remaining domains varies from
approximately 20 m to more than 4 km on the open ocean
boundary of the largest ﬂow domain 180 km northwest of Ocean
Beach. The resolution of the domains was optimized to be of
adequate resolution to resolve the necessary processes (e.g. tidal
propagation and surfzone processes). Results from the highestresolution domain are sensitive to a reduction in resolution but
do not change signiﬁcantly with increasing resolution, except
very near the shoreline (depths o0.5 m). Only results from the
highest-resolution domain along Ocean Beach are presented here
(Fig. 1C).
Given the grid cell size of the highest-resolution domain, a 6 s
time step was implemented in all domains to fulﬁll Courant
number criteria, minimize numerical error, and to ensure model
stability. All model domains were run in depth-averaged mode
(2DH) which is acceptable for examination of alongshore processes where vertical variability in surfzone ﬂows is not typically
large (e.g. Reniers et al., 2004). The proximity of Ocean Beach to
such a large tidal inlet and bay require that the model domain be
much larger than the 7 km stretch of Ocean Beach in order to
include the effects of tidal propagation and ﬂows within the San
Francisco Bight on the resulting waves and circulation dynamics
at Ocean Beach.

4.1. Flow model

4.2. SWAN wave model

For Ocean Beach the ﬂow model consists of six two-way
coupled ﬂow domains of varying resolutions (Fig. 1) while the
wave model consists of three nested domains with increased
resolution in the nearshore (Fig. 2). Two-way coupling of the ﬂow
grids is achieved using a technique termed ‘‘domain decomposition’’ which allows each grid to be of a different resolution, have
no overlap with adjacent grids, and be run on a separate processing core to improve computational efﬁciency (Hummel and de

Wave effects, such as enhanced bed shear stresses and wavedriven radiation stresses, are integrated in the ﬂow simulation by
running the 3rd generation SWAN wave model (Booij et al., 1999,
version 40.72ABCDE). SWAN is a phase averaged spectral refraction model that solves the action balance equation and has been
extensively used and validated in coastal environments (e.g. Ris
et al., 1999; Rogers et al., 2007; Gorrell et al., 2011). Physical
processes included are: generation of waves by wind, dissipation

analysis, we deﬁne the total pressure gradient as a linear superposition of the pressure gradients resulting from wave setup
differences and that due to tidal ﬂow through the inlet (i.e. total
pressure gradient ¼wave componentþ tidal component). As our
focus is on the impact of tides on alongshore forcing and ﬂow the
cross-shore ﬂow and forcing is not considered.

4. Numerical model

Fig. 2. SWAN wave domains. (A) Largest domain and 100 m isobath. (B) Medium (gray) and highest resolution (black) domains, 10 and 15 depth contours shown in black.
Locations of the Pt. Reyes, NOAA San Francisco, and CDIP San Francisco Bar buoys are also shown.
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craft (PWC) surveys that are conducted quarterly at Ocean Beach
(detailed description of multi-beam and PWC surveys can be
found in Barnard et al. (2007)). Finally, sub-aerial beach elevation
at Ocean Beach is an average of several monthly topographic
surveys conducted along the beach (see Hansen and Barnard
(2010) for complete details of the topographic surveys). In areas
in which multiple data sets overlapped, preference was given the
multi-beam data which was also of the highest resolution, while
the NOAA NOS sounding were only used in areas where no other
bathymetry data was available. The nearshore bathymetry
(0–10 m depth) was spatially smoothed in both the cross- and
alongshore directions using a volume conserving algorithm that
reduces the elevation gradient between adjacent grid cells
(Deltares, 2010). The smoothing does not result in an alongshore
uniform cross-shore proﬁle. Smoothing was done to limit the
effect of small-scale bathymetric features ( o100 m) on the ﬂow,
which can make interpretation of the momentum balances
difﬁcult, and because larger scale (O ( 100 m–1 km)) processes
are the focus here.

due to whitecapping, bottom friction and depth induced breaking,
and, non-linear quadruplet and triad wave–wave interactions. For
this application, wave propagation and decay are solved at a
15 min interval on three nested grids (Fig. 2). The wave grids, of
progressively increasing resolution, were created to propagate
waves from offshore of the shelf break (depth 4500 m) into the
nearshore and provide wave forcing to the ﬂow model. Offshore
of the continental shelf break the grid resolution of the largest
grid is approximately 1500 m along the offshore boundary and
increases toward the shoreline. The entire San Francisco Bar is
covered by an intermediate grid with a resolution of 300 m
offshore of the ebb-tidal delta and 75 m or less over the entire
ebb-tidal delta. The ﬁnest resolution wave domain adjacent to
Ocean Beach is the same as the highest-resolution ﬂow domain,
except that it extends  700 m further offshore to better resolve
wave refraction across the San Francisco Bar. The model predicted
waves, radiation stress gradients, and ﬂows are not sensitive to an
increase in resolution of the SWAN domains. Two-way coupling of
the ﬂow and wave model is achieved by running stationary SWAN
simulations every 15 min using the most recent ﬂow and water
level information from the ﬂow model. The results of each SWAN
simulation is then passed back to the ﬂow model and used until
the next coupling interval. As will be explained in Section 6,
offshore wave conditions are held constant for a complete tidal
cycle, thus the wave propagation time within the wave domains
is not resolved (as would occur in non-stationary SWAN simulations) and is not relevant because of the stationary offshore
forcing.

5. Model calibration and validation
Detailed calibration and validation of both the ﬂow and wave
models is also presented in Elias and Hansen (in press) and is
brieﬂy summarized here. Propagation of tides within the circulation model was calibrated using 39 active and historic NOAA tidal
stations on the open coast and inside San Francisco Bay. After
calibration the largest tidal constituents show good agreement at
tidal stations within the Golden Gate inlet and at Pt. Reyes
(Fig. 1A and C, Table 1, amplitude differences o0.03 m). Inside
San Francisco Bay errors in the tidal constituent amplitude are
larger but generally less than 0.05 m with phases within 151. After
calibrating for water levels the model was validated against ﬂow
observations along Ocean Beach. Flow velocities along Ocean
Beach were obtained from several in situ instrument deployments
in 2005 and 2006 (described in Barnard et al. (2007)) as well as
two more recent deployments in 2008 and 2010. The models skill
at reproducing the observed alongshore velocities and waves was

4.3. Model bathymetry
Bathymetry used in both the ﬂow and wave models is from a
variety of sources. Regional bathymetry, offshore and away from
the coast and San Francisco Bay is from NOAA National Ocean
Service (NOS) soundings. Bathymetry of the San Francisco Bar and
Ocean Beach in greater than 8–10 m depth is from a high
resolution multi-beam survey that was carried out in 2005
(Barnard et al., 2007). Inshore of the multi-beam survey the
nearshore bathymetry is an average of several personal water

Table 1
Observed (obs) and modeled (mod) amplitudes and phases of the four largest tidal constituents in the San Francisco Bight. Alameda,
Redwood City, Richmond and Mare Island are within the Bay, the San Francisco station is in the inlet and the Point Reyes station is
on the south side of Point Reyes (Fig. 1).
Station

Constituent
M2

K1

O1

S2

N2

(m)

(1)

(m)

(1)

(m)

(1)

(m)

(1)

(m)

(1)

Point Reyes

Obs
Mod

0.58
0.60

211
204

0.37
0.38

227
239

0.23
0.23

210
220

0.14
0.16

218
270

0.12
0.13

185
207

San Francisco

Obs
Mod

0.55
0.54

191
189

0.38
0.37

220
235

0.24
0.22

205
242

0.14
0.15

197
312

0.12
0.12

165
244

Alameda

Obs
Mod

0.68
0.71

224
233

0.38
0.38

233
246

0.23
0.24

217
260

0.15
0.19

235
340

0.14
0.15

199
271

Redwood City

Obs
Mod

0.88
0.85

241
217

0.42
0.39

241
254

0.25
0.25

226
271

0.19
0.24

259
358

0.18
0.17

219
290

Richmond

Obs
Mod

0.62
0.65

223
210

0.37
0.37

233
246

0.23
0.23

217
271

0.14
0.17

234
358

0.13
0.14

197
290

Mare Island

Obs
Mod

0.60
0.61

261
244

0.34
0.33

254
263

0.20
0.20

237
271

0.13
0.16

274
358

0.12
0.12

234
290
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evaluated following Willmott (1981):
PN
Skill ¼ 1 PN

i¼1

i¼1

2

9X mod X obs 9

ð9X mod X obs 9 þ 9X obs X obs 9Þ2

:

ð2Þ

where X is the parameter of interest (e.g. alongshore velocity or
signiﬁcant wave height), the subscripts obs and mod indicate the
instrument measured values and modeled values respectively. The
summation is over the entire length of the time series in common
and over-bars indicate time-averaging over the length of the time
series. A skill of 1 indicates perfect agreement between the model
and observations while a skill of 0 is complete disagreement.
For alongshore velocity model skill ranges from 0.86 to 0.97
(Table 2). The SWAN wave model was calibrated using three
Table 2
Summary of model skill after (Willmott, 1981; 1¼ perfect agreement, 0¼ complete
disagreement) for water level (wl), alongshore velocity (v) and signiﬁcant wave
height (Hs) for instrument deployments adjacent to Ocean Beach in 2005, 2006,
2008 and 2010. Site locations are given in Fig. 3.
Site

2005
1
2
3
2006
3
2008
4
2010
5

Approximate
depth (m)

Willmott skill
wl

v

Hs

8
11.5
14.6

0.99
0.98
0.97

0.95
0.97
0.96

n/a
n/a
n/a

14.6

0.99

0.96

n/a

11

0.98

0.96

0.92

11

0.95

0.86

0.96

deployed buoys (locations in Fig. 2) as well as with the two
acoustic Doppler current proﬁlers (ADCP) deployed in 10 m
depth offshore of central Ocean Beach in 2008 and 2010 (Sites
4 and 5, Fig. 3). Willmott skill for signiﬁcant wave height at sites
4 and 5 is 0.92 and 0.96 respectively. Summary of the model
performance for water level, alongshore velocity, and signiﬁcant
wave height for the instrument deployments adjacent to Ocean
Beach is given in Table 2.

6. Model input reduction
Our approach here is not to speciﬁcally investigate a particular
time period but rather to determine, using a representative set of
conditions and tidal forcing, whether or not tidal forcing is of a
large enough magnitude to have an impact on the surfzone
alongshore force balance. Therefore, the observed wave climate
and tidal cycle was synthesized into representative conditions.
The wave climate was distilled into 24 cases that represent
14 years of offshore buoy observations and the full tidal signal
was reduced to a representative tidal cycle based on the calibrated constituents. For each of the 24 wave cases the model was
then run for a complete representative 24.8 h tidal cycle (after
12 h of spin up starting from a stable model with moderate
waves). As we are focused on the impact of tidal forcing on the
surfzone hydrodynamics holding the wave conditions constant
over the tidal cycle is necessary to ensure variability in the
surfzone forcing is due to the tide alone and not a result of
changing wave conditions.
6.1. Representative tide
A representative 24.8 h mixed-semidiurnal tidal cycle (one
lunar day) was created to represent the full monthly spring/neap
tidal cycle (range 1.92 m, maximum and minimum water levels
0.87 and 1.05 m respectively). The morphodynamic tide method
described by Lesser (2009) was used to create the representative
tide. This method uses the calibrated M2, K1, and O1 tidal
constituents and is an improvement of the method initially
developed by Latteux (1995) that relied solely on the M2 tidal
constituent. Although initially developed to act as a representative
tide to replicate tide-driven sediment transport (a morphodynamic tide) here we simply use it to develop a representative
24.8 h tidal signal. Using the Lesser (2009) methodology an
artiﬁcial constituent is developed, termed the C1, whose amplitude
(amp) and phase (f) are,
C 1 amp ¼

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2K 1 O1

fC 1 ¼

fK 1 þ fO1
2

:

ð3Þ

The representative tide then becomes the M2 and C1 constituents multiplied by an enhancement factor (f), which is calculated
using the equation from Lesser (2009):
vﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
u 2
uM þS2 þ K 2 þ O2 þN 2 þP 2 þ K 2 þ Q 2 þ:: þ ::þ :: þ::
2
1
1
1
2
1
2
f ¼t 2
:
ð4Þ
M22 þ C 21

Fig. 3. Detail map of Ocean Beach and San Francisco Bar showing location of
deployed instruments used for model calibration and validation, 2 m depth
contours shown (0–20 m), 10 m contour in white.

This calculation yields an enhancement factor of 1.07 for the
San Francisco region using the tidal constituents from the NOAA
San Francisco tide gauge (the most comprehensive set of measured constituents near the area of interest). The enhancement
factor is needed to increase the magnitude of the representative
tide since only three tidal constituents are included in the
representative tide (M2, K1, and O1).
A comparison between a simulation with a single representative tidal cycle and simulations during a spring and neap tidal
cycle using the full set of constituents showed that the velocity
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Fig. 4. Wave direction rose from the CDIP Pt. Reyes buoy (red star) from 1997–2011 used to derive the 24 wave cases in Table 3. The colors indicate signiﬁcant wave height
(Hs) and concentric rings indicate probability of occurrence from a given direction. (For interpretation of references to color in this ﬁgure legend, the reader is referred to
the web version of this article.)

patterns and momentum balances are not greatly sensitive to the
exact tide used, and similar ﬂow patterns, and force balances,
were produced along Ocean Beach using the spring, neap, and
representative tide. While the contribution of tidal forcing may
vary some using a different tidal range, the conclusions presented
here are not sensitive to the exact tidal signal used.
6.2. SWAN wave cases
The three offshore boundaries of the coarsest SWAN grid were
uniformly forced with wave conditions derived from the CDIP Pt.
Reyes Buoy (Station 029, located approximately 85 km northwest
of Ocean Beach at the northwest corner of the largest wave grid in
550 m of water, Fig. 2A). A complete record of hourly measurements of signiﬁcant wave height (Hs), peak period (Tp), and peak
direction (Dp) between January 1997 (just after the buoy was
deployed) and December 2010 were used to derive a set of wave
conditions that adequately represent the full wave climatology
(Fig. 4). The 14-year wave record was distilled into 48 wave cases,
24 representing sea conditions (Tp o12 s) and 24 representing
swell cases (Tp Z12 s). This distinction approximately divides the
complete wave record in half (54% sea, 46% swell) as well as the
annual wave climate and is based on Bromirski et al. (2005) who
deﬁned swell waves as those with periods greater than 12 s. Swell
typically dominates during the autumn and winter months while
wind sea conditions dominate during the spring and summer
months.
Signiﬁcant wave heights from the CDIP Pt. Reyes Buoy were
binned in 1 m increments from 1 to 4 m for the swell conditions
(hourly measurements with Tp Z12 s) and 0.75 to 3.75 m for the

Table 3
Schematized wave conditions and probability derived from CDIP Pt. Reyes buoy,
sea conditions (Tp o 12 s) are indicated by the gray background.
Case number

Hs (m)

Tp (s)

Dp (1)

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

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

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

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

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

sea conditions (hourly measurements with Tp o 12 s), an additional 2 m bin from 4 to 6 m for swell and 3.75 to 5.75 m for the
sea conditions was included to capture larger wave events in both
sample populations. The 0.25 m offset between sea and swell bins
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was required to better characterize the sea conditions which
typically have a lower wave height (the binning was optimized to
ﬁt the sample populations). The peak direction for both sea and
swell conditions was organized into 251 bins from 1801 to 3301
(nautical convention). Once organized into the two-dimensional
(height and direction) probability density function, the resulting
wave case for each bin was taken as the mean height, period and
direction of all of the observed wave conditions that fell within
that bin. The total probability of occurrence for all 48 bins was
93.1% (the remaining 6.9% fell outside of the binned area). Since
the probability of occurrence for many of the bins is much less
than 1% only the 24 most probable wave cases analyzed here. The
total probability of these 24 wave cases, 14 representing swell
and 10 representing sea conditions, is slightly greater than 89%.
Table 3 contains a list of the 24 schematized wave conditions and
the probability for each. The parametric wave statistics for each of
the 24 wave cases were converted by SWAN to a JONSWAP
spectra (Hasselmann et al., 1973), which was then used as the
boundary forcing on the largest SWAN grid.

7. Results
7.1. Alongshore momentum balances
To understand the underlying physics of the modeled ﬂows for
each of the 24 simulations, the inﬂuence of the heterogeneous wave
ﬁeld on the ﬂow and ultimately the role of tidal forcing within the
surfzone, alongshore momentum balances for each of the 24 wave
cases were investigated. In this paper we use a modiﬁed version of
the open source Delft3D-Flow (version 4.00.06.705:813) that saves
all the terms of the governing momentum equations as output,
including all terms in (1). For each wave case, at each output time
step (every 15 min) the alongshore momentum terms were crossshore integrated across the surfzone at each grid location alongshore
(grid oriented along the shoreline). Here the surfzone is deﬁned as
0.5 m depth to the depth at which only 10% of waves have broken.
Cross-shore integrating the momentum terms provides insight into
the physical processes driving circulation in the entire surfzone, not
just at one or a few selected depth contours which may not be
entirely representative. The cross-shore integration distance changes
in both the alongshore (due to variability in wave height) and in
time due to tidal water depth changes. In water depths less than
0.5 m the model does not adequately resolve the physical processes
because of the resolution of the model, and wetting and drying of
adjacent cells. Therefore we neglect the ﬂows and momentum terms
computed in water depth less than 0.5 m. For some of the 24 cases
which feature large waves (e.g. case 9) waves can break outside of
10 m depth at which point the depth contours are no longer largely
shore-parallel (and can actually be shore normal, Fig. 3) and breaking can occur more than 5 km from the shoreline on the distal
portions of ebb-tidal delta. In these instances, given the distance
wave breaking occurs from the shoreline and the irregular bathymetry, the cross-shore integration only extended to 10 m depth, the
deepest isobath that is still roughly parallel to the shoreline.
The cross-shore integration was done by multiplying the respective terms of (1) for each alongshore grid cell by the cross-shore
extent of the grid cell and then summing the values across the
surfzone in the x direction, following (5).
Z xn
n
X
F y dx ¼
F y ðxi Þdx ðxi Þ
ð5Þ
x1

i¼1

where x1 ¼x(h¼0.5) and xn ¼x(Qb ¼0.1), Qb is the fraction of breaking from the SWAN model, F y is a momentum balance term (e.g. bed
stress), xi is a cross-shore location, and dxðxi Þ is the cross-shore grid
cell-size also at the location given by xi . The integration results in

units of Newtons per meter in the alongshore direction (N/m). Wind
stress is neglected because the 24 simulation were run without
wind and the cross-shore integrated turbulent mixing in (1) is small
relative to the pressure gradient, radiation stress gradients, and bed
stress and therefore is neglected. The Coriolis force is included in the
model, as it is important in the regional circulation, but is small and
neglected in the surfzone momentum balances.
To determine the contribution of tidal forcing to the total
alongshore pressure gradient, deﬁned as the linear sum of wave
and tidal components, the tide-only alongshore pressure gradient
was computed from a simulation over one representative tidal
cycle with no wave forcing. The tide-only alongshore pressure
gradient was determined by cross-shore integrating the alongshore pressure gradient from the tide-only simulation over the
same integration region as that at each output time step for each
of the 24 wave cases (0.5 m depth to 10% breaker location). The
wave driven pressure gradient is then the total pressure gradient
in each of the 24 wave case simulations minus the computed tidal
pressure gradient at each output time-step. Linearly decomposing
the total pressure gradient to wave and tidal components
assumes that wave forcings (e.g., water depth changes due to
wave-induced setup) are not strong enough or so spatially widespread as to signiﬁcantly alter tidal propagation within the San
Francisco Bight (i.e. tidal propagation is the same in simulations
with and without waves). A comparison between ﬂow magnitudes on the ebb-tidal delta between the tide only simulation and
those that include waves are strongly correlated (mean R2 for all
24 wave cases was 0.96, po0.05), indicating that waves do not
greatly alter tidal propagation. Tidal ﬂows are only altered
(R2 o0.95) for wave cases that exceed  4 m during which waves
break on the ebb-tidal delta (depths 410 m).
Using the sign of the cross-shore integrated bed stress as a
proxy for the dominant direction of alongshore ﬂow, we can
deﬁne three dynamic conditions from the 24 simulations:
wave cases in which the ﬂow is predominantly ( 480% of the
tidal cycle and at 480% of alongshore locations) to the north
along the shoreline (v 40), predominantly toward the south
along the shoreline (vo0), and ﬁnally, cases in which the ﬂow
direction changes sign during the tide cycle (north/south here
refer to along the shoreline which is actually  101 off of northsouth) (Fig. 5). Fig. 5 illustrates that the offshore wave direction is

Fig. 5. Plot of wave cases that feature alongshore currents uniformly (for 480% of
the tidal cycle at 480% of alongshore location) to the north (circles), south
(diamonds), and cases in which the direction of ﬂow changes through the tidal
cycle (stars) as a function of the offshore wave height and direction of each wave
case. The sign of cross-shore integrated bed stress is used as a proxy for the
dominant direction of alongshore ﬂow. Wave cases 1, 2, and 15 (Figs. 6–8) are
indicated.
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the best predictor of the direction of alongshore ﬂow with wave
directions less than 2751 leading to northerly alongshore ﬂow,
directions greater than  2901 mostly leading to southerly ﬂow,
and directions between  2751 and 3001 typically leading to
variable directions.
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Alongshore momentum balances, including the total pressure
gradient and that due to waves and tides alone, are shown for
wave cases 1, 2, and 15 over the entire tidal cycle (Figs. 6–8).
These three cases represent each of the dynamic conditions
(Fig. 5) and have similar offshore wave heights (Hs E2.5 m). For

Fig. 6. Cross-shore integrated alongshore momentum balance terms from wave case 1 (2.3 m Hs, 8.8 s Tp, 318.61 Dp) over the tidal cycle. The change from ebb to ﬂood tide
(deﬁned as a sign change in the water level gradient) is indicated by the vertical lines. The wave driven alongshore pressure gradient is computed as the total minus the
tidal component. Here and throughout, the sign from (1) is retained when plotting (e.g. bed stress¼  tb).

Fig. 7. Cross-shore integrated alongshore momentum balance from wave case 2 (2.5 m Hs, 14.5 s Tp, 292.81 Dp) over the tidal cycle. Note difference in color scale from
Fig. 6. (For interpretation of references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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Fig. 8. Cross-shore integrated alongshore momentum balance from wave case 15 (2.5 m Hs, 14.0 s Tp, 272.21 Dp) over the tidal cycle. Note difference in color scale from
Fig. 7. (For interpretation of references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

wave case 1 (2.3 m Hs, 8.8 s Tp, 318.81 Dp, Fig. 6) the modeled
alongshore ﬂow is predominantly to the south along the entire
beach. For wave case 2 (2.5 m Hs, 14.5 s Tp, 292.81 Dp, Fig. 7) the
direction of the modeled alongshore ﬂow changes during the tidal
cycle, while for wave case 15 (2.5 m Hs, 14.0 s Tp, 272.21 Dp, Fig. 8)
the ﬂow is predominantly toward the north. Together wave cases
1 and 2 account for one-quarter of the total probability (15.4% and
9.6% respectively) with wave case 15 only accounting for 2%. In all
three examples, all of the major momentum terms show clear
tidal variability (Figs. 6–8). In the absence of tidal variability
(depth changes and tidal ﬂows), ﬂows along the beach reach
steady state (after model spin-up) since the offshore wave
conditions remain constant for each wave case. Thus, any temporal variability in the alongshore momentum terms and ﬂow is a
result of tidal modulation of the total pressure gradient and
radiation stress gradients.
7.2. Radiation stress gradients
Tidal variability in the radiation stress gradients results from
tidally induced changes in wave refraction. Over the tidal cycle
waves are refracted by the changing tidal ﬂows via wave–current
interaction as well as by the changes in water depth, which alters
refraction patterns over the ebb-tidal delta. The comparative role
of depth changes and wave–current interaction in modulating the
wave ﬁeld and ultimately the radiation stress gradients was
determined by running two additional simulations for wave case
2: one in which currents from the ﬂow model were not passed to
SWAN, but the tidal changes in water depth were, thus isolating
the effect due to depth changes alone; and a second simulation in
which currents from the ﬂow model were passed to SWAN but
not tidal water levels (constant depth in SWAN), thus isolating
the effect of currents alone. These simulations were compared to
the original simulation for case 2 in which SWAN received both
currents and tidal depth changes. Radiation stress gradients over

the tidal cycle along the beach are shown in Fig. 9 from the
original case, and the simulations with currents only and depth
changes only. The simulation in which SWAN is passed currents
and no tidal depth changes is very similar to the original
simulation in which SWAN is passed both currents and tidal
depth changes from the ﬂow model. This similarity indicates that
tidal variability in the modeled radiation stress gradients primarily results from refraction by currents and not depth driven
changes in refraction which appears to have relatively little
impact on the radiation stress gradients within the surfzone.
Results from wave cases 1 and 15 exhibit similar patterns (not
shown), indicating that tidal currents have a stronger inﬂuence on
waves than depth changes regardless of the wave angle.
For wave case 2 in the simulation with depth changes only, the
radiation stress gradients are southerly directed (negative) for the
entire tidal cycle at almost all locations north of Northing
4176 km (Fig. 9C). Conversely, in the simulation with currents
only (and the original simulation with both currents and depth
changes, Fig. 9A and B) during the strongest ebb (time 00:15–
06:45) the radiation stress gradients are northerly directed
between Northing 4176 and 4179 km, the same occurs to a lesser
extent during the second weaker ebb (time 13:15–18:30). During
both ﬂood tides the radiation stress gradients are southerly
directed between Northing 4176 and 4179 km. This modulation
of the radiation stress gradients is a result of currents altering the
wave direction relative to shore normal, and thus the sign of the
radiation stress gradients. Fig. 10 shows the wave direction
relative to shore-normal over the tidal cycle at  11 m depth at
 Northing 4177 km (location of Site 5, Fig. 3) and illustrates the
stronger impact of currents (compared to depth changes) as well
as the ability of the tidal ﬂows to change the direction of wave
approach relative to shore normal.
The pattern observed in the modeled wave direction and
radiation stress gradients is consistent with the observational
data at Site 5. In Fig. 11 the relationship is shown between the
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Fig. 9. Wave case 2 radiation stress gradients from three simulations, one in which SWAN is passed both tidal water level variations and currents from the ﬂow model (A),
a second in which SWAN is passed currents only (depth in SWAN is constant, B), and ﬁnally a simulation in which SWAN is passed tidal depth changes only and no
currents (C).

 11 m there is a statistically signiﬁcant correlation between the
observed wave direction and alongshore tidal ﬂows (R2 ¼0.37,
po0.05). There is no apparent relationship between the wave
direction and tidal depth. Consistent with the model (Fig. 10) the
wave direction is steeper with respect to the shoreline during the
ebb when the waves are propagating into the current, with the
opposite occurring during the ﬂood (Fig. 11C). The model predicts
the wave direction well at Site 5 (Willmott skill ¼0.77).
7.3. Pressure gradients

Fig. 10. (A) Time series of the modeled wave direction (counterclockwise from
shore normal) from wave case 2 outside the surfzone at  11 m depth at Northing
4177 km when SWAN is passed both tidal water level changes and currents,
currents only, and depth changes only. (B) Alongshore velocity vs. time at the
same location showing tidal currents.

observed wave direction and depth (Fig. 11A) as well as the
alongshore velocity (Fig. 11B); despite the variety of offshore
wave conditions (Pt. Reyes buoy direction ranged from 2801 to
3301 with Hs between 2.5 and 5.5 m during this time period) at

Temporal variability in the total pressure gradient is a result of
the tidal pressure gradient and tidal modulation of the inhomogeneous wave ﬁeld. The wave driven portion of the pressure
gradient, computed as the total (from the simulation with waves
and tides) minus the tidal component (from the simulation with
tides only), varies over the tidal cycle from both tidal depth
changes and from wave–current interaction both of which alter
refraction. Similar, but not as pronounced, the effect of currents is
larger than that from depth changes (Fig. 12). The reduced
sensitivity of the wave-driven alongshore pressure gradient to
current variations, compared to the radiation stress gradients (i.e.
Fig. 9), is a result of the sign and relative magnitude of the
pressure gradient not being a direct function of the wave direction as the radiation stress gradients are (i.e. Sxy pcos ysin y;
Longuet-Higgins and Stewart, 1962, 1964).
The ebb/ﬂood oscillation of the tidal pressure gradient also
introduces temporal variability in the total pressure gradient
(Figs. 6–8). During the ebb, the tidal pressure gradient acts to
reduce the total pressure gradient north of the wave focal zone at
Northing 4178.75 km (wave and tidal components act in
opposing directions) while increasing the total pressure gradient
south of wave focal zone (wave and tidal components act in the
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Fig. 11. Wave direction at Site 4 (Nortek AWAC) in 11 m depth outside of the surf-zone relative to shore normal (positive is from north of shore normal) plotted against the
depth (A) and against the depth averaged alongshore velocity (v) recorded at the same site (B).

Fig. 12. Wave driven component of the total pressure gradient from wave case 2 from three simulations, one in which SWAN is passed both tidal water level variations and
currents (A), a second in which SWAN is passed currents only (depth in SWAN is constant, B), and ﬁnally a simulation in which SWAN is passed tidal depth changes only
and no currents (C).
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same direction). The opposite occurs during the ﬂood. For all
three wave cases shown (1, 2, and 15) the sign of the total
pressure gradient changes for at least some portion of the tidal
cycle south of Northing 4179 km mostly as a result of sign change
in the tidal pressure gradient (Figs. 6–8).
During the ebb the tidal pressure gradient can be large at the
north end of the beach closest to the inlet but is generally small
south of Northing 4178 km (Figs. 6–8). During the ﬂood the tidal
pressure gradient is larger in magnitude than during the ebb, and
remains larger in magnitude further south along the beach. This
asymmetry in magnitude and southerly decay of the tidal pressure gradient with distance from the inlet is a result of asymmetry in tidal ﬂow through the inlet. The ebb is primarily focused
in a jet directed offshore (  west) of the Golden Gate with more
limited forcing in the across-jet direction ( north/south along
Ocean Beach). While during the ﬂood, water approaches the inlet
from all directions resulting in a larger magnitude pressure
gradient along Ocean Beach. As a result the tide-cycle averaged
tidal pressure gradient, the residual, is northerly (ﬂood) directed
along the entire beach. This pattern in the tidal ﬂow and forcing is
consistent with that described at other inlets (e.g. O’Brien, 1969;
Hench and Luettich, 2003; Elias et al., 2006).
The contribution of the tidal pressure gradient to the total
pressure gradient is shown in Fig. 13, and was computed as the
ratio of their magnitudes, ð9@P tide =@y9Þ=ð9@P total =@y9Þ, where
ð9@P tide =@y9Þ is the magnitude of the tidal pressure gradient and,

 
 

@Ptotal  @P total @P tide  @P tide 

¼
þ
:

ð6Þ
 @y   @y
@y   @y 
As indicated by Fig. 13, the relative contribution of the tidal
pressure gradient to the total pressure gradient is largely a function
of the wave height. As offshore wave height increases the alongshore pressure gradient introduced by alongshore setup differences
increases and the tidal pressure gradient becomes relatively less
important. However, the increase in the alongshore pressure
gradient due to waves alone is somewhat offset by the increasing
width of the surfzone; as the surfzone extends into greater depth,
with larger wave heights, the magnitude of the cross-shore integrated tidal pressure gradient also increases. As a result, even
during the largest waves simulated here (offshore Hs ¼4.7 m) the
tidal pressure gradient still accounts for on average (over the tide
cycle and alongshore) at least  30% and up to 55% during small
waves of the instantaneous magnitude of the total pressure
gradient within the surfzone for the individual wave cases
(Fig. 13). If all 24 modeled wave cases are incorporated and each

Fig. 13. Fraction of total instantaneous magnitude of the alongshore pressure
gradient made up of the tidal pressure gradient versus the offshore wave height
for the 24 wave cases. The fraction is computed at each output time step (15 min)
and averaged in time and over the length of the beach for each wave case.
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weighted by its probability of occurrence (Table 3) the probability
weighted average contribution of the tidal pressure gradient is 37%.

8. Discussion
Shi et al. (2011) found that alongshore variability in wave heights
introduced by wave refraction across the ebb-tidal delta offshore of
the Golden Gate results in an alongshore pressure gradient that can
be the dominant term of the alongshore momentum balance, a
conclusion that is supported by our simulations. However, they also
concluded that the tidal pressure gradient was not large enough to
modify the spatial variability in forcing introduced by the inhomogeneous wave ﬁeld. If we run our model for the conditions Shi et al.
(2011) analyzed (Hs ¼3.5 m, Tp ¼15 s, Dp ¼2701 and 3001) we ﬁnd
that the tidal pressure gradient accounts for 33% and 37% of the total
pressure gradient respectively, and does modify the spatial pattern
in the alongshore forcing. Additionally, the wave-induced component of the total alongshore pressure gradient is modiﬁed by the tide
through depth changes and wave-current interaction which alter
refraction patterns (e.g. Fig. 12). The differing conclusions regarding
the importance of tidal pressure gradient between the present study
and that of Shi et al. (2011) is likely due to two factors. First, Shi
et al. (2011) examined the tidal pressure gradient at a single timestep during the ebb. As is shown in Figs. 6–8 the tidal pressure
gradient is the largest and extends furthest along the beach during
the ﬂood tide. Secondly, here we consider the forcing integrated
across the entire surfzone instead of at selected depth contours. The
deepest water Shi et al. (2011) investigated was 5 m; however, for
the energetic conditions they simulated the surfzone extends
beyond the 8 m depth contour in many locations. Thus, examining
the momentum balance only during the ebb and at 5 m depth and
shallower would likely underestimate the overall role of tidal
forcing, particularly the tidal pressure gradient, in driving and
modifying alongshore ﬂows within the surfzone.
We also ﬁnd that in addition to the tidal pressure gradient,
tidal ﬂows over the inner shelf (outside of the surfzone) are
capable of considerably modifying wave directions and ultimately
modulating the radiation stress gradients within the surfzone
(Figs. 9 and 10). Tidal depth changes were found to be relatively
less important than currents in modifying the wave ﬁeld, which is
supported by ﬁeld observations (Fig. 11). For many of the
modeled 24 wave cases, along much of the beach, the total
pressure gradient and radiation stress gradients act in opposing
directions and are of similar magnitude. As tidal forcing modiﬁes
both of these forcing terms, the tide plays a critical role in
determining the balance between these forces, and ultimately
the magnitude and direction of alongshore ﬂows.
The largest offshore waves analyzed here were 4.7 m during
which wave breaking occurs as far as 5 km offshore on the ebbtidal delta. However, offshore signiﬁcant wave heights at the Pt.
Reyes buoy can exceed 9 m, with waves 6.5 m or greater accounting for 0.25% of the 14-year wave record. In these extreme
instances the surfzone as deﬁned here, 0.5 m to a maximum of
10 m depth, only represents a fraction of the total surfzone width
as wave breaking becomes widespread on the ebb-tidal delta. For
a variety of extreme cases analyzed, with offshore waves up to
7 m, the tidal pressure gradient accounts for at least 30% of the
total alongshore pressure gradient out to 10 m depth, similar to
the largest of the 24 wave cases (4.7 m, Fig. 13). The relatively
constant contribution of the tidal pressure gradient, and thus the
magnitude of the total pressure gradient, once waves exceed 4 m
is a result of the region inshore of 10 m depth becoming a
saturated surfzone, where wave height is largely dictated by
depth. For example, wave heights are within  10% between a
case with 7 m offshore waves and wave case 9 (4.7 m Hs) inshore
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of the 10 m depth contour. Despite the similarity in wave heights,
and alongshore pressure gradients, alongshore ﬂows are on
average 0.25–0.5 m/s larger during the 7 m case compared to
wave case 9 resulting from increased wave dissipation across the
entire surfzone, including that outside of 10 m.

9. Conclusions
A high-resolution coupled ﬂow and wave numerical model
was used to investigate the role of tidal forcing in driving and
modifying alongshore ﬂows within the surfzone along a 7 km
stretch of shoreline adjacent to a major inlet. The 24 most
frequently occurring wave cases were derived from 14 years of
offshore buoy records and a 24.8 h representative tide was
developed from the calibrated tidal constituents. For each of the
24 wave cases the model was run for one representative tidal
cycle. Cross-shore integrated alongshore momentum balances
were computed at each output time-step for the 24 wave cases
and reveal that over the range of conditions, tidal forcing remains
an important contribution to alongshore forcing within the
surfzone. The tidal pressure gradient accounts for on average
37% of the instantaneous magnitude of the total surfzone alongshore pressure gradient (wave and tidal components) which is
often the largest forcing term of the alongshore momentum
balance. Wave–current interaction caused by tidal ﬂows outside
of the surfzone leads to strong tidal modulation of the radiation
stress gradients within the surfzone as a result of current induced
changes in the wave direction. Our simulations support the
results presented by Shi et al. (2011), that wave refraction over
the ebb-tidal delta offshore of the Golden Gate results in an
alongshore pressure gradient that is an important contribution to
the alongshore surfzone forcing. However, in contrast to Shi et al.
(2011) we ﬁnd that tidal forcing, directly through the tidal
pressure gradient and indirectly through modiﬁcations to the
wave ﬁeld by tidal depth changes and currents, is also a key
contributor to alongshore ﬂow inside the surfzone.
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