
ABSTRACT

To examine the spatial and temporal effect of
low-volume land-based runoff on beach contamina-
tion, discrete batches of dye were released at the
shoreline at three beaches in Santa Monica Bay in
2000 (Malibu Creek, Santa Monica Canyon and Pico
Kenter drain).  Dye concentration was measured at
the shoreline 25, 50, and 100 m alongshore from the
dye release point for up to 40 minutes after dye
release.  The shoreline concentration time series are
characterized either by approximately exponential
decay in concentration after passage of the dye patch
maximum concentration or by persistent low concen-
tration up to 30 minutes after passage Preprint sub-
mitted to Elsevier Science, December 1, 2006 of the
initial dye patch front.  In the absence of detailed
measurements of physical conditions, several simple
advection-diffusion models are used to simulate
shoreline concentration time series for an idealized
surf zone in order to probe the roles of alongshore
current shear and rip currents in producing the
observed characteristics in dye concentration time
series.  Favorable qualitative and quantitative com-
parison of measured and simulated time series sug-
gest alongshore current shear and rip currents play
key roles in generating the observed characteristics
of nearshore dye patch dispersion.  The models
demonstrate the potential effects of these flow fea-
tures on the extent and duration of beach contamina-
tion owing to a continuous contamination source. 

INTRODUCTION

Studies of fecal indicator bacteria contamination
of Southern Californian shorelines invariably point
to river, creek, storm drain, or lagoon sources (Noble
et al. 2000, Grant et al. 2001, Schiff et al. 2003) or
to shallow groundwater discharge (Boehm et al.
2004).  Effluent entrained in nearshore water circula-

tion is mixed and transported by waves and currents
away from discharge points potentially impacting
remote beaches.  The complexity of nearshore circu-
lation, rudimentary understanding of factors govern-
ing dilution and trajectory of contaminant plumes in
the surf zone and the diffculty of predicting the
extent of coastline impacted by drain and river
outflows continue to challenge water quality moni-
toring and beach management agencies. 

Analysis of observations from state mandated
shoreline water quality monitoring at drains and
beaches in Santa Monica Bay, Southern California,
show the frequency and extent of beach contamina-
tion owing to exceedance of water quality thresholds
for indicator bacteria during dry weather (Apr-Oct)
is twice that for wet weather (Nov-Mar; Schiff et al.
2003).  Furthermore, the potential risk to human
health is compounded by the large and dispropor-
tionate number of beach goers during the dry sum-
mer months.  Consequently dilution rates, residence
time and extent of beach contamination near outflow
sources is a prime concern during periods of low
drain and river discharge where inertia of outflow
into the surf zone is insignificant and effluent is rap-
idly entrained by ambient nearshore currents. 

An idealized nearshore circulation cell has been
defined as the region between two adjacent rip cur-
rents and spanning the surf zone width to some dis-
tance beyond the breakers (Shepard and Inman 1951,
Inman et al. 1971).  Rip currents are fed by along-
shore currents and water ejected from the surf zone
by rips is gradually reintroduced to the surf zone
through the breaker region.  Although this pattern is
frequently observed in nature, prediction of water
parcel trajectory is frustrated by variability intro-
duced by sporadic pulsing of rip currents (Smith and
Largier 1995), variation in alongshore position of rip

Dye dispersion in the surf zone: 
measurements and simple models

Linden B. Clarke1, Drew Ackerman and John Largier2

I Oregon State University, College of Oceanic and Atmospheric Sciences, Corvallis, OR
2 University of California, Davis, Bodega Marine Laboratory, Bodega Bay, CA

Dye dispersion in the surf zone - 73



currents when unconstrained by bathymetric cross-
shore channels (Murray and Reydellet 2001), mean-
dering or eddy-shedding alongshore currents, rever-
sal of alongshore current direction and change in
flow pattern induced by change in tidal water level at
barred beaches (Schmidt 2003). 

Hydrodynamic models have been used to simu-
late nearshore flow fields that are both complex and
time-varying (Allen et al. 1996, Slinn et al. 1998,
Ozkan-Haller and Kirby 1999) but comparison with
field observations (Schmidt 2003) suggest that
although general trends in modeled circulation may
be valid, prediction of time-varying water parcel tra-
jectories remains challenging in the surf zone.
Furthermore, these models are computationally
expensive, require well defined boundary conditions,
bathymetry and estimates of parameters such as fric-
tion factor and mixing coefficients. 

Consequently, research directed at quantifying
the extent of beach impacted by a contaminant
source has typically adopted simplified flow fields;
primarily depth-averaged alongshore current defined
using measurements of incident waves (Grant et al.
2005, Boehm et al. 2005, Boehm 2003) or wind
(Stretch and Mardon 2005).  Bulk parameterization
of dispersion in the surf zone along coastline lengths
O(10 km) integrates the effects of smaller scale mix-
ing and transport processes owing to fluid motions
such as rip currents and eddies, and of flow charac-
teristics such as current shear.  Individually, these
phenomena have been well studied but their roles in
surf zone dispersion have received less attention.  

During 1999-2000, 14 dye release experiments
were conducted at several beaches in Santa Monica
Bay, Southern California with the purpose of assess-
ing the dispersion of low-volume discharges released
at the shoreline.  This paper describes the measure-
ments and analysis in which four simple models are
used to estimate along-shore and cross-shore disper-
sion coefficients and to explore the role of two domi-
nant flow properties hypothesized to be responsible
for distinct characteristics observed in measurements
of dispersing dye patches: alongshore current shear
(i.e., cross-shore shear in the alongshore current),
and rip currents.  The models are extended to explore
the effect of rip currents on the region of beach
impacted by effluent outflows. 

METHODS

Beach Sites and Field Methods 
Field work reported in this paper was conducted

between November11, 1999 and July 9, 2000 on
three beaches in Santa Monica Bay adjacent to river
or drain outlets (Figure 1).  Malibu Creek feeds a
lagoon and drains onto Surfrider beach which faces
(direction of shore-normal) ~130° from North and is
located ~450 m west of Malibu Pier.  The intertidal
beach is a mixture of sand and large cobbles.  Waves
break offshore on a sand/rock bar with a secondary
break near the shore.  The shallow channel connect-
ing the lagoon and surf zone was open during all
field episodes.  Santa Monica Canyon drains from a
concrete channel onto Will Rogers State Beach
approximately 2.6 km northwest of Santa Monica
Pier.  The beach in this region faces ~220°. Pico
Kenter storm drain channel is located approximately
500 m south of Santa Monica Pier where the beach
faces ~235°. Santa Monica Canyon and Pico Kenter
drain outflows form sandy channels across the beach
but during low discharge the channel outlet cut into
the foreshore slope may be blocked by redevelop-
ment of beach crest.  Mean beach slope between
swash and breakpoint was measured at Malibu Creek
(0.07), Santa Monica Canyon (0.09) and Pico Kenter
drain (0.07) on May 4, 2000 using a transit and a 
13-foot staff. 

Discrete dye release experiments were conducted
at Malibu Creek, Santa Monica Canyon and Pico
Kenter drain (Table 1).  Fluorescein was chosen over
Rhodamine WT to minimize public concern over the
dye release on these heavily used beaches and to
minimize the persistence of dye in the surf zone after
the experiments.  The exponential decay rate of
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Figure 1.  1999 and 2000 shoreline dye study sites in

Santa Monica Bay.



fluorescein exposed to sunlight has been estimated as
0.1 hr–1 (Smart and Laidlaw 1977).  For the present
beach experiments, typical exponential decay rate of
dye patch maximum concentration was ~50 hr–1.
Photobleaching over the 40-minute sampling interval
was estimated to introduce an error of seven percent
in concentration measurements. 

The direction of alongshore current was visually
determined prior to pouring 25 - 50 ml of 30% by
mass liquid fluorescein dye into the sea from about
0.3 m above the surface where drain discharge con-
tacted the swash.  The dye container was rinsed once
with sea water.  Personnel stationed at fixed posi-
tions 25, 50, and 100 m downdrift from the release
point collected water samples in ~0.3 m depth in 100
ml nalgene bottles at 30- or 60-second intervals for
up to 40 minutes after dye release.  Fluorescein con-
centration was determined in the laboratory using a
Turner 10-AU fluorometer.  On 06/07/00 at Malibu
Creek and Pico Kenter drain water samples were col-
lected concurrently at fixed positions alongshore at
both the shoreline and within 5 m of initial wave
breaking (breaker line) in water depth ~1.5 m.  In the
absence of any fluorescein dye, background fluores-
cence values were equivalent to ~0.1 ppb. 

Physical Conditions 
Insufficient measurement of local physical con-

ditions at each beach site during field work preclud-
ed a detailed analysis of their possible relationship to
variations in dye dispersion.  Although measure-
ments of deep water significant wave height, period
and direction (from National Data Buoy Center
Station 46025 located 33 NM WSW of Santa
Monica, California) describe the regional wave field,

reliable estimates of nearshore wave characteristics
were precluded owing to effects such as shadowing
by Santa Barbara Channel islands and refraction of
shoaling waves over unmeasured nearshore bathyme-
try.  A cursory analysis of beach slope measurements
and deep water wave characteristics provided some
basis for comparing beach sites according to angle of
wave incidence and surf zone width. 

Surf zone width, W, (a parameter used in subse-
quent models) was estimated by: 

where db is water depth in which waves break, g is
acceleration due to gravity, T is wave period, H∞ is
deep water wave height, γ ≈ 1 (Komar 1998), W is
surf zone width (distance from shoreline to breaker
line) and S is beach slope.  

Estimates of W (Table 2) are consistent with
observations from field notes and measured distance
to offshore sample stations located near the breaker
line at Malibu Creek and Pico Kenter drain.  The
surf zone was generally narrower at Pico Kenter
drain where the waves collapsed onto the shoreface
during high tide rather than breaking offshore.
Potentially stronger alongshore currents suggested by
higher estimated angle of incidence at Pico Kenter
drain compared to Santa Monica Canyon are gener-
ally not apparent in measured dye patch advection
velocities at the two sites (Table 3).  Angle of wave
incidence at Malibu Creek frequently exceeds 90°
owing to the protruding beach around the lagoon
entrance resulting in extreme wave refraction.  Sand
bars were occasionally noted at Santa Monica Canyon
and Malibu Creek. 

Observations from Discrete Dye Release
Measurements 

Dye dilution factors (C(0, 0)/C(y, t), where C is
dye concentration, y is alongshore distance from dye
release, and t is time since dye release) ranged between
4 x 105 and 4 x 107 at y = 25 m, 2 x 106 and 2 x 108

at y = 50 m, and 1 x 107 and 2 x 108 at y = 100 m.
However, dilution 100 fold or more might be
accounted for by initial mixing during the poured
dye release.  Dye dilution at Malibu Creek, Pico
Kenter drain, and Santa Monica Canyon varied by a
factor of 10 with Malibu Creek being lowest and
Pico Kenter drain highest (Figure 2). 
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Table 1.  Batch dye release dates, locations and dye

quantity (ml 30% by mass sodium fluorescein).

(1)



The profiles of measured concentration time
series (Figures 3 - 5) can generally be described in
three segments; the ramp up to peak concentration,
peak duration and ramp down from peak concentration.

In all but two cases (Santa Monica Canyon 3/28/00
and 5/24/00; Figure 4b and e) the arrival of dye
patch at all sample stations is marked by a sharp
concentration front, the front steepness generally
decreasing with greater sample station distance
alongshore.  Peak duration and ramp down from
peak concentration appear related; brief peaks
(O(5 min)) being followed by concave decay in
concentration (for example, Figure 3c, y = 100 m);
protracted peaks (O(10 - 20 min)) being followed by
convex decay in concentration (for example,
Figure 4d, y = 100 m).  Although deceleration of
alongshore current is likely to prolong the concentration
peak at a sample station, alongshore current velocity
estimated from time between concentration peak arrival
at subsequent stations suggests that this mechanism is
not responsible for the protracted peaks observed.
Furthermore, in these cases concentration at 100 m
remains relatively constant for periods of 20 - 30 min-
utes despite non-zero alongshore flow.  This behavior
is not observed at 25 m but occasionally at 50 m.  In
some cases, multiple concentration maxima observed
at 25 m persist at 50 m and 100 m (for example,
Figures 3b - c and 5b).  In three cases at Pico Kenter
drain, observations record dye mass being transport-
ed into water deeper than the sampling depth just
updrift of the sample station and subsequent onshore
transport of the dye patch by breaking waves down-
drift of the sample station.  This resulted in peak dye
concentration increase rather than decrease at down-
stream sample stations (Figure 5a, 25 m and 50 m;
Figure 5b, 50 m and 100 m; Figure 5d, 50 m and 100 m).
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Table 2.  Physical conditions at Malibu Creek (MC), Santa Monica Canyon (SMC), and Pico Kenter drain (PK).  Deep

water significant wave height (H∞); period (T, peak and average); and direction (Dir., from National Data Buoy Cen-

ter Station 46025).  Computed angle of wave incidence (∝∝, relative to shore normal) and surf zone width (W).

Table 3.  Alongshore current velocity = v (m s-1), 

estimated using alongshore distance between dye

release and sample position (y) and elapsed time from

dye release to arrival of concentration peak at sample

position.

Date Beach H∞(m) Tp/Ta Dir. (°) ∝∝ (°) W (m)

v



Rip Currents 
The presence and alongshore position of rip cur-

rents were logged during experiments.  In seven dye
release events a significant decrease in concentration
was recorded between two adjacent stations.  This
decrease coincides with visual observations of dye
being transported offshore at a position between the
two stations in five of these episodes (Table 4).
Concentration also decreased significantly between
50 - 100 m at Pico Kenter drain (04/25/00) and 50 - 100 m
at Santa Monica Canyon (05/24/00) without recorded
visual observation of rip currents. 

Offshore Water Samples 
On June 7, 2000, at Malibu Creek and Pico

Kenter drain, water samples were also collected just
beyond the breakers (Malibu Creek, 15 - 20 m offshore;
Pico Kenter drain, 15 - 32 m offshore) at stations from
0 - 100 m along the beach at 25-m spacing.  In both
cases an alongshore current was present and only trace
concentrations of dye were observed beyond the break-
ers adjacent to the release point.  From 25 -100 m
alongshore, both the concentration maximum and the
difference between the concentration at the shoreline
and outer edge of the surf zone gradually decreased
(Figures 6 and 7).  Only at 100 m alongshore were

the shoreline and breaker line concentrations approx-
imately equivalent with any temporal consistency.
At 100 m alongshore at Pico Kenter drain, breaker
line concentration exceeded shoreline concentration
by up to 10 ppb.  Although breaker line samples
were not collected long enough to confirm the time
after release when no dye was measurable, at both
sites lingering low dye concentrations were found at
the shoreline at distances 100 m alongshore. 
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Figure 2.  Dilution at alongshore distance y = 25, 50, and

100 m for each beach site.  Symbols mark each dye

release, lines mark site-mean.  Malibu creek (+, black line),

Pico Kenter drain (x, gray line), Santa Monica Canyon

(O, thick light gray line).  Dilution factor = initial con-

centration/maximum concentration at y.

Figure 3.  Discrete dye releases at Malibu Creek.  Shore-

line dye concentration at position 25 m (black line), 50 m

(gray line), and 100 m (thick light gray line) alongshore

from dye release point: 03/28/00 (a); 04/04/00 (b); 04/25/00

(c); 05/04/00 (d); and 05/24/00 (e).  Background fluores-

cence values equivalent to ~0.1 ppb.

Time Elapsed After Dye Release

(minutes)

Alongshore Distance (m)

D
il
u

ti
o

n
 F

a
c
to

r

C
o

n
c
. 

(p
p

b
) 

C
o

n
c
. 

(p
p

b
)

C
o

n
c
. 

(p
p

b
)

C
o

n
c
. 

(p
p

b
) 

 
C

o
n

c
. 

(p
p

b
)

e)

a)

b)

c)

d)



Comparison of Shoreline Concentration Time
Series 

Qualitative comparison of shoreline dye concen-
tration time series from different dye release
episodes and beaches suggests two general cate-
gories for dye patch dispersion.  In the first category,
shoreline concentration is characterized by a sharp
rise (O(1 min)) to a well defined, narrow peak fol-
lowed by rapid decay (O(5 – 10 min)) and definite

termination of the trailing edge of the dye patch.  At
subsequent alongshore sample stations the dye patch
exhibits a similar temporal profile but with a moder-
ate reduction in peak concentration and moderate
increase in patch duration.  In the second category,
shoreline concentration is characterized by a relatively
gentle rise to peak concentration which is significantly
reduced from the peak concentration at the immedi-
ate upstream sample station.  The peak concentration
for the dye patch is poorly defined in time and per-
sists for an extended duration often with little varia-
tion in concentration. 

According to this classification only one sample
station at Malibu Creek (y = 100, m 05/04/00) qualifies
as category two whereas 50% of sample stations at
Santa Monica Canyon and Pico Kenter drain qualify
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Figure 4.  Discrete dye releases at Santa Monica Canyon.

Shoreline dye concentration (Conc.) at position 25 m

(black line), 50 m (gray line), and 100 m (thick light gray

line) alongshore from dye release point: 03/16/00 (a);

03/28/00 (b); 04/25/00 (c); 05/04/00 (d); and 05/24/00 (e).

Figure 5.  Discrete dye releases at Pico-Kenter drain.

Shoreline dye concentration (Conc.) at position 25 m

(black line), 50 m (gray line), and 100 m (thick light gray

line) alongshore from dye release point: 03/16/00 (a);

03/28/00 (b); 04/25/00 (c); and 05/04/00 (d). 

C
o

n
c
. 

(p
p

b
) 

C
o

n
c
. 

(p
p

b
)

C
o

n
c
. 

(p
p

b
)

C
o

n
c
. 

(p
p

b
)

C
o

n
c
. 

(p
p

b
) 

 

C
o

n
c
. 

(p
p

b
) 

C
o

n
c
. 

(p
p

b
)

C
o

n
c
. 

(p
p

b
)

C
o

n
c
. 

(p
p

b
) 

Time Elapsed After Dye Release

(minutes)

Time Elapsed After Dye Release

(minutes)

a)

b)

e)

c) c)

b)

a)

e)

d)
d)



as category two, most of these being located 50 – 100 m
from the dye release point. 

All recorded observations of rip currents for the
experiment coincide with category two patch disper-
sion characteristics and the substantial reduction in
peak patch concentration occurs at stations immedi-
ately downstream of the observed rip location, sug-
gesting that a fraction of dye mass is removed from
the surf zone by entrainment in a rip current (as in
Inman et al. 1971). 

In the next three sections, the role of physical
flow properties giving rise to the characteristics
observed in the categorized time series are explored
using several models.  Progressing from a 1D advec-
tion-diffusion equation to a 2D discrete particle ran-
dom walk model, alongshore current shear and rip
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Table 4.  Rip current observations during batch dye

release episodes.

Figure 6.  Shoreline (black line) and breaker line (gray

line) dye concentration at alongshore distance (y) from

dye release point (y = 0 m) at Malibu Creek 06/07/00.

Figure 7.  Shoreline (black line) and breaker line (gray

line) dye concentration at alongshore distance (y) from

dye release point (y = 0 m) at Pico Kenter drain 06/07/00.
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currents are incrementally incorporated into the mod-
els as distinct properties of the flow field to examine
their effect on shoreline concentration and estimated
alongshore and cross-shore diffusion coefficients.

RESULTS

Advection-diffusion Models 
Solute or particle dispersion maybe modeled as

an advection-diffusion process, the advection veloci-
ty across the model domain being derived from an
hydrodynamic model (Sanchez-Arcilla et al. 1998).
Forcing and boundary conditions typically required
by hydrodynamic models were not measured during
the dye experiments precluding simulation of surf
zone circulation or discrimination of the effects of
local variables on dispersion of dye patches.  Instead,
the effect of alongshore current shear and rip cur-
rents on dye dispersion and the resulting characteris-
tics of shoreline concentration time series is explored
diagnostically using a series of 1D and 2D advec-
tion-diffusion models in conjunction with prescribed
idealized flow fields.  Primary model parameters,
alongshore and cross-shore diffusion coefficients, are
estimated using a best fit between model and meas-
urements.  Characteristics of modeled and measured
concentration time series are compared for succes-
sive models with incremental addition of new flow
properties to evaluate their effects on dispersion. 

First, alongshore diffusion coefficients are esti-
mated using the analytical solution to the 1D advec-
tion-diffusion equation (absence of alongshore cur-
rent shear, absence of rip currents).  Second, cross-
shore and alongshore diffusion coefficients are esti-
mated using the analytical solution to the 2D advec-
tion diffusion equation (absence of alongshore cur-
rent shear, absence of rip currents).  Third, shoreline
concentration time series are simulated using numer-
ical solution to a 2D advection-diffusion equation
with alongshore current shear.  Fourth, shoreline
concentration time series are simulated using a dis-
crete particle tracking advection-diffusion model
with both alongshore current shear and rip current
represented in the flow field.  In the model, domain x
represents the cross-shore coordinate (x = 0 m at the
shoreline) and y the alongshore coordinate (y = 0 m
at the dye release position).

1D advection-diffusion equation 
For most dye release episodes dye concentration

measurements were confined to the shoreline which

allows estimation of effective alongshore diffusion
using a 1D advection-diffusion model (Equation 2)
in which the surf zone is idealized as a uniform flow
confined by parallel boundaries at the shoreline and
breaker line (imagined to be well defined and a con-
stant distance offshore).  Diffusion is assumed to be
Fickian (tracer flux proportional to gradient in tracer
concentration).  The model predicts a Gaussian along-
shore distribution of dye and implies that dye is uni-
formly mixed across the width of the flow (surf zone)
with no flux of tracer across the surf zone boundaries.

where C(y, t) is dye concentration (as kg m-3) at
alongshore position y and time t, M is the mass of
dye released at y0, A is the surf zone cross-sectional
area, Dy is alongshore diffusion coefficient and v is
alongshore current velocity.  A is calculated using
estimated mean surf zone width and measured beach
slope (Table 2).  The choice of no-flux boundary at
the breaker-line was based on field observations
from this and other studies suggesting that, in the
absence of rip currents, dye diffusion and transport is
largely confined shoreward of the region of wave
breaking (Harris et al. 1963, Inman et al. 1971).

In each experiment, dye is released very close to
the shoreline (x ≈ 0 m).  The time scale for mixing to
disperse dye uniformly across the flow width is
O(W2/4Dx), where W is the surf zone width and Dx is
the cross-shore eddy diffusivity (Inman et al. 1971).
Assuming Dx ~1 m2  s–1 (Inman et al. 1971, Harris et al.
1963) and W ranges 11 - 36 m, time for uniform
cross-shore mixing ranges 0.5 - 5.5 minutes.  The few
dye concentration measurements at shoreline and
breaker line positions indicate that concentrations are
comparable at the surf zone “boundaries” occasional-
ly at 50 m and more frequently at 100 m alongshore. 

Accordingly, peak concentration, Cp, at along-
shore sample stations y = 50 m and y = 100 m were
used to estimate the effective alongshore diffusion
coefficient, Dy.  Noting that y = y0 + vt when Cp = C,
Equation 2 simplifies to: 

In most of the experiments Dy <<1m2 s–1 (Table 5).
However, in cases where dye is likely transported
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out of the surf zone by rip currents with concurrent
reduction in shoreline concentration, the assumption
of no-flux boundaries is violated and 1D model esti-
mates for Dy are large (Dy >>1 m2 s–1).  Excluding
estimates affected by rip currents, mean estimated Dy

for each beach was 0.017 m2 s–1 (Malibu Creek),
0.12 m2 s–1 (Santa Monica Canyon) and 0.21 m2 s–1

(Pico Kenter drain).  These estimates of Dy should be
used with caution given the scatter in results and
absence of correlation with physical conditions at
each site. 

For comparison, estimates of diffusion coefficient
in the surf zone from literature ranged 0.2 - 0.4 m2 s–1

at Inyoni Rocks, Natal, South Africa (surf zone width
20 - 30 m, breaker height ~1.2 m; Harris et al. 1963),
0.08 - 0.3 El Moreno, Baja California, Mexico (surf zone
width 5 - 7 m, breaker height 0.35 - 0.45 m) and 2 - 6
m2 s–1 at Scripps Beach, California (surf zone width
70 - 80 m, breaker height 0.6 - 0.8 m; Inman et al.
1971).  These estimates of diffusion coefficient are
non-directional whereas the estimates from the 1D
advection diffusion model are for diffusion only in the
alongshore direction.  Given the cross-shore mass trans-
port and rapid cross-shore mixing associated with shore-
ward propagating wave bores (Inman et al. 1971) and

the absence of equivalent processes in the alongshore
direction, it is feasible that the cross-shore diffusion
coefficient, Dx, might be significantly larger than Dy,
and that diffusion values cited in the literature might
reflect this dominance of cross-shore mixing processes. 

In the 1D model, decrease in peak concentration
is attributed solely to alongshore spreading of the
dye patch.  Consequently, at sites where offshore
transport by rip currents resulted in significant
decrease in shoreline concentration, the model
assumption of no loss at the surf zone boundary is
violated, Dy is over-estimated and the alongshore
extent of the dye patch is exaggerated to account for
observed dilution.  At Malibu Creek, where rip cur-
rents were rarely observed, estimates for Dy at 50 m
and 100 m are relatively constant compared with
those at Pico Kenter drain and Santa Monica Canyon
where alongshore current velocity was generally
faster and rip currents more frequent. 

Using the estimated alongshore current velocities
and Dy for each dye release episode this very simple
1D model reproduces the peak concentration at dis-
tances 50 m and 100 m from the dye release point
but models the concentration time series at those
sample stations very poorly.  For small Dy (<0.1 m2 s–1),
the modeled dye patch is very narrow and fails to
reproduce the low concentration tails frequently
observed at 50 m and 100 m alongshore (Figure 8a
and b) moderate Dy (>0.1 m2 s–1), the modeled dye
patch is wider and in some cases approximates the
long, low concentration tail but does not show the
sudden arrival of a sharp patch front.  Rather, the
model predicts an earlier arrival time of a lower gra-
dient front as a consequence of exaggerated alongshore
extension of the dye patch (Figure 8c, y = 100 m). For
large Dy (>>1 m2 s–1), the modeled concentration
approximates the convex low concentration tail
(Figure 8d, y = 100 m). 

The shape of the modeled concentration profile
(convex or concave) after passage of the dye patch
peak depends on the non-dimensional Peclet num-
ber, Pe, which characterizes relative effects of two dye
transportation mechanisms; advection of the patch
away from the sample station and diffusion of the patch
in the opposite direction to the alongshore current. 

where v is the alongshore current velocity and l is
the characteristic length scale (50 m).  Tracer trans-
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Table 5.  Alongshore diffusion coefficient Dy (m2 s-1)),

estimated from decay in peak concentration (Equation

3). Bold = rip current observed upstream of sample sta-

tion; italic = rip not reported but measurements indicate

significant dye loss since previous sample station.

Malibu Creek = MC; Santa Monica Canyon = SMC; and

Pico-Kenter drain = PK. 

(4)



port is advection dominated for Pe <<1 (resulting in
a convex concentration tail) and diffusion dominated
for Pe ≈ 1 or greater (resulting in a concave concen-
tration tail).  Of the 28 intervals between 50 m and
100 m sample stations, 18 are characterized as
advection dominated with Pe <0.1.  Of the 10 inter-
vals with Pe >0.1, 8 coincide with observed interac-
tion between the dye patch and rip currents, making
their classification as diffusion dominated inconclusive.

The predicted rapid alongshore diffusion and early
arrival time of the dye patch (up to 5 minutes before
measurements) associated with Dy >>1 m2 s–1 makes
these extreme values questionable as a valid explana-
tion of the observed long, low-concentration tails. 

Analytical solution to the 2D advection-diffusion
equation 

Extending the model (Equation 2) to 2D allows
for transient mixing of dye from the shoreline release
point to the breakers and estimation of the cross
shore diffusion coefficient Dx.  A no-flux boundary
condition was applied at the shoreline and breaker
line.  Dx is assumed constant across-shore. 

where d is the mean surf zone depth, m is the num-
ber of imaginary dye sources used to implement the
no-flux boundary conditions (m ≈ 16; Fischer et al.
1979), x0 is the offshore distance of dye release 
(x0 = 0 m). Equation 6 implies zero depth-averaged
cross-shore current velocity.  Dx and Dy were esti-
mated at 25, 50, and 100 m alongshore with shore-
line measurements only.  Dx and Dy were estimated
by minimizing the RMS error between time series of
predicted and measured concentrations at each shore-
line sample station.  Mean surf zone depth was cal-
culated from measured beach slopes and estimated
mean surf zone width; mean along shore velocity
between point of dye release and sample station was
estimated from elapsed time to arrival of dye patch
peak concentration.  

Model performance was estimated by R2: 

where n is the number of water samples taken at
alongshore distance, y, from dye release point, C is
measured concentration, C´ is predicted concentra-
tion and C⎯ is mean measured concentration.
Assuming that deviation of predictions from meas-
urements are normally distributed, mean R2 at each
site indicates that the model explained between 66%
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Figure 8.  Shoreline dye concentration (Conc.) measure-

ment (solid lines) and prediction (dashed lines) from

Equation 2, at 50 m (black lines) and 100 m (gray line)

alongshore from dye release: Dy <~0.1 m2 s-1 (a) and (b);

Dy >~0.1 m2 s-1 (c); and Dy >>~0.1 m2 s-1 (d).
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and 94% of measurement variance (Table 6) for
episodes unaffected by rip currents. 

As was the case for the 1D model, large values
of Dx and Dy (>>1 m2 s–1) likely compensate for loss
of dye from within the surf zone by rip currents, vio-
lating the model assumption of no-flux boundaries.
Accordingly, these values are excluded from analy-
sis.  Concentration magnitude and variation through
time are reasonably predicted (R2 >0.6) for 64% of
shoreline sample stations using fitted diffusion coef-
ficients (for example, Figure 9a - c).  Note that, for
73% of sample stations Dy >Dx which is inconsistent
with the earlier expectation that cross-shore mixing
by wave bores exceeds alongshore mixing. 

The 2D model reasonably predicts the dye patch
peak concentration and in some cases the peak dura-
tion and peak asymmetry.  However, neither the 1D
nor 2D advection-diffusion models reproduce the
concave low-concentration tail at the shoreline, sug-
gesting that key processes responsible for this char-
acteristic are neglected in this simple approach to
dispersion modeling and estimation of dispersion
coefficients in the surf zone. 

Assumptions for the 2D model include no-flux
of tracer at the shoreline and breaker line, no cross-
shore mean velocity and no alongshore current shear
(v ≠ f(x)).  Field observations from this and other

studies suggest that in the absence of rip currents dye
diffusion and transport is largely confined shore-
ward of the region of wave breaking (Harris et al.
1963, Inman et al. 1971).  Furthermore, observations
that dye is well mixed across the surf zone width in
relatively short time may explain why alongshore
spreading of dye patches has received more attention
than cross-shore spreading.  The apparent dominance
of fitted Dy over Dx in the 2D model might at first
appear consistent with assumptions for no-flux
boundaries and a well mixed surf zone.  However,
predicted concentration time series at the shoreline
lack the distinct slow decay of tracer found in measure-
ments.  Moreover, predicted concentration field in the
outer surf zone is characterized by strong cross-shore
concentration gradients at alongshore distances >300
m from dye release owing to estimated Dx <<1 m2 s–1

but the two experiments with offshore measurements
record no such gradients after ~50 - 100 m.  In the
2D model, accurately modeled peak concentration
and peak width are the two most significant factors
in fitting Dx and Dy.  Modeled peak concentration is
a function of both Dx and Dy, however, peak width is
a function of Dy only.  Consequently, the fit is biased
toward higher Dy to approximate the peak width and
Dx modifies the peak height.  The alongshore persist-
ence of tracer at the shoreline is replicated in the
model by large values of Dy.  The corresponding val-
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Table 6.  Cross-shore (Dx) and alongshore (Dy) diffusion coefficients  (m2 s-1) at each alongshore sample station

(25, 50, and 100 m) from least square fit of Equation 5.  Bold = rip current observed upstream of sample station;

italic = rip not reported but measurements indicate significant dye loss since previous sample station.  Malibu

Creek = MC; Santa Monica Canyon = SMC; and Pico Kenter drain = PK.

Date Beach Dx25 Dx50 Dx100 Dy25 Dy50 Dy100 R2



ues of Dx are an order of magnitude less than Dy, but
given the expected anisotropy of mixing, enhanced
in the cross-shore direction owing to turbulent passage
of bores toward shore, it is difficult to justify Dy >>Dx.

Numerical solution to 2D advection-diffusion
equation with alongshore current shear

As water is transported within circulation cells,
and exchanged between cells and offshore water
mass, effluent introduced into the surf zone at the
shoreline is diluted with ocean water through mixing

by turbulence from breaking waves and shared flow.
In the context of sheared flow, the effects of molecu-
lar diffusion and turbulent mixing have been shown
to increase apparent diffusion; an effect parameter-
ized by the dispersion coefficient (Taylor 1953, 1954;
Fischer 1978).  Within the surf zone, the dispersion
of momentum is dominated by sheared flow arising
from divergent alongshore and cross-shore currents
rather than by turbulent mixing (Svendsen and
Putrevu 1994) and a similar effect might be expected
for dispersion of land-based runoff. 

Tracer dispersion is enhanced in sheared flows
because small differences between tracer particle tra-
jectories in the direction of velocity gradient result in
increasing separation of those particles (Taylor 1953,
1954; Fischer 1978).  In the surf zone alongshore
currents may be driven by obliquely incident waves,
alongshore variation in wave height or bathymetry
and are frequently characterized by cross-shore vari-
ation in flow speed, the profile of which is a complex
function of wave field, bathymetry and bottom
roughness.  On a planar beach, measurements and
theory confirm a mid-surf zone maximum in wave-
driven alongshore velocity decreasing rapidly to zero
near the shoreline and gradually decaying to zero
over a distance 0.5 - 2 times the surf zone width
beyond the region of wave breaking (Longuet-
Higgins 1970, Thornton and Guza 1986).  The pres-
ence of sand bars or irregular bathymetry may intro-
duce several velocity maxima in the vicinity of sand
bar crests, velocity minima in troughs and a
significant non-zero flow close to the shoreline
(Ruessink et al. 2001).  Given this complexity and
the absence of relevant physical measurements in
this field study, no attempt is made to estimate
alongshore current profiles across the surf zone.
Instead, the role of alongshore current shear and its
effect on shoreline dye concentration at a simple
hypothetical beach is investigated by numerical solu-
tion (finite difference) of the 2D advection-diffusion
equation with a prescribed alongshore current veloci-
ty profile, v(x) having maximum velocity vmax.

Dye concentration in the surf zone, C(x,y,t), is
computed by solving the 2D advection-diffusion
equation using an explicit finite difference method
(first upwind difference).  Alongshore velocity, v, is a
smooth function of cross-shore distance, x, assuming
planar bathymetry (from Thornton and Guza 1986;
Figure 10).  vmax is constant and chosen to best align
simulated and measured patch front arrival times at
25, 50, and 100 m.  Surf zone width (W; Table 2) is
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Figure 9.  Shoreline concentration time series from 2D

advection-diffusion model compared to measurements at:

Malibu Creek 05/24/00 (a); Pico Kenter drain 04/25/00 (b);

and Santa Monica Canyon 05/04/00 (c).  Measured con-

centration (Conc.) at 25 m (red), 50 m (green), and 100

m (blue); modeled concentration at 25 m (thick red), 50

m (thick green), and 100 m (thick blue).
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assumed to be constant alongshore as is mean surf
zone depth.  Dye tracer is introduced as a point
source at the shoreline and there is a no-flux condi-
tion at the shoreline and breaker line. 

Without measurements of alongshore current
shear, numerical model results and measurements
can only be compared qualitatively.  Consequently,
the model was run with various values of Dy, Dx, and
W to examine their effect on shoreline concentration. 

Numerical model runs (including alongshore cur-
rent shear) using Dx and Dy values estimated with the
2D analytical model (Table 6) resulted in only a mod-
erate increase in peak duration.  Shear-enhanced dis-
persion requires mixing across the region of shear but
with Dx generally <<1 m2 s–1 and Dy >>Dx, the effect
of alongshore current shear was only apparent at the
shoreline for large elapsed times and distances along-
shore (e.g., W2/4Dx ≈ 90 minutes for W = 25 m and
Dx = 0.03 m2 s–1). For comparison, persistent low con-
centrations characterized measured shoreline concentra-
tion time series at most sites at alongshore distances as
short as 25 m only 3 - 5 minutes after dye release, sug-
gesting that for W = 25 m, Dx ≈ 0.5 - 0.8 m2 s–1.

In contrast to the 2D analytical model with no
alongshore current shear, the numerical model with
shear more accurately reproduces the concave char-
acteristic of shoreline concentration time series when
Dx >>Dy (Figure 11).  This switch in dominance
between Dx and Dy from the no-shear case illustrates
the importance of alongshore current shear in surf
zone dispersion and illustrates the combined effect of
cross-shore mixing and alongshore current shear on

shoreline concentration measurements that cannot be
duplicated in these models by simply increasing Dy. 

Cross-shore mixing by waves across a region of
alongshore current shear results in alongshore exten-
sion of the dye patch independent of the magnitude
of Dy.  The effective alongshore diffusion owing to
this process increases through time and with increas-
ing alongshore distance from the dye release point.
In the 1D and 2D analytical models there is no
alongshore current shear and since alongshore exten-
sion of the dye patch is controlled in those models
solely by Dy, the magnitude of Dy might be expected
to increase with increasing distance from dye release
point to account for shear enhanced dispersion.  For
cases where rip currents were not observed, all but
one show an increase in estimated Dy with increasing y.
This trend is absent in estimated Dx. 

Trying several variants of alongshore current
profile in the model showed that persistent, low-con-
centration at the shoreline was influenced mostly by
the presence of a zone of fluid with v <<vmax shore-
ward of the breakerline which detained a fraction of
the tracer while the remaining fraction was advected
alongshore.  Subsequent to alongshore advection of
the patch peak by vmax , tracer detained near the
breaker line gradually diffused toward the shoreline. 

Alongshore current shear provides a reasonable
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Figure 10.  Theoretical cross-shore variation in along-

shore current speed for a planar beach (Thornton and

Guza 1986).

Figure 11.  Shoreline concentration time series from 2D

advection-diffusion model compared to measurements

at Santa Monica Canyon 03/16/00. Measured concentra-

tion at 25 m (red), 50 m (green), and 100 m (blue); mod-

eled concentration at 25 m (thick red), 50 m (thick

green), and 100 m (thick blue).  Model parameters: Dx =

0.4 m2 s-1, Dy = 0.03 m2 s-1, maximum alongshore current

velocity (vmax) = 0.6 m s-1, W = 22 m.

Time Elapsed (minutes)

Cross-shore Distance (m)



explanation of the concave trailing profile in time
series of shoreline dye concentration for 7 out of 14
episodes.  Of the remaining seven episodes, five dif-
fer in that between 25 and 50 m, or between 50 and
100 m a rip current was observed at the site and the
concentration peak at the downstream sample station
is up to an order of magnitude lower than at the
same time and position at sites where rips were not
observed.  Furthermore, measured concentration time
series show that following interaction between the
dye patch and rip current the shoreline concentration
is remarkably constant for periods up to 30 minutes
with concentrations up to an order of magnitude
larger than at the same time and position at sites
where rips were not observed. 

The observed persistence of low concentrations
at the shoreline associated with rip currents is plausi-
bly explained by offshore transport of a dye plug by
rip currents, detention near the surf zone outer
boundary and subsequent gradual release back into
the surf zone and mixing toward the shoreline (Grant
et al. 2005).  Other possible mechanisms include
retention of the dye patch by almost zero velocity
alongshore current or presence of an approximately
stationary eddy within the surf zone throughout
which the dye is well mixed.  Estimates of along-
shore current velocity from dye patch advection
speeds and the arrival at each sample station of gen-
erally steep patch fronts suggest that alongshore cur-
rent velocity are unlikely to be zero over intervals of
10 - 30 minutes.  The occurrence of slow-moving or
stationary eddies have been documented in the inner
surf zone (Schmidt 2003), some associated with rip
currents (MacMahan et al. 2004).  There were insuf-
ficient measurements or observations from our beach
sites to comment on the role of eddies in affecting
shoreline dye concentration.  Instead, we use an
alternative modeling approach to investigate the pos-
sible effects on shoreline concentration of dye trans-
port offshore by rip currents and subsequent release
back into the surf zone.  A particle tracking model
traced the trajectories of discrete fluid/tracer parcels
through a prescribed surf zone flow field in which an
alongshore current is interrupted by a rip current
directed offshore. 

Particle tracking model with alongshore current
shear and rip current

A large number (1 x 104 -1 x 105) of discrete par-
ticles each representing a mass of tracer were
released at the shoreline of a model domain in which

a mass conserving flow field was prescribed on a
grid with spacing 2 m in x and 4 m in y.  The flow
field represents an idealized alongshore current tran-
sected by a rip current extending from the shoreline
to beyond the outer surf zone boundary.  The along
shore velocity component is described by the cross-
shore profile, v(x) (Figure 10).  A rip current is intro-
duced at y = yrip with width, ∆yd.  In the region yrip ≤
y ≤ yrip + ∆yd, v(x) smoothly decelerates to fv(x),
where f <1.  Immediately downdrift from the rip cur-
rent, v(x) smoothly accelerates over a distance ∆ya,
(∆ya >> ∆yd), after which v(x) has maximum vmax.
Once v is defined on the grid, cross-shore velocity,
u(x,y) is computed as:

where d(x) is the water depth assumed to increase
monotonically offshore to a distance kW beyond
which the offshore directed rip velocity is rapidly
slowed by artificially increasing the depth exponen-
tially.  The resulting flow field exhibits a narrow off-
shore directed jet dissipating offshore and a gradual-
ly accelerating alongshore current downdrift of the
rip being fed by low velocity onshore flow (see
Figure 13a for an example flow field).  The flow
field is not intended to represent any particular site
but rather to explore the primary effect of rip current
flow on shoreline dye concentration.  Particle posi-
tion was updated every time-step, ∆t = 1 sec, as the
sum of advective ( U⎯ (x,y)∆t) and diffusive (Lx, Ly)
displacements. 

where Ux and Uy are the cross-shore and alongshore
advection velocities bilinearly interpolated at particle
positions in the flow field and [r] is a random num-
ber in the interval [-1,1] (Sanchez-Arcilla et al. 1998).
Shoreline concentration time series, C(x = 0,y,t), were
predicted with the model with particle density related
to concentration (ppb) according to: 
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where p is number of particles in sample area dx × dy,
M is dye mass (kg) and P is the total number of 
particles released. 

Without a rip current the flow field is defined by
three parameters, W, k and vmax.  W is not a free
parameter but fixed as the lower estimated surf zone
width from Table 2 for each day.  The value of vmax

is a constant constrained by the alignment of simu-
lated and measured patch front arrival times at 25,
50, and 100 m.  The model was tuned using three
free parameters (k, Dx and Dy) with the aim of repro-
ducing characteristics of measured concentration
time series.  The position of a rip current is fixed as
the observed alongshore distance from the dye
release point.  The strength and offshore extent of a
rip current is defined by four parameters, k, f, ∆yd

and ∆ya.  Deceleration of the alongshore current
determines the rip strength and is the primary factor
governing the removal of particles from the surf
zone and the maximum concentration downstream of
the rip.  Although the rate of particle entrainment
back into the surf zone depends on the offshore
extent of the rip, the acceleration distance of v and
offshore diffusion coefficients (fixed for all runs as
Dx = Dy = 0.03 m2 s–1; Wood et al. 1993), these
parameters affect the concentration magnitude but
not the general characteristic of persistent low concen-
trations at the shoreline downdrift from the rip current. 

The model simulated shoreline concentration
time series comparable with measurements at several
of the sites without rip currents (e.g., Figure 12a - c)
and with rip currents (e.g., Figure 12d). 

At Malibu Creek (03/28/00 and 05/24/00; Figure
12a and b) Dx ≈ Dy yielded the best model fit consis-
tent with the generally high angle of wave incidence
at that site causing waves to break from west to east
so that mixing associated with wave breaking is likely
to have a significant alongshore component.  In addi-
tion, best agreement between model and measure-
ments was obtained for v (1.4 W) = 0 at Malibu
Creek, whereas v (1 W)= 0 at Santa Monica Canyon
and Pico Kenter drain. 

In contrast to Malibu Creek the model approxi-
mated shoreline concentration time series at Santa
Monica Canyon (03/16/00, no observed rip current)
with Dx = 1.5 m2 s–1 , Dy = 0.08 m2 s–1 , k = 0.85 and
vmax = 0.7 m s–1 (Figure 12c). At Santa Monica
Canyon on 05/04/00 a rip current was observed 70 m
alongshore from the dye release point.  Modeled shore-
line concentration time series reflect both magnitude

and shape of measured shoreline time series (Figure
12d) with Dx = 0.25 m2 s–1 and Dy = 0.025 m2 s–1. In
the model, emerging from the rip current prior to
leaving the surf zone (Figure 13a).  In the region off-
shore from the breaker line particles dispersed
isotropically, some of which re-entered the surf zone.
After 40 minutes, about half the particles remained
in a mass outside the breaker line (Figure 13b); con-
sistent with estimates by Inman et al. (1971). 

The magnitude of Dx = 1.5 m2 s–1 at Santa
Monica Canyon on 03/16/00 is relatively large and
tracer concentration at the breaker line reaches levels
equal to shoreline concentration very rapidly(y <30 m).
Episodes where samples were collected at the break-
er line (Malibu Creek 06/07/00 and Pico Kenter
drain 06/07/00) showed the ratio between shoreline
and breaker line concentration to be about 100:1 at
25 m, and 10:1 or less at 50 m.  Cross-shore varia-
tions in velocity and dispersion coefficient more
complex than applied here are likely to result from
pronounced sand bar and trough bathymetry along
with associated wave breaking and wave reforming. 

RESULTS

Implications for Continuous Injection Events 
Although many details of the physical environ-

ment are unknown, reasonable parameter values in
the particle tracking model results in predictions of
shoreline dye concentration both qualitatively and
quantitatively similar to measurements.  Ideally,
additional measurements of offshore concentration
and flow characteristics would allow model
verification.  However, in the light of the apparent
agreement between the model and measurements, the
model was extended to investigate the potential
effects on shoreline concentration of continuous
effluent release into the surf zone.  

The model was run for tow flow scenarios; first
without a rip current; second, a rip current located 70 m
from the particle release point.  In both cases 25 par-
ticles were released per time step (1 second) for a
duration of 0.5 hours (simulating a contaminant release
rate of 0.025 kg hr-1).  The model was run for two hours. 

In both cases, within 5 min shoreline concentration
at 25 and 50 m had increased 40 – 50 ppb which
remained constant until the last particles released at the
source reached the sample stations(t ≈ 30 minutes).  For
the case with no rip current, shoreline concentration
reached a maximum of 40 ppb within 15 m.  Shortly
after particle release ceased, the concentration
decreased rapidly to <0.1 ppb within 5 minutes at 25 m,
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12 minutes at 50 m, and 22 minutes at 100 m.  For the
rip current case, starting at t ≈ 9 minutes, shoreline con-
centration at 100 m increased gradually to a maximum
of 20 ppb at t = 37 minutes then decayed approximately
exponentially to ≈ 1 ppb over two hours (Figure 14 a). 

Without a rip current the predicted shoreline
concentration at t = 120 minutes exceeds 0.1 ppb
over 1150 m of shoreline with a maximum concen-
tration of 13 ppb with the tracer patch being approxi-
mately symmetrical alongshore.  In contrast, when

the rip current is present the predicted shoreline con-
centration at t = 120 minutes exceeds 0.1 ppb over
1450 m of shoreline with a maximum concentration
of 3 ppb (Figure 14 b).  In the model, the presence of
a rip current reduced the maximum shoreline tracer
concentration by an order of magnitude for a discrete
particle release, but only by a factor of ~2 for a con-
tinuous release.  In both cases the rip current at least
doubled the duration and alongshore extent for
shoreline contamination. 
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Figure 12.  Shoreline concentration time series from particle tracking model (thick lines) compared to measurements

(thin lines) at 25 m (red), 50 m (green), and 100 m (blue).  Malibu Creek 03/28/00 - Model parameters: Dx = 0.08 m2 s-1,

Dy = 0.04 m2 s-1, W = 25 m, k = 1.4, vmax = 0.22 m s-1, 20,000 particles, M = 0.75E – 2 kg dye (a); Malibu Creek 05/24/00 - Model

parameters: Dx = 0.11 m2 s-1, Dy = 0.11 m2 s-1, W = 25 m, k = 1.45, vmax = 0.33 m s-1, 20,000 particles, M = 1.05E – 2 kg dye

(b); Santa Monica Canyon 03/16/00 - Model parameters: Dx = 1.5 m2 s-1, Dy = 0.08 m2 s-1, W = 24 m, k = 0.85, vmax = 0.7

m s-1, 20,000 particles, M = 1.05E – 2 kg dye (c); and Santa Monica Canyon  05/04/00 for a rip current located 70 m from

dye release point - Model parameters: Dx = 0.25 m2 s-1, Dy = 0.03 m2 s-1, W = 19 m, k = 0.9, vmax = 0.45 m s-1,   60,000 par-

ticles, M = 1.2E – 2 kg dye (d).  Rip current parameters: k = 1.1, f = 0.3, ∆yd = 8 m and ∆ya = 75 m.  Outside the surf

zone Dx = Dy = 0.03 m2 s-1. 
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DISCUSSION

Although these measurements of dye patch dis-
persion in the surf zone are limited to the shoreline
they reveal the effects of various surf zone flow con-
ditions on the extent and duration of beach contami-
nation.  Despite inadequate physical measurements
quantifying flow conditions the simple models pre-
sented in this paper demonstrate plausible relation-
ships between distinct characteristics of the shoreline
dye concentration time series and flow properties of
alongshore current shear and rip currents. 

Alongshore spreading of dye is enhanced by
alongshore current shear in conjunction with cross-
shore wave-driven mixing, and regions of slower-
moving flow result in retention of traces of dye at the
shoreline long after the main dye patch has advected
past.  Dye entrained in offshore-directed rip currents
is advected into waters beyond the region of wave
breaking after which it maybe gradually reintroduced
into the surf zone causing persistent low concentra-
tion at the shoreline.  Both of these flow properties
are just two of many possible mechanisms resulting
in retention of dye in regions of low velocity flow or
reduced mixing.  For example, dye retention was
observed in slow-moving shallow water amongst
rocks at Malibu Creek (05/24/00) which was gradu-

ally mixed and entrained into alongshore flow result-
ing in the persistence of dye at 50 and 100 m up to
20 - 35 minutes after release.  At Santa Monica
Canyon (3/28/00), the dye patch was observed being
transported offshore beyond the breakers in a rip cur-
rent at y ≈ 0 m, gradually feeding back into the surf
zone while advecting slowly alongshore.  At Santa
Monica Canyon (05/24/00), a sand bar was observed
≈ 20 m offshore in water depth ≈ 0.3 m separated
from the shoreline by a 1.5 m deep trough.  All dye
appeared to remain shoreward of the sand bar, but
shoreline concentration time series at 25, 50, and 100
m all show broad dye patches with low peak concen-
tration despite the largest dose of dye used in all
batch release episodes (50 ml fluorescein).  Wave
breaking over the sand bar and wave-reformation in
the trough would likely result in cross-shore gradi-
ents in wave-driven mixing (Dx) and alongshore cur-
rent velocity with a minimum within the trough
(Ruessink et al. 2001) where dye might be retained. 

In addition to alongshore current shear and rip
currents, near-bed, offshore flow (undertow) may
give rise to significant flow shear in the vertical
direction, which, combined with vertical turbulence,
is likely to enhance cross-shore mixing.  Strong con-
centration gradients just offshore of the region of
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Figure 13.  Simulated concentration field from particle tracking model for Santa Monica Canyon on 04/05/00: 7 minutes

(a) and 40 minutes (b) after particle release. Vectors show alongshore current shear (vmax = 0.45 m s-1) and rip current

located at 70 m alongshore.  Surf zone width = 19 m.

Alongshore Distance (m)



wave breaking observed in this and other studies
(Harris et al. 1963, Inman et al. 1971, Bowen and
Inman 1974) suggest tracer flux out of the surf zone
is much less than cross-shore flux inside the surf
zone.  In this work a no-flux condition at the surf
zone offshore boundary was assumed except near rip
currents, however, undertow extending some dis-
tance beyond the breaker line (Putrevu and Svendsen
1993, Garcez Faria et al. 2000) may result in a
significant dye flux at the edge of the surf zone. 

Mixing of dye from the region of relatively slow
alongshore current near the surf zone boundary into
deeper water beyond the surf zone and the mixing of
dye ejected from the surf zone by rip currents back
into the surf zone are of primary importance for
transport and fate of surf zone contaminants and the
extent in time and space of their impact at the shore-
line, but the processes affecting mass exchange
between the surf zone and ambient coastal waters are
not well understood.  Furthermore, because shore-
parallel currents are typically wave-driven within the
surf zone and wind and tidally driven offshore, dye

advected beyond the breaker line may be transported
in the opposite direction to flow within the surf zone
with the potential to contaminate shoreline upstream
from the original contaminant source. 

Tidally modulated translation of the surf zone in
the cross-shore direction may cause contaminants
mixed to the offshore extent of the surf zone during
low tide to disperse relatively slowly during high
tide.  On a subsequent low tide this stranded contam-
inant might be reintroduced to the surf zone and act
as a source of shoreline contamination in addition to
land-based sources. 

The offshore plume resulting from a single rip
current may act as slow release contaminant source at
the offshore surf zone boundary.  Each successive rip
current acts to create similar, but progressively lower
concentration sources resulting in a significantly
longer contaminant residence time near the shoreline. 

Estimates of Dy from the 1D advection-diffusion
model ranged 0.003 - 0.5 m2  s–1, consistent with val-
ues from literature.  However, for instances unaffect-
ed by rip currents and potential dye loss from the
surf zone, shoreline concentration time series simu-
lated using estimated Dy showed concentration peaks
much shorter than measurements.  For instances
where rips were observed, the decrease in concentra-
tion due to the dye loss from the surf zone was
reproduced in the models by increasing alongshore
mixing.  This resulted in exaggerated estimates of Dy

and unrealistic alongshore stretching of the dye patches. 

Estimates of diffusion coefficients from the 2D
advection-diffusion model without alongshore cur-
rent shear for instances unaffected by rip currents
ranged 0.003 - 0.9 m2 s–1 for Dx and 0.004 - 1.35 m2 s–1

for Dy. Simulated shoreline dye concentration time
series explained between 66 - 94% of variance in
measurements but failed to reproduce the character-
istic concave profile following the peak in concentra-
tion time series.  Iterative runs of a numerical 2D
advection diffusion model incorporating alongshore
current shear consistently estimated Dx >>Dy, illus-
trating the combined importance of cross-shore mix-
ing and alongshore shear in alongshore spreading of
the dye patch.  Furthermore, inclusion of alongshore
current shear resulted in simulated shoreline concen-
tration time series with concave profile similar to
measurements.  In the model, the concave profile
resulted from cross-shore mixing of dye into regions
of slower moving flow followed by remixing of dye
back toward the shoreline after the main patch had
been advected alongshore. 
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Figure 14.  Rip current effects on shoreline concentra-

tion predicted when particles are released continuous-

ly for the first 30 minutes of a 120-minute model run:

concentration at 100 m alongshore from release point –

without rip current, indicated by the black line, and with

a rip current at 70 m, indicated by the gray line (a);

alongshore concentration at the shoreline at t = 120

minutes – without rip current is indicated by the black

line and with a rip current at 70 m indicated by the gray

line (b).  Flow field and model parameters identical to

those in Figure 12d. 

a)

b)



Shoreline concentration time series for 7 of 14
dye release episodes were characterized by low dye
concentrations persistent over 20 - 30 minutes
despite non-zero alongshore current velocities.
Although a variety of surf zone flow patterns might
lead to dye retention or recirculation, visual observa-
tions of rip currents were associated with five of the
episodes.  A particle tracking model for 2D advec-
tion-diffusion was used to simulate shoreline dye
concentration time series for an idealized surf zone
flow field with alongshore current transected by a rip
current.  Simulated shoreline dye concentration time
series for actual dye doses and observed rip current
positions compare favorably with measured peak
duration, dilution and concentration profile.
Measurements and model results suggest that the
presence of a rip current may reduce the maximum
shoreline concentration by a factor of 10 for a dis-
crete dye release, but only by a factor 2 - 3 for con-
tinuous dye release.  In both cases, the presence of a
rip current may increase the duration and alongshore
extent for shoreline contamination by a factor of two
or more. 
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