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The potential of surface gravity waves to transport a surface oil spill in coastal waters is investigated. A small wave-
averaged surface current, directed with the waves toward the shore, is demonstrated. Wave-driven transport provides
a natural mechanism for damaging beaching of surface oil. Theoretical predictions of wave-averaged surface drift are
established from nonlinear steady wave theory, and an adaption to real sea states in nearshore regions is suggested.
Coupled Eulerian transport and spectral wave models provide illustrations of spill response scenarios in the nearshore

wave environment.
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INTRODUCTION

Recent oil tanker spills (the Exxon Valdez, March 1989, in
Prince William Sound, Alaska; the American Trader, Febru-
ary 1990, off Los Angeles, California; the Braer, January
1992, in the Shetland Islands) have demonstrated the partic-
ular susceptibility of the coastal environment to oil spills.
Fringing beaches and coastal wetlands are especially at risk.

Existing practice in the hydrodynamic transport of surface
oil slicks does not recognize the full potential of wave-driven
transport. Common practice identifies tidal residual currents
and wind drift as the major advective transport mechanisms,
yet surface wave drift velocities can be of comparable mag-
nitude. Significantly, this surface wave drift is directed to-
ward the adjacent shoreline by natural refraction processes,
unlike tidal, shelf and oceanographic circulations that tend
to parallel the shoreline. Mass transport in these waves is
concentrated in the trough-crest regions and provides a
mechanism for transport of the surface slick toward the
shore.

The utility of transport models depends crucially on the
inclusion of those physical processes that dominate the move-
ment of the oil slick. Wave-driven transport is often ignored,
yet it may be the dominant mechanism transporting oil to
adjacent beaches and coastal wetlands. Where it is claimed
that wave-driven transport is considered, the surface trans-
port has often been overlooked. Attention has been directed
to longshore and undertow currents, both of which drive a
transport of oil that has been mixed deeper into the water
column by breaking waves. These mechanisms contribute
only a very small part of the total potential for wave-driven
transport.

This paper presents predictions for the wave-driven trans-
port of a surface slick. The oil slick will impact only the ripple
scales in the background wave field, and its influence on the
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dominant wave numbers and frequencies has been ignored.
The wave-averaged Eulerian surface drift current is predict-
ed from nonlinear steady wave theory. An application to real
sea states demonstrates the potential of the surface wave
drift, compared with tidal currents and wind drift, in trans-
porting surface oil in coastal regions.

Eulerian Surface Drift

The literature has surprisingly little to say on the topic of
wave-driven surface oil slicks. An early review (STOLZEN-
BACH et al., 1977) of oil spill transport modeling includes
wave driven transport among potential advection mecha-
nisms. Their discussion of wave-induced advection (mass
transport) adopts a Lagrangian framework, focusing on the
analyses of Stokes (1847; see STOKES, 1880) and LONGUET-
HicaGins (1953) for the vertical profile of the Lagrangian ve-
locity beneath waves. Current advection (driven by tides,
shelf waves and oceanic circulation) and the vertical profiles
of the current are discussed in the familiar Eulerian frame-
work. Eulerian current profiles and Lagrangian wave-in-
duced current profiles are not comparable (Figure 1). The
wave-averaged Eulerian current in a progressive wave is con-
centrated in the trough to crest region, whereas the wave-
averaged Lagrangian current is distributed throughout the
depth. Given that most measurement and modeling activities
for the larger scale tidal, shelf and oceanic circulation are
conducted in an Eulerian framework, present attention will
be directed to the Eulerian wave-induced current, not the La-
grangian current. Stolzenbach et al.’s conclusion, that no ad-
equate analytical model exists for (even the Lagrangian) oil
slick advection by waves, is nonetheless notable.

Eulerian analyses of mass transport have often focused on
the wave-averaged mass flux I per unit length of crest in
steady progressive waves. This is a common integral param-
eter computed from steady wave theories. Using linear wave
theory, it is approximately &/C, where ¢ is the wave-averaged
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Figure 1. Eulerian and Lagrangian wave-averaged velocity profiles.

energy and C is the phase speed. € and therefore I are second
order in the wave height. The Eulerian mass flux will be
small in comparison with the phase speed C, but it is always
finite and positive. Unlike the wave-averaged Lagrangian
mass transport that is distributed over the depth, this wave-
averaged Eulerian mass transport is concentrated between
the trough and the crest.

A first approximation to the Eulerian surface wave drift W
can be established from the inviscid linear estimate of the
wave-averaged mass flux I. Assuming the mass flux is uni-
formly distributed between the trough and the crest, it fol-
lows that

H
w =22

3C (1)

where H is the local wave height and g the gravitational ac-
celeration. For a wave height H = 2 m, a wave period T =
10 sec and a water depth 2~ = 10 m, Equation 1 predicts an
Eulerian surface drift of 0.26 m/sec.

In the absence of ambient current, existing oil slick trans-
port models consistently assume that wind is the dominant
advection mechanism. The surface wind drift is of order
0.03U,, (the “3% rule”), where U,, is the wind speed at stan-
dard anemometer height. That same wind will generate
waves, whose order of magnitude may be estimated from the
O’Brien-Sverdrup-Munk fetch graph (e.g., WiLsON, 1963) in
which wave generation is represented as

gH, gxr  &tp C gxr 8lp
e _7 =l 3 == —! Ty (2)
o, ‘(Ufo Um) U, fZ(U?o Uw>

in which H, is the significant wave height, and x is the fetch
length and ¢, the duration of the sustained wind. Assigning
H in Equation 1 as the mean wave height, which is 0.63H,
from the Rayleigh distribution, and then substituting Equa-
tion 2 into Equation 1 and rearranging gives the following
estimate of Eulerian surface wave drift

0.63f;

8, 1U,, = 0.015U,, 3)
where the approximate result corresponds to a f,/f, ratio ap-
propriate to a moderate sea state.

Typical estimators of both wind drift and wave drift are

W:

similar in magnitude. There is a clear indication that surface
wave drift can be an important contributor to net advection
of surface oil slicks. This seems to be implicitly recognized in
recent practice by the adjustment of the “3% rule” to a “4 or
5% rule” to accommodate combined wind and wave drift. Lat-
er reviews (e.g, SPAULDING, 1988) of the simulation of oil
spill transport list potential advection mechanisms as wind,
current, and waves. Nonetheless, waves have consistently
been viewed as a minor influence, the dominant advection
mechanisms being wind and (tidal and oceanographic) cur-
rents.

While Equation 3 clearly demonstrates that an increase in
the magnitude of the wind drift reasonably accommodates
the influence of wave drift, this approach remains appropri-
ate only while the waves are directly related to the local wind
and continue to propagate in essentially the same direction
as the local wind. This describes the local wind sea, and then
only while refraction influences are negligible. Incident swell
waves cannot be accommodated in this manner. They are un-
related to the local wind in both magnitude and direction.
Advection directions in particular are unlikely to correspond.
Significantly, nearshore refraction directs both swell waves
and local wind seas to the fringing shoreline, whereas am-
bient currents are directed parallel to the fringing shoreline.

Some attempt is made to include wave driven transport in
more recent oil spill models for the nearshore zone by BORTH-
wICK and JOYNES (1989) and REED et al. (1989). Unfortu-
nately, their interpretation of wave-driven transport is not
complete. They ignore the surface drift and include only a
very small part of the potential transport. BORTHWICK and
JOYNES (1989) equate wave-driven oil slick transport in the
nearshore region to advection by the horizontal circulation
(longshore current and undertow in the surf zone, rip cur-
rents and return flow seaward from the breakers) driven by
the wave field. REED et al. (1989) further restrict this inter-
pretation to advection by the longshore current within the
surf zone. While a complete horizontal circulation pattern of
longshore current, undertow, rip currents and broad return
flow will certainly exist and is indeed wave-driven (BATTJES
et al., 1990), these currents exist below the wave troughs and
will transport only that part of the surface oil slick that has
been forced into solution deeper into the water column by
breaking waves.

Both the direction and magnitude of the surface transport
conflict fundamentally with the below-trough transport. In
particular, neither the longshore current (directed alongshore
within the surf zone) nor the undertow current (directed off-
shore) coincide with the local direction of wave propagation,
differing in direction by approximately 90° and 180° respec-
tively. The local wave-averaged surface wave drift W will cor-
respond with the local wave direction. The direction of the
wave-averaged horizontal Eulerian velocity will spiral with
depth from a surface direction corresponding with the direc-
tion of local wave propagation to a deeply submerged depth
approximating the local component of the horizontal circu-
lation (BATTJES et al., 1990). The circulation cells will move
oil alongshore and back out to sea. This horizontal circulation
will not move surface oil to the shore.
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THEORETICAL PREDICTIONS OF
SURFACE DRIFT

Theoretical predictions of the wave-averaged Eulerian sur-
face drift can be established under idealized conditions,
namely for a steady progressive (and nonlinear) wave train.
Given reliable estimates of surface kinematics, the Eulerian
surface wave drift velocity at a particular position x is avail-
able as

1 T
W= | ulz=m,tx)dt 4)
r)
where u is the horizontal water particle velocity at the water
surface n(¢; x) at time ¢, and T is the wave period. The surface
wave drift is not the same as the mean mass transport ve-
locity or Stokes’ drift velocity,

1 jT/z J'n
U, = — u(z, t; x) dz dt (5)
hT —-T/2 ~h

which is a routine integral parameter in steady wave theory.
Using Airy or linear wave theory, together with a Taylor

series expansion about the MWL, to represent the near-sur-

face kinematics, the wave-averaged surface drift becomes

y 1 T cosh k(h + m)
W= T,[) aw ok B cos(kx — wt) dt

aw [ | cos @ 1
= — ———— |1+ =k22 + ...

2m ) _ [tanh kh( g )

1
+ cos B(kn + §k3n3 + ) do

1

= é(ka)zc + ... (6)

in which a is the wave amplitude, o is the wave frequency,
k is the wave number and 6 = kx — of is the wave phase.

Like the wave-averaged mass-flux or momentum, the
wave-averaged momentum flux, the wave-averaged energy
and energy flux, the wave-averaged surface drift is second
order in the wave height. For a wave height H = 2 m, a wave
period T' = 10 sec and a water depth 2 = 10 m, Equation 6
predicts an Eulerian surface drift of 0.021 m/sec. This result
differs by an order of magnitude from the Equation 1 predic-
tion of 0.26 m/sec. This poor agreement suggests that linear
theory may not provide an adequate estimate of the surface
drift.

Theories for the prediction of kinematics within surface
gravity waves are less accurate at the water surface, just
where the present interest in surface wave drift is focused.
The difficulties are associated with the free surface boundary
conditions; the dynamic condition is nonlinear and both the
kinematic and dynamic conditions are applicable along the
water surface whose location is itself part of the solution
sought. Different order theories are distinguished principally
by the accuracy of representation of these free surface bound-
ary conditions.

Low order theories, especially Airy or linear theory, make
major assumptions at the free surface and may lead to spu-
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Figure 2. Steady wave theory prediction of wave-averaged surface drift.

rious predictions of the surface kinematics. The theoretical
prediction of the surface wave kinematics were based on high
order Fourier wave theory (e.g., SOBEY, 1989). To all prag-
matic purposes, this is an exact steady wave theory, provided
only (SOBEY, 1988) that appropriate attention is given to the
truncation order and the number of computational nodes
along the free surface. The Equation 4 integral has been eval-
uated numerically from predictions of horizontal velocity at
closely spaced points along the predicted water surface.

The horizontal particle velocity at the water surface, and
therefore the surface drift, is dependent on wave period 7,
wave height H, water depth A and co-flowing current U. Re-
sults have been organized in a non-dimensional framework

) ) (7
g B B8

oW f(mzH w?h o)U)
where w = 27/T is the wave frequency and g is the gravita-
tional acceleration. Computations of wW/g have been com-
pleted for a parameter range covering the complete spectrum
of dimensionless wave height and water depth that might be
expected in practice; current has been ignored in the present
study. To achieve adequate resolution in shallow water with
this presentation, the wave height has been normalized by
the Miche (1944) analytical estimate for the breaking wave
height, H,,.;,. = 0.14L tanh kh, in which L = 27/k and & is
the wave number predicted by linear wave theory. This re-
sult, though approximate, is useful for data presentation pur-
poses. The results, presented as

oW H o
= e (8)
g f(HMiciw g )

are shown in Figure 2. Almost exact estimates of the theo-
retical limit wave height are provided by the numerical Wil-
liams (1985) tables; this provides the upper bound to the plot.

For a wave height H = 2 m, a wave period 7 = 10 sec and
a water depth 2~ = 10 m, the Equation 8 predicted Eulerian
surface drift is 0.031 m/sec; the linear Equation 6 prediction
was 0.021 m/sec.
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SURFACE DRIFT IN A REAL SEA STATE

The calming effect of small quantities of oil on water sur-
face waves has been known since classical times. Surface con-
tamination can influence the shear stress at the water sur-
face and especially the pressure that can be supported across
the water surface. The impact is most influential on small
capillary waves or ripples. Viscosity has a negligible effect on
damping of ripples, but increasing surface tension is most
effective in damping the ripples. However, there are no
known surface films that could suppress surface waves longer
than about 1 m in length (GOTTIFREDI and JAMESON, 1968).
The dominant wave lengths of observed seas are of order 100
m. At sea, the ground swell continues but the small capillary
waves disappear.

Real sea states are commonly described by the local direc-
tional variance spectrum E(w, 6; x, y, t), which will vary with
horizontal position x, y and evolve with time ¢. In the spirit
of the directional spectrum description of the sea state, a local
directional spectrum description of the surface wave drift, as
E(w, 0; x, y, t), is anticipated. E\, is defined as complex, such
that the local net surface wave drift vector is

V_V, & LWV
= f f Ey(w, 0) do do = 2, > Ey(w, 6) Aw, A§,
-m JO ¢ J
9)

with magnitude and direction

W=VW:+ W (10)
- W,
6= tan"W' (11)

respectively.

In each frequency-direction band of width Aw,, A6, centered
at w,, 0;, the contribution to the sea state variance is E(w,,
0,)Aw,A0,. The theoretical predictions for surface wave drift
have been established for steady, monochromatic and pro-
gressive waves in water of constant depth and zero current.
The sea state variance for a linear, monochromatic wave of
height H, is H?/8, whence

H; = V8E(w, 6,)Aw,A¥, (12)

iy Yy

and W(w;, 6,) can be estimated by interpolation from Figure
2. W(w;, 6)lcos 8, + v sin 6] is the contribution E(w,
0)Aw,Ab, to the Ey(w, 8) spectrum. Under swell conditions,
there may be only a single direction-frequency band.

TRANSPORT OF SURFACE OIL

Predictive models of flow processes in the natural environ-
ment are mostly based on the Eulerian description of the
flow. Oil spill transport models have often been the exception
to this otherwise universal practice. Most existing models
have adopted a Lagrangian description, an exception being
the N1HOUL (1984) Eulerian model. Eulerian models appear
certain to be used more frequently in the future, not the least
because of the increasing need to couple oil spill transport
models with (Eulerian) hydrodynamic models of current cir-
culation in estuaries, bays and nearshore regions and (Euler-

ian) meteorological models of the flow in the lower atmo-
spheric boundary layer.

The Eulerian transport equation for a surface oil slick is a
mass conservation equation for the surface oil layer. It is

%L + i(usC) + i(vsC) = —(?-(Exg) + i(Evﬁ) + S
a ay ox\ "ox ay\ ~ oy
(13)

in which C = dAp is the local concentration of surface oil, Ap
is the local mass density deficit of oil relative to water, d is
the local depth of the oil layer, u, and v, are the local com-
ponents of the surface current, E, and E, are the local dis-
persion coefficients in the x and y directions respectively, and
S is the local mass transfer rate from source/sink processes.

The initial term dC/dt in Equation 13 is the local rate of
change in the concentration of surface oil. Physically, the
complete equation describes how this responds to advection
(terms 2 and 3), to dispersion (terms 4 and 5) and to source/
sink processes (term 6).

Advection by surface currents is the dominant transport
process. Wind and ambient tidal and geostrophic currents are
familiar contributors, in addition to wave-driven surface cur-
rents, which are the focus of the present study. Classical
shear flow dispersion has not been separated from the ad-
vective transport. However, the initial buoyant spreading
(e.g., Houvrt, 1972) has been shown (SoBEY, 1992) to be
equivalent to a dispersive process with dispersion coefficient

1 1/2
_(gﬂv)

fort < 1hr
2\7 pu

E = (14)

1 Ap 1/3
Ev"/e g— V2| 2 for1hr st s 1 week

w

in which V is the initial volume of surface oil, v is the kine-
matic viscosity of the surface oil, p, is the mass density of
sea water, and ¢ is the time after the initial spill. Though
initially constant in the immediate buoyancy-inertia regime,
the dispersion coefficient decays in magnitude with time after
the spill in the dominant buoyant-viscous drag regime.
Source/sink processes include beaching and weathering
processes, both of which are negative source (i.e,, sink) terms,
extracting mass from the slick. Beaching is perhaps the major
environmental concern and accounts for a major proportion
of the spill volume. In the 1978 Amoco Cadiz spill along the
Brittany coast of France, an estimated 28% came ashore
(GUNDLACH et al., 1983), comparable to the estimated 30%
attributed to evaporation and 20.5% that could not be ac-
counted for. The processes involved in beaching are compli-
cated and not well understood. Weathering processes, es-
pecially evaporation but also emulsification and biodegrada-
tion, transfer mass from the water surface to the atmosphere
and deeper into the water column. They contribute slowly but
persistently, eventually accounting for the major part of the
mass budget. Weathering influences are rarely strong in the
initial few days, when transport is dominated by advection.
Numerical solutions of the Eulerian transport equations
must accommodate potentially severe numerical diffusion
and solution oscillation problems but suitable algorithms are
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Figure 3. A simulation of wave-driven transport of surface oil.
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available. Anticipating the fractional step algorithm, equa-
tion 13 is recast in operator notation as

% = (A, + A, + A)C (15)
in which
AC=-2wo-Loo (16)
1 - o ug ay Uy
A= i(zzf) ey (EE) an
a\ Fox)  ay\ Yoy
AC=S8S (18)

Operators A, through A, identify the three physically distinct
processes influencing the transport, namely advection, dis-
persion and generation. Using the fractional step algorithm,
each of these processes is considered separately and sequen-
tially. As it is not necessary to impose a single solution al-
gorithm on all processes, different algorithms, suitable for the
separate steps, can be adopted (SOBEY, 1983).

Focusing attention now just on the wave-driven transport,
all but the advective step is ignored. From the method of
characteristics, the transport equation is exactly equivalent
to the set of equations

dC du,  dv,
— = -C + =
-3

dx dy
—=u, =

dt

along

=, (19)

Equations 19 describe the evolution of the surface oil slick as
an initial value problem. The concentration evolves along
these characteristic paths in response to the divergence of the
local surface current field. Given the surface velocity field,
Equations 19 are a set of three simultaneous ordinary differ-
ential equations, which may be integrated numerically to ex-
cellent precision by classical Runge-Kutta algorithms. The
initial distribution of the oil is described by a suitable collec-
tion of nodal points at which the oil concentration is known.
These nodes need not be distributed on a uniform grid, as the
distribution will soon become irregular in response to velocity
shear. This numerical algorithm is almost exact (BoDE and
SoBEY, 1984).

WAVE-DRIVEN TRANSPORT IN A NEARSHORE
WAVE FIELD

A simulated spill in a nearshore wave field will demon-
strate the potential of wave-driven transport. The offshore
bathymetry and the initial location of the spill are shown in
Figure 3a. The origin of coordinates is located at the shoreline
intersection with a ridge feature. The spill is initially circular
in shape, with uniform concentration C, and located at
(—8,000 m, 6,000 m) where the water depth is about 50 m.
There is a uniform longshore current of (0-0.1 m/sec). The
incident wave field in deep water is uniform with a Pierson-
Moskowitz-based directional spectrum

o -5
E(w, 8) = E;(g) exp
0!\

P P

—1.25(3) ‘icos«e —8) (20)
, 3

in which a is the Phillips coefficient, the peak frequency f, is
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Figure 4. Dominant surface drift field.

0.10 Hz (w, = 2mf,), the dominant direction 6, is 60°, and the
spectral variance o2 is 1 m?, equivalent to mean and signifi-
cant wave heights of 2.50 and 4.0 m respectively. This is a
moderate sea state on an open coast.

The nearshore wave field has been computed from a spec-
tral wave model (SOoBEY and YouNG, 1986) based in the ra-
diative transfer equation. Generation and dissipation within
the nearshore zone have been omitted for this illustration.
Given this local prediction of the direction spectrum, the sur-
face wave drift has been determined from Equations 10 and
11. The net local surface drift was determined from vector
addition of this current with the longshore current, ignoring
wave-current interaction. Figure 4 shows the vector field of
the dominant surface drift, together with the bathymetric
contours throughout the solution field.

Figures 3a through d shows the simulated transport of the
slick over a 30 hour period, under the combined influence of
waves and longshore current. A simple beaching algorithm,
in which all oil is assumed to be beached on reaching the 2
m depth contour, has been adopted. Surface oil concentra-
tions are shown on a gray scale. Without wave-driven trans-
port in this case, the oil slick would be transported along-
shore with the longshore current. It would not be beached.
With wave-driven transport, beaching of oil begins about 20
hours after the spill. Refraction influences over the ridge fea-
ture initially disperse (at ¢ = 10 hours) and subsequently
strongly concentrate the slick along and near the shoreline.
Other simulations consistently repeat this pattern.

The present study has focussed on the less familiar aspects
of wave-driven transport in coastal waters. An operational
model that included wave-driven transport along with wind
and current advection would need to give attention to a range
of additional processes, including local wind-wave generation,
wave breaking and wave-driven nearshore circulation, wave-
current interaction, and especially the beaching process.
Wave breaking and the associated turbulence will mix a part
of the buoyant surface oil into the water column, which can

then be advected alongshore and perhaps offshore by the lo-
cal current pattern. The beaching of oil in the surf zone is a
very complicated process, to which little attention seems to
have been given.

CONCLUSIONS

The horizontal velocity at the water surface in progressive
surface gravity waves has a net forward component in the
direction of wave propagation. Though small, and second or-
der in the wave height, this surface velocity is always direct-
ed toward fringing beaches and coastal wetlands, unlike tidal
and oceanographic currents which are constrained to flow
parallel to the shore. The wave-induced surface transport
provides a natural mechanism for beaching of surface oil, per-
haps the most damaging outcome of a coastal oil spill.

Theoretical predictions for wave-averaged surface wave
drift have been established (Figure 2) from nonlinear steady
wave theory for the complete range of wave height, wave pe-
riod and water depth expected in practice. Adaptions of these
predictions, Equations 10 and 11, have been suggested for
real sea states.

The transport of surface oil can be described by an Eulerian
transport equation, which identifies the causative processes
of advection, dispersion (buoyant spreading) and generation
(weathering and beaching). Coupled Eulerian transport and
spectral wave models have been used to demonstrate (Figure
3) the potential of wave-driven transport in the nearshore
wave environment. Any nearshore wave field, through nat-
ural shoaling and refraction processes, will drive a transport
inexorably toward the shore.
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