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Abstract

The modelling of wave-current and wave-turbulence interactions have received much
attention in recent years. In this study the focus is on how these wave effects modify
the transport of particles in the ocean. Here the particles are buoyant tracers that can
represent oil droplets, plastic particles or plankton, for example fish eggs and larvae.
Using the General Ocean Turbulence Model (GOTM), modified to take surface wave
effects into account, we investigate how the increased mixing by wave breaking and
Stokes shear production as well as the stronger veering by the Coriolis—Stokes force
affect the drift of the particles. The energy and momentum fluxes as well as the Stokes
drift depend on the directional wave spectrum that can be obtained from a wave model
or from observations. As a first test the depth and velocity scales from the model are
compared with analytical solutions based on a constant eddy viscosity (e.g. classical
Ekman theory). Secondly the model is applied to a case where we investigate the oil
drift after an offshore oil spill outside the western coast of Norway in 2007. During this
accident the average net drift of oil was observed to be both slower and more deflected
away from the wind direction than predicted by empirical models. With wind and wave
forcing from the ERA Interim archive, it is shown that the wave effects are important for
the resultant drift in this case, and has the potential to improve drift forecasting.

1 Introduction

An important application of upper ocean models is the mixing and drift of particles, that
could represent e.g. suspended sediments, plastic particles, biological matter or oil
droplets (Hackett et al., 2006). These particles are advected by the Lagrangian current
that consists of an Eulerian component and the wave induced Stokes drift. To take
account of both the wind and wave induced drift components, many oil drift models
use an empirically based relation between the drift of an oil slick and the wind vector
(James, 2002). This empirical rule can be stated as a simple equation for the drift of the
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oil, uyix, as a linear function of the wind vector at ten meters, u,,, and a background
ocean current, ugg (Reed et al., 1994):

Ugist = BA- U4 + Upg, (1)

where  is a constant and A is a rotation matrix determining the deflection of the wind
induced component away from the wind direction. Typically the drift speed is about 3%
of the wind speed, giving 8 = 0.03, with an angle of 15° to the right of the wind direction
in the Northern Hemisphere (Hackett et al., 2006). As the wind speed increases, waves
will start to break at the surface and oil droplets are mixed into the water column. When
a substantial portion of the oil is mixed subsurface, the mean transport rate is expected
to drop to about 1% of the wind speed with a mean direction to the right (Reed et al.,
1994). During oil spills, the oil that is mixed into the ocean column will consist of a range
of droplets with different rise velocities depending on e.g. size and density (Johansen,
2000). The density of the oil varies greatly due to the different oil types and the complex
weathering processes that oil undergoes in the ocean (Reed et al., 1999).

An alternative to Eq. (1) is to use an ocean model to calculate the drift, but this solves
only for the Eulerian component. In ocean circulation models it is common that the flux
of momentum from the atmosphere is passed directly to the ocean and is related to the
wind speed at 10 m through a drag coefficient. In the real ocean the wave field acts as
a reservoir for momentum and energy, and a significant amount of the momentum flux
from the atmosphere is taken up by the waves. The actual momentum flux received by
the ocean then also depends on whether the wave field is growing, in equilibrium, or
decaying. Hence, the more accurate momentum flux to use in an ocean model should
be the fraction of the total flux that goes directly to the currents plus the momentum
lost from the waves by dissipation (Weber et al., 2006). These sea-state dependent
momentum fluxes can be calculated from the directional wave spectrum (Saetra et al.,
2007; Janssen, 2012). On time scales longer than the rotational period, the Coriolis
force will act on the waves and give rise to a force known as the Coriolis—Stokes force
(e.g. Ursell, 1950; Lewis and Belcher, 2004; Polton et al., 2005). Directed at right angles
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to the direction of wave propagation (Northern Hemisphere), the Coriolis—Stokes force
leads to an additional deflection of the current (i.e. Eulerian current), similar to the
effect of the Coriolis force. In many cases the Coriolis—Stokes force can be comparable
in magnitude to the standard Coriolis force, as demonstrated by Roéhrs et al. (2012).

Surface wave breaking is known to enhance turbulence in the upper ocean (Craig
and Banner, 1994; Agrawal et al., 1992; Gemmrich et al., 1994; Terray et al., 1996).
A common way of parametrizing the influence of breaking waves in ocean models is to
add a flux of turbulence kinetic energy (TKE) at the surface (Craig and Banner, 1994).
The effects of wave breaking is restricted to a surface layer with a thickness on the order
of the wave height (Weber, 2008). In addition to wave breaking, the waves may gener-
ate turbulence through an extra production term proportional to the shear in the Stokes
drift in the TKE equation. This term can be derived using Generalized Lagrangian-
mean theory (Andrews and Mclintyre, 1978), as shown by Ardhuin and Jenkins (2006).
However, a Stokes shear production term is also sometimes used to model the in-
teraction of the Stokes drift with the current through a vortex force (e.g. Kantha and
Clayson, 2004; Kantha et al., 2010; Janssen, 2012; Paskyabi and Fer, 2014). This vor-
tex force gives rise to an instability, referred to as the second Craik—Leibovitch (CL2)
mechanism, that causes Langmuir cells to develop (Craik, 1977). Hence on one hand
we have a Stokes shear production term obtained directly in a Lagrangian reference
frame, and on the other hand a similar term that parametrizes Langmuir turbulence. At
present it is not clear how to to distinguish between these two mechanisms in ocean
models. The inclusion of the Stokes shear production term is supported by Huang and
Qiao (2010), who find that observed dissipation rates of TKE can be expressed as
a function of the vertical shear in the Stokes drift. However, other observations of the
dissipation rate show a better fit with the classical law of the wall scaling (Sutherland
et al., 2013, 2014).

The aim of this study is to investigate the combined role of TKE injection by wave
breaking, Stokes shear production, and the Coriolis—Stokes force, for the drift of buoy-
ant particles. Here the buoyant particles have constant rise velocities, and can be
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a simple representation of oil particles or plankton such as cod eggs. The model is
applied to two cases: (1) an idealized steady-state case with constant flux of momen-
tum and energy, where the waves are represented by a theoretical spectrum, and (2)
a specific case study where wind and wave data from the ERA Interim archive (Dee
et al., 2011) is used as input. While the former case is well suited for studying the
impact of the various wave effects, the latter case serves as a test of the model in
a practical application. For the realistic case the site of the Statfjord A platform off the
western coast of Norway is used, with forcing data from the time of a large oil spill that
occurred in December 2007. In this case an observation of the oil slick two days after
the accident indicates that the oil drifted with an average speed of about 0.5% of the
wind speed at an angle of around 90°-120° to the right.

The outline of this paper is as follows: in Sect. 2 the governing equations of motion
and the turbulence closure model are presented, including the wave-induced transport
and mixing parametrizations mentioned above. Also the transport equation of the par-
ticles, the model and experiment setup are described. In Sect. 3 the results from the
steady state experiment (case 1), are presented and discussed. Sect. 4 presents the
results when applying the model for the Statfjord A oil spill (case 2). In Sect. 5 we
present some concluding remarks.

2 Formulation of the model components

In the following the x axis will be defined as eastward, the y axis northward and the
z axis will be directed upwards. The velocity is given by u = ui + v/ + wk, where 7, |
and k denote the unit vectors in the x, y and z directions, respectively. Furthermore
the Eulerian velocity u will be separated into a mean part u and fluctuating part u’. The
ocean surface will be assumed to be at z = 0.
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2.1 Sea state dependent fluxes

Wave prediction models provide reliable forecasts of the directional wave spectra that
can be used to obtain the sea-state dependent momentum and energy fluxes to the
ocean. These fluxes depend on the shape of the directional wave variance spectrum
F, which for deep water waves is determined by the wave energy balance equation
(Komen et al., 1994):

(%"'CQ'V)F:Sin"'SnI"'Sd! (2)

where F (@, 6) depends on the wave frequency, @, and direction, 8, and ¢, is the group
velocity of the waves. The wave source terms S, S, and Sy represent wave growth by
wind, nonlinear transfer between wave components, and wave dissipation due to wave
breaking/white capping, respectively. When the wave field is known from a wave model,
the release of kinetic energy from wave breaking can be calculated from Sy according

to (e.g. Janssen, 2012)
27 oo

Pos =049 | [ Sqdads. )
00

If wave spectra are not available, this energy flux can be parametrized by ®./p,, =
auf, where v, is the water side friction velocity and a a dimensionless parameter.
The value of a can be adjusted to include sea state dependence (Janssen, 2012), but
a = 100 is frequently used (Craig and Banner, 1994).

The momentum flux to the ocean column (7,) consists of the flux transferred by
turbulence across the air-sea interface and a flux of momentum from waves due to
wave breaking and white capping. Using the source terms in Eq. (2), the effective
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15

momentum flux into the ocean may be written as (e.g. Saetra et al., 2007)

2T @¢

k
'roz'ra—pwg/ /E(Sin+3d)d@)d9, (4)
00

where 7, denotes the total atmospheric stress. For higher frequencies than the cutoff-
frequency @, it can be assumed that there is a balance between wind input and dissi-
pation (Janssen, 2012), and hence this is the upper limit for the integral over frequen-
cies in Eq. (4).

2.2 Momentum budget

For deep water waves the Stokes drift ug = ug/+Vvg/ can be calculated, to second order
in wave steepness, from the wave spectral density (e.g. Jenkins, 1989):

21 oo
ug = 2/ /@)kF exp(2|k|z) dedB . (5)
00

From this expression the Coriolis—Stokes force can be calculated according to —po,,fk x
ug, where f is the Coriolis parameter. A discussion on how this force affects the mean
flow can be found in e.g. Polton et al. (2005). Assuming no horizontal pressure gra-
dients and a horizontally homogeneous ocean, the horizontal Reynolds-averaged mo-

mentum equations with the Coriolis—Stokes force read
ou _ vﬁ —u'w +f(v+vg)
ot 972 0z sh ©)
ov 0% —
=—V—0 - —V'Ww -f(u+ug),

ot 0z2 0z
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where u’'w’ and v'w’ are the Reynolds shear stresses, and it has been assumed that
the dominant part is related to the vertical variation. Using the Boussinesq eddy vis-
cosity assumption, the Reynolds shear stresses are given by

) ov
'oz°
The eddy viscosity v; is determined by the turbulence closure model, in this case the

two-equation model described later on in Sect. 2.3. With the total momentum flux to
the ocean given by Eq. (4), the boundary condition for u at the surface is given by

(7)

u'w' = —vta—U V'w' =
0z

ou ) ov )
Vy— =T, PwVy— =71, . 8
Pw Y9z lz=0 " ° Pw Y9z 1220 '© (8)

2.3 Turbulence kinetic energy (TKE) budget

Including the Stokes shear production, the TKE budget for horizontally homogeneous
flow becomes (Grant and Belcher, 2009)

— =—UW——-V'W—=-UW—-V'W—-wb-— |Wk+-=-wp)|-c. (9
ot oz oz oz 0z az< oV P ) ®)
Assuming that the transport term (sixth term on the right hand side of Eq. 9) can be
expressed by a simple gradient transport formulation we obtain

0k 0 (v Ok

—=—|——]|+P+Ps+G-¢, 10
ot 0z (Gkaz) s+9 (10)
where oy is the turbulent Schmidt number. The terms P, P and ¢ in Eq. (10) represent
shear production (two first terms on the right hand side of Eq. 9), the Stokes shear
production (third and fourth terms on the right hand side of Eq. 9) and the dissipation
rate (last term on the right of Eq. 9). With the Boussinesq eddy viscosity assumption,
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the Reynolds shear stresses in Eq. (9) are given by Eq. (7). Similarly, the buoyancy
production term is modeled by the eddy diffusivity v;:

G=-wb =-VvN?, (11)
where N is the buoyancy frequency. The eddy viscosity and diffusivity are given by
V= k2l v = cyk?l, (12)

where / is the turbulence length scale and ¢, and CL are the stability functions, which
can either be constants or functions derived empirically or from a higher order turbu-
lence model. In this study, the flux of TKE defined by Eq. (3) is applied as a boundary
condition at the surface, thus

Vi OK Doc

-tz = i 13
ok 0z lz=0 p, (13)

In addition to solving the TKE Eg. (10) we will here use a two-equation closure scheme
that requires another prognostic equation to derive information about the turbulence
length or time scale. Using the generic length scale (GLS) approach (Umlauf and Bur-
chard, 2003), the second equation is for a generic parameter y:

oy W
— =DW+—(CW1(77+7DS)+CWSQ—CW28), (14)

ot k

where D, is a gradient transport term like in Eq. (10), and Cy,» Cy, and Cy, are model
constants. The generic length scale y is related to the turbulence kinetic energy k and
the length scale / through

w = (cp)Pk™I", (15)
where 02 is the constant value of the stability function ¢, in the log-layer (Umlauf and

Burchard, 2003). For appropriate choices of the exponents p, m, and n, the variable y
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can be directly identified with the classic length-scale determining variables, such as in
the k—¢, k—@ or k—kl models (e.g. Warner et al., 2005).

Following Umlauf and Burchard (2003), the value of the mixing length at the surface
is given by

I(z=0) =Lz, (16)

where L and z, are constants and the source of turbulence from breaking waves has
been assumed to be at z = 0. When the length scale at the surface is given by Eq. (16),
a Dirichelet boundary condition for y can be derived from Eq. (15). Craig and Banner
(1994) use the surface roughness for z, and that L = x ~ 0.4 in Eq. (16). However,
it is pointed out by Umlauf et al. (2003) that z, =//L at z=0 is not related to any
kind of surface roughness length, rather, it is connected to the length scale of injected
turbulence, which is determined by the spectral properties of turbulence at the source.
Umlauf et al. (2003) suggest a value of L that is smaller than «. Different values of L and
Z, can be found in the literature. As discussed by Rascle et al. (2012), parametrization
of wave breaking through a flux boundary condition as in Eq. (13) is often accompanied
by a large prescribed downward diffusion (by specifying values of z,) in order for TKE
to penetrate deep enough. Rascle and Ardhuin (2009) use z, = 1.6Hg and a prescribed
length scale / = k(zy — z)/(1 + k(2o — 2)/h), where Hg is the significant wave height of
the wind sea and h is the mixed layer depth.

In the context of two-equation turbulence closure models, values of z, are usually
somewhat smaller. While e.g. Umlauf et al. (2003) and Saetra et al. (2007) use that
zy = Hg, Carniel et al. (2009) use a Charnok-type expression to describe z,. Jones
and Monismith (2008) find the best match with observations to be z, = 1.3Hg. How-
ever, Jones and Monismith (2008) use data from an area with shallow water and
wave heights smaller than for typical open ocean conditions (notably, for the Statfjord
A case we have Hg up to 4.5m). Based on results from fine structure temperature
measurements (Gemmrich and Farmer, 1999), Gemmrich and Farmer (2004) use that
Zy = 0.2m for wave conditions where Hg = 3.5m, which is more representative for the
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conditions during the Statfjord A oil spill. We propose that instead of calculating the
mixing length scale at the surface through values of z,, we can use the information
from the wave spectrum directly. In addition to the energy flux ®,., the wave spectrum
can be used to define a characteristic wave period 7. Furthermore the gravitational
acceleration g is a parameter that enters both the definition of the energy flux in Eq. (3)
as well as the dispersion relation, which for deep water waves is independent of depth.
On dimensional grounds we suggest that a wave dependent characteristic length scale
at the surface can be given by

I(z=0)=y DocT (17)
Pwg

where y is a non-dimensional constant. We have found that using y = 1 for the Stat-

fiord A case gives a length scale at z = 0 on the order of what was found by Gemmrich

and Farmer (2004). To represent the characteristic period, we have chosen the mean

period based on the first moment of the wave spectrum 7,,; (Komen et al., 1994).

2.4 Particle dynamics

In this study we consider buoyant particles with a constant prescribed rise ve-
locity w,. The situation is analogous to the suspended sediments described by
Burchard et al. (2008), except that the particles here have a positive buoyancy. The
vertical distribution of the particle concentration C can be described by a suspended
matter equation

oC a(,ac

—_— e — V_
oz

ot ~ 3z - WrC) =0. (18)

If the concentration is high enough, the mixing of particles will start to influence the TKE
budget of the upper layer, in this study we will not consider such strong concentrations
and neglect the influence of the buoyant particles on the mixing processes.
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2.5 Model and experimental setup

The mixing model used in our experiments is the General Ocean Turbulence Model
(GOTM: for a description see Umlauf and Burchard, 2005), modified to take account
of the wave effects described in the previous sections. Essentially, the momentum
Eq. (6) are solved, with the upper boundary conditions in Eq. (8). The turbulence clo-
sure scheme is based on the solutions of the Egs. (10) and (14), with upper boundary
conditions given by Eqgs. (13) and (17), respectively. For the bottom, zero flux boundary
conditions are used.

In the experiments described below, the model has been run with rise velocities of
w, = 50, 100, 200, and400 [m day‘1], that could represent e.g. oil droplets of different
size and/or chemical composition. Notably, w, = 100m day‘1 can also represent North
East Arctic cod eggs (Sundby, 1983). For the results shown, the model has been run
with the k — ® closure scheme, which performs well in the near surface layer (e.g.
Umlauf et al., 2003; Jones and Monismith, 2008). For the k — @ scheme the exponents
in Eq. (15) are given by p = -1, m=1/2, n = —1. Each experiment has been run with:
no wave forcing (control); adding only the Coriolis—Stokes force (C-S); adding only
the wave breaking parametrization (TKE-injection); adding both (C—S + TKE-injection);
and finally with also the Stokes shear production included (All).

3 Steady state balances

We start the model analysis with some idealized experiments to investigate the model
behaviour for mixing and drift of buoyant particles. We focus on two cases: (i) a case
with a rise velocity of 100m day‘1, and (ii) a case with a rise velocity of 400m day'1.
We consider a 500 m deep ocean column discretized using 300 grid points, with higher
resolution close to the surface. For these experiments we use f = 1.2 x 10™s7", and
a density of water p,, = 1000kg m~3. We consider steady state conditions, with varying
wind speed directed along the x axis.
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In these idealized experiments the waves will be represented by a Pierson—
Moscowitz spectrum (Pierson and Moskowitz, 1964). In principle, the stresses should
be calculated using the wave spectra as described in Sect. 2.1, however, as we look on
a steady-state situation the flux of momentum and energy is passing through the wave
field and we therefore use a simple relation such that
Tx =pwu§ = Pa CDU120’ (19)
where p, is the air density and Cp, is the friction coefficient. Here we use Cp = 1.5x1 0°°
and p, = 1.2kg m~2. Since we in this case use an empirical wave spectrum, we use the
wave breaking parametrization of Craig and Banner (1994), using a = 100. Since we
use this parametrization of the energy flux, we do not relate the mixing length at the
surface to the energy flux, and the boundary condition for the mixing length is given by
Eq. (16). Following Umlauf and Burchard (2003) we use L = 0.25 and let z, = Hg.

3.1 Scaling analysis

To provide a tool for analyzing the model results we consider classical Ekman theory
valid for a constant eddy viscosity, here denoted by A,. The solutions to the classical
Ekman problem are then given by (Ekman, 1905)

u =Vyexp(z/Dg) cos(m /4 + z/Dg),

_ (20)
v = Vyexp(z/Dg) sin(m/4 + z/Dg),

where

(21)
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For A, it is sometimes assumed that (e.g. Csanady, 1982)

2

u,
z= W’ (22)

where X is a parameter and u, is the (water side) friction velocity. Using Eq. (22) 1,
and Dg can be expressed as

Vo = \/)_(U*,
2Uu,
Xf
Csanady (1982) finds that X =200, while Rascle et al. (2006), who consider wave

breaking use X = 32.
In a steady state, Eq. (18) reduces to

0 0 0
=2 (a2c). 24
Wfazc 02( ZGZC> (24)

As boundary conditions we assume

A

(23)
DE ==

C(z=0)=Cy,C(z > —00) # 0. (25)
The concentration is then given by
z
C(z) = Cyexp (—) , (26)
Dc
where D¢ = AWZr is a characteristic concentration depth scale. The relation between the
particle concentration and Ekman depth scales can then be expressed as
D u
ZC_ i (27)
De w,vaxX
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which implies that the fraction D /Dg increases with the wind speed while it decreases
with increasing particle rise speed. Interestingly, if both the friction velocity and the rise
speed increases a given fraction, the fraction Ds/Dg remains constant. We notice that
the factor X is important for the ratio, we do not aim at a detailed analysis of the value
of X in this study, we have simply introduced the factor to be able to adjust curves
such that a meaningful comparison between model results and scaling analysis can be
made.

Another interesting quantity is the normalized transport velocity of particles defined
as

0
vo - [ p(u+ug)C(2)dz (28)
[°,C(z)dz

For the scaling analysis we assume that ug is zero (as it is not included in our analyti-
cal expressions). Analytical expressions that relates the transport to Ds and Dg can be
found, however, here we do not consider these expressions as they do not provide sim-
ple insight into the dynamics of the transport velocity and direction. However, we find
a useful relation between the x and y components, us and v, that can be described
in simple terms as

Vo/uc = =(1+2D¢/Dg), (29)

we thus find that the transport of particles will have stronger veering when the particle
concentration depth scale becomes larger. As an example we find that for a particle
rise velocity of 100mday_1, for a surface stress of roughly 0.05N m~2, we have that
D¢ = Dg and v /uc increases by a factor 3 compared to the case when all particles
are at the surface. The physical interpretation is simply that for deeper distribution of
particles, the transport is dominated by the currents deeper down into the Ekman layer,
which in turn has stronger veering.
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3.2 Transport and vertical distribution of particles

For the evaluation of the model results, we define the Ekman and the characteristic
concentration depth scales from the model as

0 0
m [-pluldz o _ [_pC(2)dz

E _|U(Z=0)|, c ~ C(Z=O) (30)

The model results for these variables are shown in Fig. 1. Also shown as horizontal
lines are the solutions predicted by Eq. (23), for X = 32 and X = 200. While the model
result approaches the solution X = 200 in the case when no wave effects are included,
the results when wave mixing is included are closer to X = 32. This difference is con-
sistent with the previous discussion that without wave effects X = 200 has been used
(Csanady, 1982), while X = 32 has been used for the wave breaking case (Craig and
Banner, 1994; Rascle et al., 2006). From simple scaling theory Eq. (23) we expect that
the velocity at the surface and the Ekman depth should vary approximately linearly
with the friction velocity (or that the scaled Ekman depth should be constant), but as
seen in Fig. 1 the solutions are far from linear. We also see that the cases with wave
breaking is further from the scaling law, suggesting that the additional flux of TKE from
waves breaks the original assumptions in the scaling theory. Nevertheless, the scal-
ing laws, and the model deviation from the scaling laws, still provide some insight into
the dynamics of the system. Especially we see that the cases with wave breaking are
quite different from the cases without wave breaking, and show very different asymp-
totic behaviour. For the normalized characteristic particle depth (i.e. Dg/Dg) we find
that it increases as u,, or as the square root of the stress, from the scaling analysis.
However, taking into account that the mixing is parabolic with depth in a non-stratified
ocean, we do expect that the model D /Dg should lie below the scaling law when
D¢ /Dg is smaller than unity and above the scaling law when D /Dg is larger than
unity. This is illustrated in Fig. 2. Only the cases where the waves are completely ne-
glected and the case with all wave effects are shown. It may be noted that here we
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have adjusted the value of X such that the scaling law fits the model for D /Dg = 1.
One interesting feature we notice is that for low rise velocities, the particles are mixed
very deep, indicating that the eddy viscosity is quite high even below the region where
the Reynolds stresses are important (i.e., the Ekman layer depth). This means that the
weak turbulent velocities must be compensated by a large mixing length scale.

From the scaling laws Eqs. (27) and (29) we expect that the mean transport velocity
of the particles will veer as we increase the wind stress, and this is clearly seen in
Fig. 3. We notice that the model does not have as strong veering as predicted by
the scaling law, and this is most likely explained by the fact that the eddy viscosity is
far from constant in the model. We see that results are closer for a low rise velocity
than for a high rise velocity. This is in agreement with the results of the scaling depths
for momentum (Dg) and particles (Dg) as discussed earlier. We also see that cases
with all wave effects included have a stronger veering in particle drift than the model
without waves, consistent with our expectations that waves mix particles deeper and
also create a stronger veering due to the Coriolis—Stokes force. So far we have mainly
considered non-dimensionalized drift velocities, and the translation to real situations
requires a dimensionalization of the results. For more accessible results we plot the
drift speed scaled by the wind speed at ten meters height and the angle, 8, between
the drift direction and the wind direction in Figs. 4 and 5. When the waves are not
included, the total momentum must be contained in the Eulerian current, while when
the waves are included, the Stokes drift is added. From the mean particle drift it can be
seen that in all cases this relation approaches a constant value, which notably is much
lower than the 3% value that is often used in the empirical relation Eq. (1) for surface
drift. In agreement with earlier discussion, we also see that the veering increases with
increasing wind speed and that cases with all wave effects has stronger veering than
the standard model setup.
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4 Statfjord A oil spill
4.1 Environmental conditions

The Statfjord A oilfield is located approximately at 61.25° N 1.85° E about 200 km off the
western coast of Norway, in an area with rather steep bottom slopes (Fig. 6). This was
the site of a large oil spill in December 2007 (Brostrém et al., 2008). Starting on the 12
December 2007 08:17 UTC and lasting for 20—45 min, an estimated 4400 m?> of crude
oil was spilled into the ocean from a ruptured loading hose near the platform. Since the
wind and wave conditions were quite severe during and after the spill (see Fig. 7), few
observations of the oil slick exist. After a few hours the slick was estimated to be 8 km
long and 1 km wide, and by late afternoon on 12 December its surface area covered
an estimated 23km?®. The only observation of the oil slick from aircraft was made two
days later, on the 14 December at 13:48 UTC. Located approximately 16 km to the
east-southeast of the spill site, the slick was then about 10 km long and 5 km wide. As
a simple rule of thumb it is often taken that the drift of floating objects is approximately
3% of the wind speed and 15° to the right of the wind direction (Hackett et al., 2006).
While such estimates, which can be expressed through Eq. (1), may apply for oil driftin
light wind conditions and calm seas (Reed et al., 1999), the situation is quite different
in cases with more severe weather like the Statfjord A accident. In this case the drift
was closer to 0.5% of the wind speed and about 90-120° to the right.

For the results in this case study the model has been run with wind and wave forcing
from the ERA-Interim reanalysis (Dee et al., 2011). In Fig. 7 it can be seen that the
wind was essentially towards north and around 15ms™" for about two days following
the accident, and the significant wave height Hg was up to 4.5m. Also shown in Fig. 7
is the surface Stokes drift direction and magnitude. The time from the oil spill started to
the observation two days later coincides with a peak in momentum and energy fluxes
into the ocean (Fig. 7).
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For hydrography we use observations available from the International Council for the
Exploration of the Sea (ICES). Typical for the area and time of the year, the observa-
tions show very little stratification.

In this area there is a branch of Atlantic water flowing along the bottom contours (e.g.
Albretsen and Rged, 2010, Fig. 9). To make an estimate of this current component we
have used the model hindcast archive described by Lien et al. (2013). The approxi-
mate magnitude and direction is illustrated by the daily mean at 100m depth on the 13
December 2007 in Fig. 6. While the wind driven current and the Stokes drift decay with
depth, the topographic current extends over most of the water column, so the relative
importance of the different current components on the transport depends on the depth
of the particles.

4.2 Transport and vertical distribution of particles

An example of how the wave effects modify the Eulerian currents (12 December 2007
21:00UTC) can be seen in Fig. 8. As can be expected from previous studies (e.g.
Polton et al., 2005), the Coriolis—Stokes force turns the current further to the right. In
all cases when wave effects are included the sea state dependent momentum flux is
calculated using Eq. (4). The wave breaking parametrization has a large impact on the
velocities close to the surface, while the Stokes shear production in this case is less
important for the upper ocean mixing. When all wave effects are included the surface
current speed is reduced by more than 50 %.

Comparing concentration profiles for the cases with and without waves (Fig. 9), it
can be seen that the waves increase the mixing. In general the increased mixing by the
waves lead to a higher concentration of particles deeper down in the water masses.
Hence, the currents deeper down become more important for the net transport when
wave induced mixing is included. Furthermore, it can be seen that the wave effects
are more important for higher rise velocities w,: for low w, the shear turbulence is
sufficient to mix the particles down and hence profiles with and without waves are more
similar. While the wind and wave conditions cause strong mixing in the beginning of the
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accident, the calmer conditions from approximately 40 h into the spill cause more and
more particles to resurface until the time of the observation about 53 h after the spill.
With the current u and the relative concentration profiles C(z) from the mixing model,
the background current ugg estimated from the model hindcast of Lien et al. (2013),
and the Stokes drift ug calculated from the wave spectra, a transport velocity similar to
Eq. (28) can be defined as

) _ [° (U + ugg + ug)C(2) dz | 1)
[°,C(2)dz

Using this, the transport of particles by the model can be compared with the obser-
vation, and the result is shown in Fig. 10. While the direction of the predicted oil spill
coincides quite nicely with the observation, the modeled drift seems to be too fast. De-
pending on the rise velocities, the end locations from the model spread in a southwest-
northeast direction, similar to the observed oil slick. Also shown in Fig. 10 are two
different end locations predicted when using the empirically based relation Eq. (1).
One is the expected drift of oil at the surface, with a speed of 3% of the wind speed at
an angle of 15° to the right (Reed et al., 1999; Hackett et al., 2006), while the other is
based on observations that oil that is mixed below the surface has a mean drift of 1%
of the wind speed with an angle of 90° to the right (Reed et al., 1994). The background
current has a significant effect on both the modelled drift using Eq. (31) and when us-
ing the empirical relation Eq. (1). On average the magnitude of ugg is about 50 % of
the surface value of the combined wind driven and Stokes drift components. Here we
consider the background current to be the least known, but a more detailed analysis is
beyond the scope of the present study.
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5 Concluding remarks

The results from the steady state analysis and the Statfjord A oil spill case indicate
that the wave breaking parametrization is the most influential wave effect for the mix-
ing and transport of buoyant particles. In the Statfjord A case presented above, the
increased mixing is mainly a result of the injection of TKE through the boundary con-
dition Eq. (13). Wave breaking parametrizations like the one presented in this study
is justified by measurements of increased levels of dissipation rate, ¢, beneath break-
ing waves (e.g. Agrawal et al., 1992). Such observations have led to several studies
proposing scaling laws of ¢ other than the classic law of the wall (Anis and Moum,
1995; Terray et al., 1996; Huang and Qiao, 2010). While these scaling laws are shown
to give a better representation of ¢ in several cases, there are some observations (e.g.
Sutherland et al., 2013, 2014) that show better agreement with the law of the wall scal-
ing of €. The drift of oil in the Statfjord A case is similar to two oil release experiments
in 1991, which are two of four experiments considered by Reed et al. (1994). In those
cases the oil moved with a mean speed of about 1% of the wind speed, virtually 90°
to the right of the wind direction, and a qualitative explanation is given by Reed et al.
(1994). During the Statfjord A accident, the mean drift of the oil was significantly slower
relative to the wind at about 0.5% of the wind speed, and slightly further deflected
away from the wind direction. This difference may in part be due to higher wind speed
during the Statfjord A oil spill, which leads to increased mixing. Although the deflection
and decrease in drift is partly due to strong ocean currents in the area, the results
from the Statfjord A case show that the waves play a significant role in the drift. Our
results indicate that the most important wave induced mechanism for the drift is the
injection of TKE from breaking waves. The increased mixing of particles into the water
column result in a slower drift, veering towards the right (Northern Hemisphere) and
the background currents become more important. The theory described contributes to
give physical understanding of the observed drift, and the model results show some of
the potential effects of waves in drift modelling.
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Figure 1. The normalized velocity at the surface as a function of the wind stress (left). Normal-
ized Ekman depth as a function of the wind stress (right). The horizontal black lines represent
the solutions predicted by Ekman theory for X = 200 (dashed line) and for X = 32 (dash-dotted

line).
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in scale of the x axis.
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Figure 10. Mean location of oil predicted by the model for different rise velocities of the parti-
cles. Also shown is the mean locations predicted by empirically based relations between the
drift and the wind vector. The observed oil slick is shown with coordinates from observation
(14 December 2007 13:48 UTC) connected with lines.
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