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ABSTRACT

Upper ocean turbulence, generated by wind and wave forcing, directly controls
air-sea exchange processes and the dispersion of material within the ocean surface
boundary layer (OSBL). This study investigates the dispersion and transport of
buoyant material, such as seaweed, phytoplankton, oil, and plastics, within the OSBL
for varying buoyant rise velocities and wave conditions. Wave conditions studied
include: shear turbulence, breaking wave (BW) effects, and Langmuir turbulence
(LT). Breaking surface gravity waves transfer turbulent kinetic energy (TKE) into the
ocean and result in enhanced TKE dissipation rates and mixing within a near-surface
region. LT, captured by the Craik-Leibovich vortex force and other wave terms,
results from interactions between the wave-driven Stokes drift and the turbulent
current. LT is characterized by counter-rotating, near-surface vortices, which are a key
for horizontal organization and submergence of buoyant particles. To model buoyant
tracers in the turbulent OSBL, we employ a Lagrangian approach by tracking buoyant
particles within a simulated OSBL flow field. The flow simulations are based on a
large eddy simulation (LES) model coupled to a Lagrangian stochastic model, which
captures particle velocities not resolved by the LES. Particle clouds are released at
different vertical and horizontal positions and their dispersion characteristics
quantified with probability density functions (e.g., concentration profiles) and the
mean squared distance of particle pairs. In particular, we determine horizontal
turbulent dispersion coefficients for dispersion times much larger than turbulent
integral times. The initial dispersion of particle clouds depends on the local TKE
dissipation rate and is nearly independent of buoyant rise velocity, consistent with the
expected behavior for the inertial subrange. Enhanced TKE levels due to BW
substantially increase initial dispersion rates. For longer time scales, both mean
currents and turbulent eddies critically drive dispersion of buoyant particles within the
OSBL. For small buoyant rise velocities, particle concentrations are transported

vertically by turbulent eddies in all cases. Under shear turbulence conditions, sheared

vii



mean currents differentially advect particle clouds with respect to depth, resulting in
large turbulent diffusion coefficients for cases without LT. In contrast, enhanced
vertical mixing due to Langmuir turbulence homogenizes currents with respect to
depth, decreasing shear dispersion and, consequentially, turbulent diffusion
coefficients for small buoyant rise velocities. When buoyant rise velocity is increased,
small-scale shear and breaking wave turbulence are unable to efficiently submerge
particle concentrations. This results in surface trapping of highly buoyant particles and
significantly reduces shear dispersion and turbulent diffusion coefficients. Large
Langmuir circulations, however, are still able to submerge highly buoyant particle
concentrations, increasing horizontal dispersion. Results of this study indicate that
dispersion of particles is highly dependent on both buoyant rise velocity and wave
conditions. Therefore, both buoyant rise velocity and wave effects must be considered

when modeling the transport of buoyant material within the OSBL.
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Chapter 1
INTRODUCTION

1.1  Ocean Surface Boundary Layer Turbulence

The ocean surface boundary layer (OSBL), which varies in depth from several
to a hundred meters, serves as an interface between the atmosphere and deep ocean.
OSBL turbulence and air-sea fluxes play a critical role in weather and climate systems
(Belcher et al, 2014; Sullivan and McWilliams, 2010; Thorpe, 2004). Furthermore,
OSBL turbulence drives dispersion of buoyant material such as microplastic marine
debris (Brunner et al, 2015; Kukulka and Brunner 2015), bubbles (Thorpe, 1982),
nutrients and plankton (Denman and Gargett, 1995), and oil (Yang et al., 2015). This
study investigates the dispersion of buoyant tracers in the OSBL, based on a
computational particle tracking approach.

Upper ocean turbulence is generated through three primary mechanisms: wind
forcing, wave forcing, and convection due to sea surface cooling. In this study, we do
not consider the influence of convection. Wind forcing near the air-sea interface
transfers momentum through wind stress to the upper ocean and drives OSBL
currents, which decrease with depth. Flow instabilities form within this shear current,
generating shear-driven turbulence. Energy transfer from wind forcing also drives
surface gravity waves, determining the wave-driven Stokes drift and energy injected
by breaking wave (BW) effects on OSBL turbulence are discussed in detail in the
following subsection.

This study aims to investigate and quantify buoyant particle dispersion in the
OSBL for varying wave conditions and buoyant rise velocity by applying a
Lagrangian particle model based on a turbulence resolving three-dimensional flow

model.



1.2 Wave-Driven OSBL Turbulence
1.2.1 Langmuir turbulence

Langmuir Turbulence (LT) is characterized as a near surface array of counter-
rotating vortices. These vortices are approximately aligned with the wind and include
nearly parallel zones of near-surface convergence and divergence. Zones of
convergence at the ocean surface, termed windrows, accumulate buoyant debris
(algae, seaweed, plastic, etc.) in linear patterns and indicate the formation of LT
(Thorpe, 2004; McWilliams et al., 1997). Key features that characterize Langmuir
turbulence within the OSBL include: sets of counter-rotating vortices approximately
aligned with the direction of wind vector, strong downwelling bands aligned with
converging crosswind velocities, and weak upwelling bands aligned with diverging
crosswind velocities (Leibovich, 1983). Langmuir turbulence in the OSBL
significantly enhances dispersion, transport, and mixing by altering turbulence and
mixing characteristics within the OSBL (Belcher, 2012; Li et al., 2005; Thorpe, 2004).

A systematic theory for Langmuir turbulence generation, developed by Craik
and Leibovich (1976), is based on the wave-averaged Navier-Stokes equations, called
Craik-Leibovich equations. For the so-called CL2 mechanism, non-breaking waves
interact with the turbulent currents through the Craik-Leibovich vortex force, which is
the cross product between the Stokes drift velocity and vorticity, thereby generating
Langmuir turbulence.

LT within the OSBL has been examined using observational methods such as:
automated underwater vehicles (Thorpe et al., 2003), sidescan Doppler sonar (Smith et
al., 1987), and floats/drifters (Farmer and Li, 1995). Through the use of freely drifting
sonar deployed within the Strait of Georgia, Farmer and Li (1995) captured the
evolution of bubble distributions and collective organization of distributions into
Langmuir convergence lines. Bands of bubbles, resulting from the formation of
Langmuir circulations within the OSBL, were further observed with acoustic sonar
(Thorpe et al., 2003). Results of Thorpe et al. (2003) indicate that the largest



dissipation rate values occur within bubble clouds and are directly related to the

presence of convergence zones due to LT formation.

1.2.2 Breaking Wave Effects

At the air-sea interface, momentum and energy from the wind is transferred to
the wave field resulting in wave growth and eventual breaking of surface gravity
waves (Phillips, 1977b). Breaking waves transfer energy to the OSBL. This process
can be modeled as a flux of turbulent kinetic energy (TKE) vertically into the upper
ocean (Craig and Banner, 1994). The Craig and Banner (1994) model captures
enhanced near surface mixing and predicts TKE dissipation rate profiles that are
consistent with measurements near the surface (Terray et al., 1996). Increased TKE
from breaking surface waves, significantly enhances near-surface turbulence
intensities and TKE dissipation rates, resulting in intensified near-surface mixing
(Agrawal, 1992; Craig and Banner, 1994; Terray,1996). For many conditions, these
BW effects, likely only have significant direct effects on mixing near the ocean
surface down to a depth that scales with significant wave height (Hs). The impact of

breaking waves on buoyant particle dispersion will be investigated in this study.

1.3 Modeling Approaches Based on Large Eddy Simulation (LES)

Langmuir turbulence is commonly modeled using computational large eddy
simulation (LES) models based on the Craik-Leibovich equations (Li et al., 2004;
McWilliams et al, 1997; Denbo and Skyllingstad 1995). LES models resolve larger
scale turbulence that contributes most to TKE and turbulent fluxes but parameterize
smaller scale turbulence. LES models capture many of the observed LT features, such
as the formation of large coherent structures (upwelling and downwelling bands),
converging crosswind surface velocities, and enhanced mixed layer deepening
(McWilliams et al., 1997, Kukulka et al. 2009). LES results with LT effects have also
been successfully compared to field observations of OSBL turbulence (Skyllingstad et



al., 1999; Gargett et al., 2004; Li et al., 2009; Kukulka et al., 2009, 2011, 20123, 2013;
Harcourt and D’ Asaro, 2010).”

There is not unified approach to incorporating breaking wave (BW) effects in
LES models. Noh et al. (2004) and Li et al. (2013) simulate near-surface TKE
injection due to BW effects through random surface forcing. Sullivan et al. (2004,
2007) simulate individual breaker evolution using stochastic breaking wave events.
Results of both Sullivan et al. (2004, 2007) and Noh et al. (2004) are consistent with
observational results of enhanced, near-surface TKE dissipation rates (Terray et al.,
1996). Within this study, we will utilize an approach adopted from Kukulka and
Brunner (2015) which specifies TKE as a surface TKE flux, which yields similar
results to those obtained from more complex approaches. This method will be further
discussed below within section 2.3.

1.4 Modeling Buoyant Tracers

Previous LES studies have simulated buoyant particles as tracer concentrations
of constant buoyant rise velocity in the Eulerian framework to quantify dilution and
concentration dispersion patterns of buoyant materials including: oil (Yang et al.,
2014), microplastic marine debris (Kukulka and Brunner, 2015, Brunner et al. 2015),
and bubbles (Liang et al, 2017). Buoyancy forces buoyant tracer concentrations
towards the surface and plays a critical role in the distribution of particle
concentrations with respect to depth. Yang et al. (2014) determines that the presence
of Langmuir cells within the OSBL enhances the entrainment and dilution of oil
concentrations. Yang et al. (2014) quantifies the ratio between LT effects and droplet
buoyancy using a ratio of Stokes drift to droplet rise velocity. These results parallel
findings by Kukulka and Brunner (2015) who note increased submergence of buoyant
tracer concentrations for cases including Langmuir turbulence. Kukulka and Brunner
(2015) additionally determine that effects of increased TKE, due to BW effects,
remain confined to the near surface region and result in increased submergence of

buoyant particle concentrations compared to shear turbulence.



In the Lagrangian framework, particles following the fluid motion are tracked
with respect to both time and space. Pope (1994) and Sawford (2001) highlight the
efficiency of Lagrangian approaches for understanding turbulent dispersion and
mixing problems. Several studies have previously implemented particle tracking
approaches for turbulent transport purposes in two-dimensional (2D) (Colbo and Li,
1999) and in three-dimensional (3D) form (Noh et al., 2006; Noh and Nakada, 2010;
Liang et al., 2017; Kukulka and Veron, 2018). Results obtained by Colbo and Li
(1999) are consistent with experimental observations collected using floating
instrumentation/automated underwater vehicles (Farmer and Li, 1995; Thorpe et al.,
2003) and indicate that buoyancy effects result in reduced crosswind dispersion of

particle clouds in Langmuir circulations.

1.5  Purpose of Study
This study aims to utilize particle trajectories to analyze effects of buoyant rise
velocity and wave conditions on both initial and long-term particle dispersion. The key
question for this study is: How does total and horizontal particle dispersion depend on
buoyant rise velocity and OSBL wave conditions?
The following hypotheses will be examined in this study:
Hypothesis 1: Shear turbulence will be ineffective in submerging buoyant
particle concentrations but will result in larger horizontal dispersion than cases
including Langmuir turbulence. Dispersion characteristics and statistics for this
case will be especially dependent on buoyant rise velocity.
Hypothesis 2: Large, counter-rotating, coherent vortices, characteristic of
Langmuir turbulence, will enhance submergence of particle concentrations but
will inhibit horizontal dispersion of more buoyant particle clouds.
Hypothesis 3: Enhanced near-surface TKE and dissipation rates, resulting from
BW effects, will enhance both horizontal and vertical dispersion of particle

clouds located within the near-surface region.



Hypothesis 4: Dispersion of particle clouds is inversely related to buoyant rise
velocity. If buoyant rise velocity is increased, surface trapping of particles will
inhibit the ability of OSBL flow fields to disperse particle clouds effectively.
To address the key question and hypotheses, we utilize a coupled LES and

Lagrangian stochastic model to track discrete particles within the turbulent 3D ocean

surface boundary layer.



Chapter 2

METHODOLOGY

2.1 Lagrangian Particle Tracking Overview

Particles will be tracked in a turbulent 3D ocean. The Lagrangian particle
tracking model employed for our study closely follows the approach by Kukulka and
Veron (2018) that has been developed to understand basic effects of OSBL turbulence
on particle dispersion and related time scales. Modifications have been made to the
Kukulka and Veron (2018) particle tracking model to account for buoyancy effects.
Our Lagrangian model is designed to track the trajectory ( X(t,y)) of n discrete
particles located at position y within the turbulent field by solving the governing

equation:

dd—xtn = Uln (X]T(L); to, t) i=123 & ] =1,2,3 (1)
where U} is the Lagrangian particle velocity for the n™ tracer, t represents time, and

7o Is the particle release location at t = to. We define the position vector in the
Eulerian reference frame as x = (x4, x,, x3); where along-wind direction is
represented by x = x;, crosswind direction is y = x,, and vertical direction is z = x5
where z = 0 at the surface and positive upward. Applying this coordinate system, we
further define the particle position as X" = (X;, X5, X3).

This study utilizes a rational turbulence resolving large eddy simulation of the
OSBL coupled with a stochastic model modified from a previous Lagrangian particle
study (Kukulka and Veron, 2018; Weil et al., 2004). Both resolved and sub-grid scale
velocities, for each time point, are calculated and added, along with the Stokes
velocity and buoyant rise velocities, to determine the total Lagrangian velocity acting
on the tracers. The governing equation for the Lagrangian velocity can be written as
follows (Kukulka and VVeron 2018):

Ui (Xjo, to, £) = m(X™0) + w7 (X", 0) + ug,; (X", ) + w03 . (2)



Within this equation, i; represents the resolved three dimensional LES velocity, u;?*
represents the unresolved subgrid scale (SGS) velocity of the LES, u;; denotes the
Stokes drift velocity, and w,, represents a constant vertical buoyant rise velocity.
Resolved scale flow field velocities are determined based upon results of the LES
model discussed below. Sub-grid scale velocities are modeled with a Lagrangian
stochastic model and will be discussed further within section 2.4. This process for

tracking particles must be completed for each discrete tracer and time step.

2.2 LES Resolved Scale Model

Results of the LES act as a basis for both the resolved and SGS flow fields
utilized within the Lagrangian particle tracking model. The LES model for this study
is adopted from McWilliams et al. (1997) with modifications to the SGS
parametrization and the inclusion of non-monochromatic/breaking waves and
Lagrangian buoyant tracer tracking methodology. Resolved and SGS velocity fields
are calculated using spatially-filtered Navier-Stokes and continuum equations; where
the filter length is set based on a pre-determined eddy viscosity value. The filtered
Craik-Leibovich (1976) equation and respective governing density and continuity
equations, solved within the LES code, can be written as (McWilliams et al., 1997):

om | — om __ __om P g
3t + ufa_x,- + eikmfk(um + usjm) = T + Egi + €jpmUs Wy — ox; (3)
ap — op _
oY _
7o =0 (5)

Within these equations, the index i = 1,2,3 symbolizes along-wind, crosswind, and

vertical directions; u; = (uq, u, u3) is the three dimensional velocity vector; g, =
(0,0,-g) represents the gravitational acceleration where g = 9.81 m/s?; fr,=100,0,f)

is the Coriolis force vector of magnitude f = 10™* s™1; €, is the Levi-Civita

permutation tensor; p is density; p, denotes a constant reference density; and = is a



generalized pressure written as T = pﬁ + % [(u; + ug,; ) (u; +ug,; ) —
0

u;u; | (McWilliams et al., 1997; Kukulka, 2010). Overbars denote resolved flow field
quantities. Interactions between the stokes drift vector (us,,, Us,, , Us,;3) =
(us, 0,0) and resolved vorticity (w,,), which result in LT, are captured within the
Craik-Leibovich vortex force (third right-hand-side term).

We parameterize unresolved turbulent scales through the use of the turbulent

SGS momentum flux tensor (") and SGS eddy viscosity (K,,). SGS eddy viscosity,

1
(K ), is calculated using the pre-determined spatial resolution (I = (AxAyAz)s3 ),
with Ax, Ay, and Az representing grid resolution, and SGS turbulent kinetic energy
(TKE).

SGS _ _ w0y
70 =—K 7% + o (6)
KM = lel/z (7)
Sub-grid scale turbulent kinetic energy (e) is calculated using the equation:
e y . 9¢ — ;SGSO%i | 9 1SGs 4 O de) _
= T 7% T o, + o 5,7 + p (ZKM 6xi) e+ W(2) (8)

Within equation 8, W (z) represents the TKE contributed by breaking wave effects,
discussed in the following subsection, 755 represents the SGS density flux, and e

represents the turbulent dissipation rate. We calculate e through the equation:
€= Ce%l‘l, ©)
where C is a constant coefficient C = 0.71. The SGS equations implemented within
this study are adopted from Kukulka and Brunner (2015) and respectively written
above.
The Stokes drift is computed from an empirical wave height spectrum ¢,
following Kukulka and Brunner (2015)
-4
d(w) = agzw‘swipexp <— i] > (10)

Wp



Within this equation, the parameter (a) can be written @ = 0.006(w,U;,/9)%>*. This
spectrum is determined by two main input parameters, the wind speed at 10 m above
the ocean surface (Uyo) and the peak radian frequency (w,). In this study, we
consider only fully developed seas with (¢, /u.q = 35) for Uio =7 m/s. Where ¢,

denotes the peak wave frequency and u,, denotes the air-side friction velocity.

2.3 Breaking Wave Model:

One of the most significant changes within the SGS model is the addition of a
TKE surface flux due to breaking waves in the horizontally averaged model. The
methodology for incorporating breaking wave effects into the LES model of the OSBL
is adopted from Kukulka and Brunner (2015). Breaking wave effects are incorporated
as a horizontally uniform work term into the SGS turbulent kinetic energy equation
and are equivalent to the total TKE flux from breaking waves. This vertically

integrated work function is written:
[ W)dz=F (11)
Furthermore, in wind-wave equilibrium conditions, the energy input into the

upper ocean surface due to the breaking of waves (F) is approximately balanced by the

total energy input from the wind; this balance is written:

F =g Bp(w)dw (12)
Where w is the radian wave frequency, ¢ is the one-dimensional wave height
frequency spectrum, and  denotes the wave growth rate approximated with Plant et
al.’s (1982) empirical formula:
B = cpuicw. (13)

Within this equation, c; = (32 + 16) represents a nondimensional growth rate

coefficient, c = g/w is the wave phase speed, and u, = /T/pw represents the water-

c Cc

side friction velocity. § = 0 for

> 35, where

Uxq Uxq

represents relative wave and wind

speed. Air side friction velocity is denoted by u,,. Wind stress, denoted by 7, is

10



directly related to wind speed by the drag coefficient parameterization: t = CppgiU?,
(Large and Pond, 1981). Within this equation, C, = 0.0013 denotes a dimensionless
drag coefficient and p,;, = 1.22 kg/m3 denotes the density of air.

This work term dominates the sub-grid scale (SGS) turbulent kinetic energy (TKE)
term and therefore directly increases the SGS eddy viscosity coefficient in equation
(7) and, thus, turbulent SGS fluxes.

2.4  Lagrangian Stochastic Model for Unresolved Motions

Following Kukulka and Veron (2018), the sub-grid scale velocity is obtained
from results of the parametrized LES SGS model coupled with the Lagrangian
Stochastic Model (LSM) referenced within the particle dispersion model of Weil et al.
(2004). The stochastic model for the sub-grid scale velocity (u;?%), utilized to

calculate particle position within our model, is written:

C euf‘gs 1(1 do? d0? 1
dufgs = — %U_sz dt + E(a—szﬁufgs + a—xl) dt + (COE)dei, (14)
o =%, (15)
where ¢ denotes the SGS velocity variance, and d¢; is a normalized Gaussian random
variable. Experimentally determined values for C, range between Cy = 4 + 2
(Thomson, 1987) and C, > 4 (Pope, 2008). For this study we utilize a value of Cy =

6, which is consistent with Pope (2008).

2.5  Experimental Runs

This study will consider four separate OSBL turbulence cases: shear
turbulence (ST), shear turbulence and breaking waves (STBW), Langmuir turbulence
(LT), and Langmuir turbulence and breaking waves (LTBW). Additionally, six
separate buoyant rise velocities (wy) will be studied (w, = 0.0, 0.2, 0.5, 1.0, 1.5, 2.1
cm/s). Results for the wy = 0.2 cm/s case are only shown if there is a clear difference
between results for the wy, = 0.5 cm/s case. Buoyant rise velocities were chosen to

reflect a broad range of buoyant particles from the neutrally buoyant case to largely

11



surface trapped cases, enabling us to understand dispersion behavior of wide ranges of
buoyant material.

Our model setup is designed to accurately simulate realistic open-ocean OSBL
turbulence conditions including Coriolis effects. Realistic wind and wave forcing
conditions are adopted from Kukulka and Brunner (2015). Wind speed at 10m height
above the ocean surface, Ui, is set to Uio = 7 m/s, which corresponds to a water-side

friction velocity of u~ = 0.0083 m/s based upon the wind stress/ friction velocity

relationship (u, = \/t/p). Within this equation, p denotes water density and t
represents wind stress. The computational domain for this model is Lx = Ly =150 min
both horizontal directions and h = 90 m deep. The number of grid points in horizontal
(nx =ny = 128) and vertical (n, = 300) directions produce grid sizing sufficiently small
to resolve energy-containing turbulent eddies.

Point sources, composed of 500 particles, are released at several locations at t
= 0 seconds (as seen in Figure 6). Release locations include two separate depth levels
(at the surface and at 3 m) and horizontal positions located within both convergence
and divergence zones. These locations enable us to study the effects of breaking waves
and small-scale Langmuir turbulence on initial point source dispersion. Cases
considered for this study are outlined within Table 1 below.

OSBL case/ Wp 0.0cm/s | 0.2cm/s | 0.5cm/s | 1.0cm/s | 1.5cm/s | 2.1 cm/s
Case Case Case
Shear turbulence (ST) Case #1 Case #5 | Case #9
#13 #17 #21
Breaking Waves Case Case Case Case
Case #2 Case #6
(STBW) #10 #14 #18 #22
Langmuir turbulence Case Case Case Case
Case #3 Case #7
(LT) #11 #15 #19 #23

12



Langmuir turbulence and Case Case Case Case
Case #4 | Case #8
Breaking waves (LTBW) #12 #16 #20 #24

Table 2.1: Cases studied include four separate OSBL turbulence fields (ST, BW, LT,
and LTBW) and five buoyant rise velocities ranging from neutrally buoyant to

predominately surface trapped.
2.6 Particle Dispersion Analysis

Data collected from the cases referenced in Table 1 will be studied using
several different methods. To both quantitatively and qualitatively understand
dispersion of buoyant particle point sources, horizontal dispersion and vertical
dispersion will be analyzed separately.

Horizontal mean particle-pair distance squared (dl-z) statistics will be calculated
with respect to both the x and y axes and axes rotated with respect to principal
directions of dispersion, where PC1 denotes the major axis of dispersion and PC2 is
the minor axis of dispersion. The mean-squared particle-pair distance along direction i
is defined by:

a? = {(x:- X;)Z}. (18)

"~ 2
Here (X i—X l-) represents the squared distance along i between two different

particles located at X; and X;" and {} represents averaging for all particle pairs from a
single point source.

Dispersion of particle clouds for sufficiently large times is similar to the
‘random walk’ behavior, described within Feynman et al. (1963), and can be
characterized by the asymptotic law proposed by Taylor (1922) which describes

particle dispersion with a constant turbulent diffusion coefficient,

A —l@ (19)

L™ 4 dr
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Chapter 3

RESULTS & DISCUSSION

We will first provide an intuitive overview of flow fields and particle
dispersion and then present an analysis of both horizontal dispersion and vertical
distributions of buoyant particles in the turbulent OSBL. Subsection 3.1 provides an
overview of flow field characteristics and statistics for our four OSBL turbulence
cases (STBW, ST, LT, LTBW). The OSBL particle dispersion analysis is organized
in two main sections: subsection 3.2 provides an intuitive overview of particle
dispersion and trajectories within the OSBL, subsection 3.3 includes statistical

analyses of dispersion in the vertical (3.3.1) and horizontal (3.3.2) directions.

3.1 Flow Field Analysis

Turbulence and sheared mean currents drive buoyant particle dispersion within
the OSBL (Brunner et al, 2015; Kukulka and Veron, 2018). Thus, it is first critical to
understand flow field characteristics and statistics for the four wave cases STBW, ST,
LT, and LTBW. In particular, we examine a) profiles of mean horizontal velocities
(Figure 1), b) profiles of resolved velocity variances (Figure 2), c¢) total and SGS TKE
profiles (Figure 3), and d) instant three-dimensional snapshots of turbulent velocity
fields, which illustrate the size and coherence of turbulent structures (Figure 4).

To understand how particles are advected within the OSBL, we analyze mean
current profiles in the along-wind (< u >) and crosswind (< v >) directions (Figure
1). In ST and STBW cases, mean current profiles, for both along and crosswind
directions, are sheared throughout the OSBL with large surface velocities that decay to
zero at the base of the boundary layer. In contrast, mean current profiles for LT and
LTBW cases are more uniform with respect to depth than are ST and STBW cases.
We attribute more uniform mean current profiles to Langmuir circulations which
significantly enhance vertical mixing within the OSBL. While LT and LTBW profiles

are largely uniform with respect to depth, currents within a small region near the air-
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sea boundary are highly sheared. Because BW effects are largely near-surface
confined and small scale, mean current for STBW/ LTBW cases are similar to those of
ST/ LT cases, respectively. Mean profiles produced within our study are consistent
with results of previous LES studies (e.g., McWilliams et al., 1997).

0 0

02 02
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06 06

08 0.8

z/h

— — LTBW -14
—LT
——BW
—— Shear -16

0.1 0 0.1 02 03 0.1 -0.05 0 0.05
<u> (m/s) <v> (m/s)

Figure 3.1: Time and horizontal mean velocity profiles in the along-wind ({(u)) and
crosswind ({v)) directions are shown with respect to depth. Solutions for shear
turbulence, Langmuir turbulence, breaking waves, and Langmuir turbulence and
breaking waves are included. Differences between LT and LTBW crosswind (<v>)

cases are contributed to differences in averaging procedure.

We next analyze and contrast resolved velocity variance profiles for the four
different wave cases (Figure 2). These profiles are then related to turbulent structures
revealed by three-dimensional (3D) snapshots of turbulent velocity fields. For shear
(ST & STBW) cases, velocity variances follow the order: along-wind ({u'2)) >
crosswind ({(v'?)) > vertical ({(w'2)), consistent with expectations for ST (e.g., Li et al.
2004). Velocity variance profiles for shear cases change in shape with respect to
direction. Shear profiles in the along-wind direction are largest at the surface and
decay with depth, crosswind profiles are relatively uniform with respect to depth and

eventually decay to zero below the OSBL, and vertical velocity profiles gradually
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increase with respect to depth to a maximum around -0.2 then decay to zero. These
near-surface regions of large along-wind velocity variance ({(u'?)) directly correspond
to highly sheared, near-surface velocities present within the along-wind mean current
profile (Figure 1). In contrast, velocity variance profiles for LT and LTBW cases
follow the order: crosswind ({(v'?)) > vertical ((w'?)) = along-wind ((u'?)), as
expected for LT (Li et al. 2004). LT along-wind ({u'2)) and crosswind ({v'2))
velocity variances are largest at the surface and rapidly decay with depth. Vertical
velocity variance profiles for LT are similarly shaped to ST vertical velocity variance
profiles but are significantly greater in magnitude with a large peak around -0.1. This
indicates that downwelling, resulting from LT, is strongest slightly below the surface.
Relatively large cross-wind velocity variance values near the surface are consistent
with wind-aligned roll vortices with relatively strong divergent and convergent flows
near the surface. Furthermore, significantly enhanced vertical LT velocity variance
values are consistent with more uniform and well mixed mean current profiles.
Resolved velocity variances for STBW and LTBW cases largely resemble those of
shear turbulence and Langmuir turbulence cases, respectively, since small scale
turbulent motions generated by BW’s are not captured by resolved scales. These
results are consistent with those of previous studies including McWilliams et al.
(1997) and Li et al. (2004).
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Figure 3.2: Time and horizontal mean vertical velocity variance profiles with respect
to depth are shown for all directions ({u'?), (v'?),(w'?)). ST, STBW, LT, and LTBW

cases are all included.

While BW effects are not substantial within resolved mean current (Figure 1)
and velocity variance profiles (Figure 2), significant differences between cases with
and without BW are present within total TKE and SGS TKE profiles (Figure 3). Both
LT and BW effects result in enhanced near-surface TKE values compared to the shear
turbulence (ST) case. The largest total surface TKE values can be observed for STBW
and LTBW cases. Furthermore, SGS TKE represents a larger portion of near-surface
total TKE for cases including BW effects. These results are consistent with our BW
modeling technique which parameterizes BW’s as TKE fluxed vertically into the

surface.
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Figure 3.3: Time and horizontal mean TKE profiles are shown with respect to depth
for all wave conditions (shear, BW, LT, LTBW). Cases including BW effects display

significantly larger near-surface TKE values than shear and LT only cases.

Three-dimensional snapshots of the turbulent flow field, with mean currents

subtracted, illustrate differences in turbulent flow characteristics and capture results

observed within velocity variance profiles for varying wind-wave conditions (Figure

2). Large along-wind, near-surface velocity variances observed for ST and STBW

cases can be related to small-scale, near-surface jets aligned observed within the
along-wind ST and STBW 3D snapshots (Figure 4). Similarly, large crosswind and
vertical velocity variances, observed for LT cases, directly correspond with coherent
structures within LT and LTBW 3D snapshots (Figure 4). Large surface crosswind
velocity variances directly correspond with strong coherent velocity structures
observed within LT and LTBW crosswind 3D snapshots. Additionally, enhanced

vertical velocity variances directly relate to downwelling and upwelling jets observed
within LT and LTBW 3D vertical turbulence snapshots. Reduction of small-scale

coherent structures and smoothing of large-scale structures is indicative of enhanced

18

40



mixing from BW effects and can be observed through direct comparison of 3D
snapshots for ST/LT and STBW/LTBW cases in Figure 4.
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Figure 3.4: 3D turbulent velocity snapshots for all wind-wave cases. Includes along-

wind, crosswind, and vertical velocities with the mean velocity removed to highlight
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turbulence. Positive vertical velocities (yellow) indicate downwelling while negative

vertical velocities (blue) indicate upwelling.

3.2 Particle Dispersion Overview

Snapshots of buoyant particle positions for different times (Figure 5) and
particle trajectories (Figure 6) provide an intuitive overview of the evolution of
particle motion and dispersion. Six separate buoyant rise velocities considered within
this study range from neutrally buoyant (w» = 0.0 cm/s) to highly buoyant (wy = 2.1
cm/s). This range of wy also includes the rise velocity of buoyant materials that exist
within the ocean surface boundary layer (e.g., algae, plastic, zooplankton, nutrients,
etc.). Figure 5 includes horizontal and vertical cross-section snapshots of buoyant
particle dispersion under ST (5.a), STBW (5.b), LT (5.c), and LTBW (5.d) flow fields.
Point sources are located at 6 separate locations along the crosswind (y) axis and two
separate depths (z = 0 m, -3 m). We defined initial release locations to capture
dispersion within both convergence and divergence regions for LT cases and near-
surface breaking wave effects. Figure 6 shows initial (t=20 s) and long-term (t =
15,000 s) dispersion characteristics for particles of small (wp = 0.5 cm/s) and large (Wb
= 2.1 cm/s) buoyant rise velocities within ST, BW, LT, and LTBW flow fields.

Initial particle dispersion, shown for t = 20 seconds, occurs in the inertial
subrange and is characterized by the Richardson-Obukhov law which states that
particle-pair dispersion, for times much smaller than the integral time scale, is directly
related to both time and local turbulent dissipation rate (€) (Sawford, 2001). Therefore,
for small time scales, particle dispersion is largely dependent on local dissipation rates
and consequently on the location of release. For cases that include breaking wave
effects, initial dispersion of near-surface point sources is larger compared to point
sources released at greater depths (z = -3m) or within ST/ LT only cases (Figures 5.3,
5.d). This can be attributed to enhanced local near-surface TKE injection (Figure 3)
and dissipation rates. For cases without BW effects, particle clouds generally remain

compact initially and initial dispersion rates are smaller. In LT and LTBW cases, small
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scale Langmuir structures locally enhance TKE and local dissipation rates within
convergence zones (Thorpe, 2004). Enhanced TKE and dissipation rates in
convergence zones result in enhanced initial dispersion of particle clouds (Figures 5.c,
5.d). Initial dispersion of particle clouds scale will be further discussed within
subsection 3.3.

At larger times, buoyant rise velocity influences the vertical position of
particles within the OSBL and therefore determines the scales of turbulent structures
that drive dispersion. As buoyant rise velocity increases, particle concentrations are
forced vertically towards the surface and eventually become surface trapped for very
large rise velocities. Particles of small buoyant rise velocity, e.g., wp = 0.5 cm/s, are
effectively dispersed by larger-scale turbulence and mean currents. As wy approaches
zero, i.e. for the neutrally buoyant case, particle concentrations at sufficiently long
time scales vertically homogenize (discussed in subsection 3.3.1). On the other hand,
as buoyant rise velocity becomes larger, particles become increasingly trapped within
the near-surface region of the OSBL. Organization of particle concentrations within
the OSBL significantly impacts both horizontal and vertical dispersion. For strongly
buoyant particles within shear turbulence only flow fields (Figure 5.b), vertical scatter
of buoyant particles is largely reduced as small scale turbulent structures no longer
efficiently transport particles. However, for LT and LTBW cases, enhanced vertical
mixing due to the presence of Langmuir circulations, results in more efficient vertical
transport of particles. Without LT, small scale turbulence generated by shear
production is only able to submerge particles of small buoyant rise velocity to
significant depths (z = -30 m). While LT enhances vertical scatter, converging near-
surface crosswind velocities organize strongly buoyant particles in bands and
significantly reduce horizontal scatter.

The inclusion of enhanced near-surface TKE from BW effects substantially
increases submergence of near-surface particle concentrations compared to cases
without BWSs. Increased surface TKE injection due to breaking waves results in

greater visual scatter of particle clouds, compared to the ST case, and near-surface

22



entrainment of surface trapped particle concentrations (Figure 5.a). However,
horizontal and vertical dispersion of highly buoyant particle clouds (e.g., wp = 2.1
cm/s) is still significantly reduced compared to cases of smaller buoyant rise velocity
(Fig 5.a). Highly buoyant particles are much more efficiently submerged by large
scale Langmuir structures than small scale structures present within shear or BW
cases. These Langmuir circulations are critical for both horizontal organization and
vertical transport of buoyant particles. Converging crosswind velocities due to
counter-rotating Langmuir circulations, observable within Figure 4, horizontally
organize buoyant particles into bands located in convergence zones (5.c, 5.d). Since
convergence zones directly align with large downwelling velocities, surface trapped
particles are still able to be submerged to depths between ten and twenty meters for
both LT and LTBW cases. In addition to smoothing near-surface velocity structures
(Figure 4), BW effects more efficiently mix near-surface concentrations and smooth

coherent bands of particles trapped within Langmuir convergence zones (5.d).
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Figure 3.5: Horizontal and vertical cross-sections of particle dispersion are shown for
flow field cases including: BW (5.a), Shear (5.b), LT (5.c), and LTBW (5.d). A small
(wp = 0.5 cm/s) and a larger (wp = 2.1 cm/s) are shown for long term dispersion (t =

15,000 seconds) and dispersion for short times (=20 seconds). Note that only results

for one buoyant rise (wp=0.5 cm/s) are shown for the initial dispersion since dispersion

rates at times much smaller than the integral time scale are nearly independent of

buoyant rise velocity.
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Lagrangian particle motion and dispersion can be further illustrated through
example particle trajectories (Figure 6). Figure 6 illustrates that large, energy-carrying
coherent Langmuir circulations critically affect vertical movement of buoyant
particles. In cases that include LT, both the magnitude and frequency of particle
submergence is increased. Without LT, particle trajectories remain largely confined
within ten meters of the surface. Rapid vertical oscillation of example STBW/LTBW
particle trajectories (Figure 6), between the surface and a depth of a few meters, is
indicative of higher frequency movement caused by enhanced near-surface TKE
injection from BWs (Figure 3). These particle trajectories and the particle snapshots
suggest that buoyant rise velocity and wave effects strongly influence particle

dispersion.

Particle Trajectories: wy = 0.5cm/s
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Figure 3.6: Example particle trajectories are shown for a buoyant rise velocity of 0.5
cm/s. Trajectories are calculated with the mean position subtracted. BW (black
dashed), Shear (black), LT (red), and LTBW (red dashed) cases are shown for all

directions vs. a normalized time scale (tu,/h); where u,=0.0083 m/s and h = 33 m.
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3.3 Particle Dispersion Analysis

One of the primary objectives of this study is to understand the effects of
varying wave cases (ST, STBW, LT, LTBW) and buoyant rise velocity on particle
dispersion from short to long times relative to the turbulent integral time. Subsection
3.3 is further broken down into two separate sections: vertical distributions (3.3.1) and
horizontal dispersion (3.3.2). Analysis of both vertical and horizontal particle cloud
dispersion statistics is critical for determining what processes drive dispersion for
different wave and buoyancy cases. Vertical distributions of particle concentrations
dictate what mean sheared currents and turbulence drive particle dispersion. For
instance, surface trapped particles are advected by the turbulent surface current, while
homogenously submerged particle concentrations are transported by turbulent currents
throughout the OSBL.

3.3.1 Vertical Particle Distributions

To effectively analyze turbulent dispersion for all buoyant rise velocities and
wave effects, we must first understand how particle concentrations are organized with
respect to depth for all cases. Both buoyant rise velocity and vertical turbulence dictate
the position with respect to depth of buoyant particles (Kukulka and Brunner 2015).
Vertical location of concentrations within the OSBL determines what currents and
turbulence scales advect and disperse particles. Normalized particle concentration
profiles are plotted below with respect to depth for all buoyant rise velocity and wind-
wave conditions (Figure 7).
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Figure 3.7: Normalized concentrations C with respect to depth are shown for buoyant
rise velocities of 0.0 cm/s (black), 0.5 cm/s (blue), 1.0 cm/s (red), 1.5 cm/s (magenta),
and 2.1 cm/s (cyan). Depth is normalized by mixed layer depth (h = 33m).

Concentration profiles are calculated only for longer time scales. The total (depth-

integrated) concentration is denoted by “integral(C)” which equals f_Oh C (2)dz.

For neutrally buoyant particles (wy = 0.0 m/s), concentrations are vertically
homogenous with respect to depth for all cases. As buoyant rise velocity is increased,
particle concentrations become progressively trapped within the near-surface region of
the OSBL. Even small buoyant rise velocities, e.g., wp = 0.5 cm/s, shift particle
concentrations toward the surface compared to homogenously distributed neutrally
buoyant concentrations. The extent of surface trapping of concentrations, for each
buoyant rise velocity, varies in magnitude with respect to wave conditions. In the case
of shear turbulence, small turbulent structures generated by shear production are
unlikely to submerge particles of buoyant rise velocities larger than 1.0 cm/s.
Increased near-surface TKE and dissipation rates due to the inclusion of breaking

wave effects submerge concentrations to greater depths than shear turbulence.
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Enhanced vertical mixing due to Langmuir turbulence additionally submerges
surface particles and reduces near surface concentrations. The combination of
increased near surface TKE from BWs and enhanced vertical mixing due to LT results
in the largest submergence of highly buoyant particles of all cases. TKE injection due
to BWs can force surface trapped particles into regions of large downwelling velocity
within LT convergence zones, directly enhancing the ability of LT to deeply submerge
buoyant particles (Figure 7). Therefore, particle concentration profiles, coupled with
mean sheared current and velocity variance profiles, provide insight into driving
mechanisms of long-term buoyant particle dispersion for varying buoyant rise velocity

and OSBL wave condition cases.

3.3.2 Particle-Pair Distances

We statistically describe buoyant point source dispersion using the mean-
squared particle-pair distance, which is effective for characterizing the evolution of
particle point sources (e.g., Sawford (2001)) and has recently been applied to study
wave-driven OSBL turbulence (Kukulka and Veron, 2018). We utilize equation 18 to

calculate the total mean particle-pair distance squared, d? = d? + d3 (Figure 8),
along-wind particle-pair distance squared,d% (Figure 9), and crosswind particle-pair

distance squared, d5 (Figure 10) and plot these results with respect to time.

Different point source release locations enable the analysis of how depth and
crosswind position affect particle dispersion statistics. Particle clouds were released at
two separate depth levels (at the surface and at z = -3 m) and at six horizontal
positions located within convergence and divergence zones. Mean particle-pair
distanced squared results are displayed only for one location released at the surface.
Long-term behavior is independent of release location and therefore results are only

shown for one location.
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Figure 3.8: The total mean distance squared d? in m? for surface release locations, is
shown for five buoyant rise velocity cases (wp= 0.0 cm/s, 0.5 cm/s, 1.0 cm/s, 1.5 cm/s,
2.1 cm/s). Mean particle-pair distance squared results for times much smaller than the
integral time scale and times much greater than the integral time scale converge to
Richardson-Obukhov (small times) and Taylor (long time) asymptotic limits.
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Figure 3.9: Along-wind dispersion of point sources, d? (m?), for surface release
locations, is shown for five buoyant rise velocity cases (wp= 0.0 cm/s, 0.5 cm/s, 1.0
cm/s, 1.5 cm/s, 2.1 cm/s). Mean particle-pair distance squared results for times <<
integral time scale and times >> integral time scale converge to Richardson-Obukhov

(small times) and Taylor (long time) asymptotic limits.
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Figure 3.10: Crosswind dispersion of point sources, d%(m?), for surface release
locations, is shown for five buoyant rise velocity cases (wp= 0.0 cm/s, 0.5 cm/s, 1.0
cm/s, 1.5 cm/s, 2.1 cm/s). Mean particle-pair distance squared results for times <<
integral time scale and times >> integral time scale converge to Richardson-Obukhov

(small times) and Taylor (long time) asymptotic limits.

Total and horizontal mean particle-pair distance squared plots capture key
characteristics of turbulent dispersion. For initial dispersion, mean particle-pair
distance results converge to the expected Richardson-Obukhov law with distance
square proportional to t* (Sawford, 2001) and are approximately independent of
buoyant rise velocity. Furthermore, enhanced initial near-surface dispersion of point
sources due to increased BW surface dissipation rates is captured. Figure 11 compares

the total mean particle-pair distance squared results for a surface released (z =0 m)
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point source to results for a point source released at greater depths (z = -3 m). For
sufficiently small times, mean distance squared values for surface released cases are
two orders of magnitude larger than those of the point source released at larger depths
or point sources for cases without BW effects. Differences in initial dispersion can be
attributed to enhanced BW TKE and dissipation rates at near-surface regions (Figure
3).

Total mean particle-pair distance squared: Breaking wave only
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Figure 3.11: Total dispersion of point sources under breaking waves, d?(m?), for a
surface release location (z = Om) and one at larger depths (z = 3m), is shown. Mean
particle-pair distance squared results for times << integral time scale converge to
Richardson-Obukhov (small times) and are magnitudes larger for surface released

point sources.

For intermediate and long times, mean particle-pair distance squared values are
controlled by larger-energy containing eddies and mean currents. During the
intermediate time range, d? values increase at varying rates and occasionally decrease.
This is attributed to the presence of large coherent vortices, primarily within LT cases,
that result in stretching and compressing of particle clouds without necessarily

resulting in mixing. At sufficiently long times, d? behavior is statistically governed by
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the asymptotic law described by Taylor (1922). Within section 3.3.3, we utilize
Taylor analysis to characterize long-term dispersion for varying buoyant rise velocity
and wave conditions.
3.3.3 Horizontal Turbulent Diffusion Coefficient for Long Times

To further understand how varying wave conditions and buoyant rise velocity
affect buoyant particle dispersion, we utilize mean particle-pair distance squared
results (Figures 8 to 11) to analyze long-term particle cloud dispersion. For times
much larger than the turbulent integral time scale, particle dispersion is analogous to a
‘random walk’ (Taylor 1922), so that horizontal turbulent diffusion coefficients can be
determined by equation 19. This is discussed in subsection 2.6 for the total distance
squared (A = A; + A,), in the along-wind direction (44), and crosswind direction
(A,). We discuss results for total (A4), along-wind (A1), and crosswind (4,) turbulent
diffusion coefficients (Figure 12) for each buoyant rise velocity, beginning with the

neutrally buoyant case, and provide interpretations of results on a case by case basis.

Total Turbulent Diffusion Coefficient vs. w, Along-wind Turbulent Diffusion Coefficient vs wy Crosswind Turbulent Diffusion Coefficient vs w,

—O- BW
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Figure 3.12: Turbulence dispersion coefficients are plotted vs. buoyant rise velocity
for ST (black), STBW (black dashed), LT (red), and LTBW (red dashed) cases.

Coefficients are normalized by (u,h) where u, = 0.0083 m/s and h = 33m.

For neutral and small buoyant rise velocities, ST/STBW turbulent diffusion
coefficients are larger than those of LT/LTBW cases and decrease rapidly as buoyant
rise velocity is increased. At an intermediate buoyant rise velocity of wy, = 1.0 cm/s,

the ordering of turbulent diffusion coefficients begins to change with Langmuir
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turbulence cases overtaking ST/STBW cases in magnitude. As this buoyancy further
increases, LT/ LTBW turbulent diffusion coefficients are larger than those for ST and
STBW cases. For most cases, BWs decrease turbulent diffusion coefficients. Diffusion
coefficient converge to a constant value for large wy as particles become surface
trapped.

We interpret these results using: mean velocity (Figure 1), velocity variance
(Figure 2), TKE (Figure 3), and concentration (Figure 7) profiles. Diffusion
coefficients for the neutrally buoyant case are significantly larger in magnitude than
those of small buoyant rise velocities (Figure 12). Since neutrally buoyant particles are
vertically transported throughout the whole OSBL in all cases, relatively large
turbulent diffusion coefficients are due to enhanced dispersion of particles by large
eddies and shear at the surface and base of the OSBL (Figure 13). Particle trapping
below the mixed layer may also contribute to enhanced diffusion coefficients as those
particles are not advected by currents potentially enhancing differential advection and
associated shear dispersion. Vertically sheared currents, within ST and STBW cases
(Figure 1), transport particles differentially, depending on the particle’s depth location,
which results in horizontal dispersion, referred to as shear dispersion. The larger the
shear is, and the more particles located in sheared flow, the greater the dispersion rate
due to vertically sheared currents. Differences between ST/ STBW coefficients are
likely attributed to enhanced trapping of neutrally buoyant particles below the mixed
layer due to BW effects. The presence of LT within the OSBL results in more uniform
mean currents and, consequently, reduced shear dispersion. Furthermore, results for
our neutrally buoyant case indicate that BW effects enhance dispersion of neutrally
buoyant particle clouds compared to cases without breaking wave effects. This is not
so for the LT case and may be attributed to disruption of small scale LT structures by
BW effects (Kukulka and Brunner, 2015)

Results from our study show that, for cases of small buoyant rise velocity (e.g.,
wp = 0.2 cm/s, 0.5 cm/s), turbulent diffusion coefficients are decreased with respect to

the neutrally buoyant case. Small changes in buoyant rise velocities result in
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substantial changes in magnitude of turbulent diffusion coefficients, indicating that
varying wy results in sampling of different flows for each case. This can be attributed
to particle concentrations becoming more surface concentrated and less likely to be
trapped or dispersed by larger eddies/ sheared currents at the base of the OSBL
(Figure 7), schematically shown in Figure 13. Neutrally buoyant concentrations,
represented by the black dashed line within Figure 13, sample small and large eddies
in addition to the full mean current, including sheared regions near the surface and
base of the OSBL. As buoyant rise velocity is slightly increased, concentrations are
forced towards near-surface regions (red line figure 13), resulting in sampling of only
the upper mean current. Furthermore, this result is consistent with results obtained by
Colbo and Li (1999) which determined that buoyancy effects significantly inhibit
crosswind dispersion of particle clouds within LT flow fields. For smaller buoyant rise
velocities, particle concentrations are transported vertically by turbulent eddies in all
cases (ST, STBW, LT, LTBW) and horizontal particle dispersion is predominately
controlled by larger turbulent eddies sheared currents shown.

As buoyant rise velocities further increase, the order in magnitude of turbulent
diffusion coefficients begins to shift. We attribute this change in turbulent diffusion
coefficients to the fact that, without LT, highly buoyant particles are no longer
efficiently transported vertically and become increasingly trapped within the near-
surface region, which is schematically represented by the blue concentration profile in
Figure 13. With LT, coherent Langmuir structures (small and larger scale as
schematically represented in Figure 13) are critical in deeper submergence. With LT, a
significant number of particles remain surface trapped within convergence zones
(Figure 5); nevertheless, strong downwelling velocities underneath convergence
regions are able to submerge particles (represented schematically by the red
concentration profile) and expose concentrations to relatively strong shear (idealized
current profile shown by black line in Figure 13) resulting in more efficient dispersion.

The presence of BWSs generally results in decreased turbulent diffusion

coefficients. It is somewhat counter-intuitive that BWs reduce horizontal dispersion
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for both ST and cases. One possible explanation is that BWSs disrupt small scale
coherent structures (represented by small near-surface eddies in Figure 13) that

efficiently disperse material (Kukulka and Brunner, 2015).

l[ o
)

Figure 3.13: A simple schematic of particle dispersion within the OSBL is shown for:

z (m)

neutrally buoyant particles (black-dashed), intermediate buoyancy particles (red), and
highly buoyant particles (light blue). A simplified mean current is shown with regions
of shear near the surface and base of the OSBL. Small and large eddies are also

included.

Additionally, turbulent diffusion coefficients for along-wind (4;) and
crosswind (A,) directions are analyzed. Except for the neutrally buoyant case (wp =
0.0 cm/s), along-wind turbulent diffusion coefficients (A;) are similar to total
dispersion coefficients and are substantially larger than crosswind diffusion
coefficients (4,). For w, = 0.0 cm/s, crosswind diffusion coefficients, A,, are closer to

total diffusion coefficients and are larger in magnitude than coefficients computed for
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the along-wind direction. To further examine the direction of dispersion, we will next
investigate the principal axes of dispersion for each case.
3.3.4 Principal Axes of Dispersion

It is also important to consider that the along-wind and crosswind axes are
generally not the principal axes of dispersion because the currents and current shear
turn with depth. The LES model for this study is designed to accurately simulate open
ocean OSBL turbulence, with the inclusion of a Coriolis force. For the Ekman layer
with positive f, this results in the depth integrated mean currents being aligned to the
right-hand side of the wind direction.

To address this issue, major (PC1 = (X1 pc1, X2,pc1 ) @nd minor (PC2) principal
axes of dispersion were calculated using particle positions for each cloud at times
much larger than the integral time scale. This was done for all buoyant rise velocities
(wp =0.0 cm/s, 0.2 cm/s, 0.5 cm/s, 1.0 cm/s, 1.5 cm/s, and 2.1 cm/s) and OSBL
turbulence conditions (ST, STBW, LT, LTBW). Mean particle-pair distance squared
values were recomputed along the principal axes and then utilized to calculate
turbulent diffusion coefficients along the principal axes for each case. Angle of
dispersion with respect to the wind and turbulent diffusion coefficients are plotted

with respect to buoyant rise velocity and shown below for all cases (Figure 14).

Angle of principle dispersion vs. wy PC1 : Turbulent Diffusion Coefficient vs wy PC2 : Turbulent Diffusion Coefficient vs w,
12

1

0.8

1he|apC (degree:
A" h)
A" h)

wy (cm/s) wy (cm/s)

Figure 3.14: Both the angle of principle dispersion and turbulent diffusion coefficients
for both principle axis are plotted versus buoyant rise velocity. Cases include BW
(black dashed), Shear (black), LT (red), and LTBW (red dashed) for all buoyant rise
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velocities. Coefficients are normalized by (u.h). Here Al is along PC1 and A2 is
along PC2.

The angle between the x axis and the major principal axis is given by 8. =

arctan (Xzﬂ) The major principal axis for cases of small buoyant rise velocity is
X1pC1

significantly misaligned with the x and y axes. These significant misalignments can
most likely be attributed to the fact that particles of smaller buoyant rise velocities are
more homogenously distributed in the vertical direction. Thus, the direction of particle
dispersion is affected by the Ekman spiral (Figure 3). As buoyant rise velocity is
increased, and particles become increasingly surface trapped, the angle of principle
dispersion begins to align more closely with wind direction. This alignment can most
likely be attributed to the organization of surface trapped particles within strong,
along-wind near surface shear jets and LT convergence zones, which approximately
align with the direction of wind forcing (x-axis). Our results suggest that sheared
along-wind jets, characteristic of Langmuir circulations (Kukulka et al., 2010; Polton
et al., 2005; Weller et al., 1985), advect near-surface particle concentrations trapped
within convergence zones in the wind direction and approximately align the primary
direction of dispersion with the wind.

Additionally, turbulent diffusion coefficients for both PC1 and PC2 primarily
follow the same trends and characteristics as for x and y axes. These results indicate
that the direction of point source dispersion is dependent on both buoyant rise
velocity, OSBL turbulence, and wave conditions. Therefore, it is critical to analyze
dispersion along the principle axes in addition to analyzing dispersion with respect to

traditional axes.
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Chapter 4

CONCLUSION

Based on a Lagrangian particle tracking approach, we have analyzed point
source dispersion for varying OSBL wave conditions and buoyant rise velocities. This
study examines a wide range of buoyant rise velocity values ranging from the
neutrally buoyant case, previously studied by Kukulka and Veron (2018), to a largely
surface trapped case. This was done to gain insight into how a wide variety of buoyant
materials disperse such as: plastic, zoo plankton, nutrients, harmful chemicals, etc.
Results are based on a 3-dimensional time-dependent turbulence resolving LES model
coupled with a Lagrangian stochastic model. Flow fields and velocity profiles derived
from this LES model reveal key differences between four OSBL wave condition for
which turbulence is driven by shear (ST case), and Langmuir turbulence (LT case),
and breaking waves with LT (LTBW case) and without (STBW case). Wind-driven
shear currents generate small but energetic turbulent structures and result in a highly
sheared mean velocity profile with respect to depth. Interactions between instabilities
produced by the turbulent current and wave-driven Stokes drift, result in the formation
of counter-rotating vortices, approximately aligned with the wind, that characterize
Langmuir turbulence and are described by the CL2 mechanism (Craik and Leibovich,
1976). These Langmuir circulations organize and disperse particles in both the
horizontal and vertical planes in the crosswind and vertical directions. Enhanced
vertical mixing and transport due to LT results in a more uniform mean current with
respect to depth compared to highly sheared mean currents for ST and STBW cases.
Breaking wave effects, modeled as a surface TKE flux into the ocean surface, increase
near-surface TKE and TKE dissipation rates

In order to better analyze how particle clouds disperse, we statistically describe
point source dispersion using both mean distance particle-pair squared values and
turbulent diffusion coefficients. Mean particle-pair squared distances were evaluated
for both initial and long-term dispersion, initial dispersion being characterized by the
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Richardson-Obukhov law (Sawford, 2001) and dispersion for times much larger than
the integral time scale being characterized by Taylor dispersion (1922). Since TKE
injection due to breaking waves enhances near surface dissipation rates, initial
dispersion of near-surface particle clouds released at the surface in BW cases was
significantly larger compared to both LT and shear only cases.

For long times, we determined horizontal turbulent diffusion coefficients based
on Taylor’s theory for the dispersion of point sources (Taylor, 1922). Dispersion of
particle clouds within the OSBL is dependent on both sheared mean currents and
turbulence. When buoyant rise velocity is small, particle concentrations are
transported vertically by turbulent eddies in all cases (ST, STBW, LT, LTBW). Within
ST and STBW cases, mean currents are more sheared, resulting in differential
advection of particle clouds with respect to depth. This results in larger turbulent
diffusion coefficients for ST and STBW cases. In contrast, enhanced mixing due to LT
results in more uniform currents with respect to depth. These currents do not as
efficiently disperse particles along the horizontal plane and result in smaller turbulent
diffusion coefficients for small buoyant rise velocities. Diffusion coefficients for BW
cases are almost consistently smaller than for cases without BW effects due to both
disruption of small scale coherent structures that efficiently disperse material by BWs
(Kukulka and Brunner, 2015). As buoyant rise velocities increase, particles
concentrate within near-surface regions. Small scale turbulence, generated within ST
and STBW cases, is unable to efficiently submerge highly buoyant particles, resulting
in largely reduced turbulent diffusion coefficients. Large scale Langmuir circulations
still may submerge particles with relatively large buoyant rise velocity to regions with
shear and relatively large turbulent eddies, enhancing shear dispersion and likely
resulting in larger turbulent diffusion coefficients than ST/ STBW cases for large
buoyant rise velocities.

To capture the effect of rotating currents with respect to depth within the
Ekman layer, particle cloud dispersion statistics were calculated with respect to the

principal axes of dispersion for all cases. Principal axes of dispersion are dependent on
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both buoyant rise velocity and wave effects. Major and minor axes of dispersion are
significantly misaligned with the direction of the wind for neutrally buoyant particles
but align with wind direction as buoyant rise velocity is increased. Turbulent diffusion
coefficients computed with respect to major and minor axes of dispersion are
consistent with those observed for x and y axes. These results indicate that it is
generally necessary to examine point source dispersion along the principal axes of
dispersion.

Results of this study show that point source dispersion is dependent on both
buoyant rise velocity and OSBL wave conditions. The applied Lagrangian method and
coupled LES and Lagrangian stochastic model is an effective means for characterizing

dispersion of buoyant particles within varying OSBL conditions.
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