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ABSTRACT

In JORS and 1959 diifter tracking experiments were condneted on the
Southwestern Puerto Rican shelf. Smface drifters were nsed as corrogates for
buovant fish cges, in order to determine the dependence of the ege trajectory
on the spawning site and time. Data analvsis of the drifters shows that
the mean trajectory depends on the spawning time and the sea~on of drifter
telease. Trajectories from adjacent spawning and nonspawning sites have
na significant difference, however, Both the current and the wind tend (o
have an along-shore and westward ditection. The ligh correlation between
wind and current indicates that the wind deives the earrent in a direetion
parallel 1o the shore. Flow reversals (to the Eadt) are common in petiods
of Jight winds, which oceur most frequently in the wet season. fram July
to December. The data analyeis agrees with the hivpothesis that the flow
reversals might be caused by an eastward pressure gradient oppousing the
wind. The predominant tidal harmaoiics on the reef are the dinrnal K1 and
the semidivmal M2 that can be modelled as across-shelf standing waves.
Scale analysis showed that the associated velocity amplitudes are insignificant
on the reef. The seiche of aecuring on the reef. is iinportant for the emrents
in the area.

The flow is highly variable, cspecially in the along-shore direction. The
flow variability can be inodelled as a randon walk for the cross-shore compo-
nent. Statistical analysis of motion relative to the cluster centroid, indicates
that a patch of drifters 1s elungated in a direction parallel to the coastline at
all the times. This indicates that the horizontal shearing of the mean flow
velocity plavs a dominant role in the relative diffusion processes of the area.
The data analysis also indicates that there is much more variability in the
paths of the clusters: than in the paths of the drifters within a cluster,
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Chapter 1

Introduction

1.1. Physical and bioclogical cbjectives

In the ycars 1988 and 1989, Lagrangian drifter tracking experiinents were
conducted on the Southwestern Puerto Rican shelf. The study had both
biological and physical objectives. With regard to thie physical aspect, it was
the study of how the variability of diffusion and transport of particles on a reef
cdepends on the position and tme of the particles’ release in the sea. From the
biological viewpoint, we songht to interpret the spawning strategy followed by
the reef dwelling fish  Thalassoma Bifasciatun. The fish spawns clouds of
positively buoyant eggs near the bottoin substrate. It spawns only al midday. at
specific sites of the reef. The biological question was whether or not these
spawning siles and this spawning titne resulls in niore fish eggs surviving than
if the fish were to spawn al different sites or times. Egg mortality can be caused
by predation from reef-associated fishes and invertebrates (Shapiro el al.,
1988). In order to avoid predation, the cggs must avoid trajectories in shallow

water, and should disperse guiickly.

1.2. Egg-Transport and Diffusion.

When a small patch of particles is released in the sea, they are usually
subjected to a flow ficld that causcs both an advective transport of the patch
and a relative motion between particles in the patch. The transport is caused by
the spatially averaged component of the flow field and can be deterministic

{steady or oscillatory flows), nondeterministic, or a mixture of both. If the



transport is variable with time, it might result in the "meandering” (spatial
undulation) of the patch trajectory. The relative motion of particles in the ocean
is usually regarded as being nondeterministic. This however is not always the
case. For example, the relative motion between the particles in a patch can be
approximately deterministic if the patch is subjected to a steady but
nonuniform flow field. Relative motion, whether deterinistic or not, leads to
the patch dispersal in space When the random movements are microscopic,
then this dispersal is called molecular diffusion. When the randoim motions are
caused by turbulent eddies, then we refer to dispersion as eddy diffusion. The
cddies are fluid domains, within which, for some time interval t° (eddy-
lifetime) and over some eddy length scale /, velocity iIs coherent.  This definition
can bhe extended to any other kuiematic propertics such as vorticity, or
deformation rates (Tennekes and Lumley, 1972). In a three-dimensional flow
ficld, the smallest time and space scales are cetermined by the ability of
molecular viscosity o sinooth out small scale shears, at the rate at which they
are being created by an energy cascade from the large to small scales, and are

called the Kolmogorov time and space scales.

Any shear, rotation or divergence in the flow ficld can distort the cluster,
rotate the cluster or change the cluster area. Shears in the deterministic flow
interact with the random kinematics causing the enhancement ol dispersal
through the "shear diffusion effect” {Bowden, 1965, Sanderson and Okubo,
1987). It should be noted that the division between the eddy diffusion and the
transport for the motion of a patch in a turbulent fleld would depend on the
spatial scalc of a patch {Csanady, 1973). The eddies of a size smaller than hat
of the patch will have a different kinematic effect on each particle of the patch,
and this results in the dispersal of the particles with respect to the patch
centroid, whereas eddies of a scale that {s much larger than that of the patch.
will induce the same motion to all the patch units, and in this sense, these

larger eddies should be regarded as part of the transport. As lime progresses



however, the patcli grows in size, and this division of the spectinim of the eddies
into the transport and diffusion domains tends to higder wavelengths and lower

freque cies (Okubo and Ebbesineyer, 1976).

Commonly diffusion experiments are done by cither releasing a patch of
particles instantancously over a small area (instantancous source) or by
continnously releasing particles over a small area (continnuous release).  1f the
initial patch dimensions are very small compared (o the palch dimensions at

later times, experirnents will approximate a point source release.

There are two different methods for measuring and two coordinate systems
for describing the flow field, the Eulerian and the Lagrangian. In the Eulerian
approach, one regards the velocity 77,,;(.\‘._\'.:.r) as a function of fixed space
coordinates a,v.: and time (., A common Eulerian instrument that ineasures
flow vclocity in the ocean is the moored current meter. In the Lagrangian
approach oneregards the velocity ?,_(u.b.c,:) of a parlicle that moves with the
fluid, as a fnetion of time ¢ since some initial time ¢, when the particle
position is (¢.b.c). where (r.v.z)=(a.b.c) at r=r,. Tracking of drilters is a
conunon Lagrangian method for measuring oceanic velocities.  Eulerian and
Lagrangian coordinates provide two ways of describing the same velocity field.
The Eulerian and Lagrangian velocities are interrelated by the Euler-Lagrange

transformation (Zirmunerinan, 1978), thal is

- = A I i 2P
W d” 0=, (a +j 1, (a 0D .
0

This is a 1tonlinear vector integral equation. In a turbulent flow field there is no

hope of solving it analylically, Numerical techniques of solution would require
- :

that many measurements of ', be made to caiculate the trajectory of just one

particle. Similarly the trajectories of many particles must be measuired to obtain

the Eulerian flow field as a fimetion of lime in even one position x.

Occanic velocity fields are spatially and temporally variable. This variability



is usually modeled stochiastically (Stomnel, 1948). In either the Eulerian or the
Lagrangian coordinate system, the usual way of determining the statistics of
the velocity field consists of two steps. First, the evaluation of the first
statistical moment of the velocitly (mean motion), nsing a way of averaging
which is pertinent to the problem. And second, the extraction of this mean {first
daone by Reynolds, 1895, and also of any other deterministic component, out of
the ve! City time series, to determine the turbulent fluctuations which are then
fitted to stochastic models. We will use the following methods (Okubo, 1962) of
averaging for estimating the first statistical moment of the drifter trajectories

and velocities, on the Puierto Rican reef.

1: Cluster (or Patch) average. This is rclated to a cluster of drifters, that
were all released at some initial time 1. It is the averaging at somc time 1 since
release time, over all the drifters of the cluster. This is equivalent lo averaging

- . .
over the space W={a } that encompasses the Lagrangian coordinates of the

drifters in the cluster.

2: Time average. This is the averaging of a drifter related guantity over

some time period.

3: Ensemble average. This is the averaging over many experiments that are
the same in a stalistical sense. Assuming homogeneous and stationary

statistics, the ensenmble can be comprised of releases at different tim~- and

different places.

The above averaging modes depend on the length of the time serles T, or the

space 'V averaged over.
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1.2.1. The diffusion equation

Molceunlar diffuision obeys Fick’'s law so that if there is a concentration
gradicnt VC there will also be a net molecnlar flux i_) down this gradient. The

flux is given by

P =-DVC. (L1)
where D is a constlant diffuision coefficient, that is a characteristic property of
the fluid. Let us ignore all the macroscopic motion. The change of € within
sume clemental volume will be dependent upon the difference between the
molecular fInx (1.1) into that clemental voliume and the molecular flux out of

that elemental volume, Taking the limit that the volume is infinitesimal we

obtain
W_vp . (1.2)
at

Substituting (1.1) into (1.2), gives the diffusion eguation.
QE:[)VEC . (1.3)
ot

Equation (1.3) can also be derived from a random walk. Consider a hig
number of particles, execiiting one-dimensional random steps of length . over
a time interval t. Then the probability p(x.r+1), that a parlicle is at the

position v at time r+1, is given by

pa .r+t)=% [pla=A )+ p(x+A1)]. (L

Assuming that A«{x|, and t«r. we can apply Taylor expansions for all the terins
of (1.4), withh respect to either ¢ (left hand side term), or x (right hand side

terms). This transforms (1.4) as follows,

i)£+ 1% _A*a%p

dr 291t 2194t

4
0 (19

In the limit of very small timme and space steps such that

Him l:=D. (1.6)
T A-202T

where D is constant, (1.5) tends to the diffusion equation.



ap )(')zp
At dxl

where 0 is a diffusivity. We now see that D can be interpreted in terms of A, 1

(.7

or u=A/t and A, i.e., in terms of molecular motion, which is a property of the

fluid and its state.

Equation (1.7} has, for an instantancous point rclease (i.e., for p(x,0)=058(x),
where §(x) is the delta function) the following sohition (Okuho, 1962: p304).

i A

Ny SN (1.8)

plxn)=- —
NdnDit

This is a Gaussian probabilily function, with variance ¢*=20¢. This indicales
that in the diffusion limit (1.6} the variance of a clond of diffusing material

increases proportional to time,.

In turbulent flows the diffusion limit may not be applicable and the
dispersion of particles becomes a function of the flow field rather than a
functuon of the fluid. Taylor's theory (1922) relates diffusion in stationary and
homogeneous turbulent ficlds to the propertics of turbulent motion. Consider
an ensemble of inslantaneous particle releases from a point, {i1 such a one
dimensional stationary and homogeneous turbulent field, that has no mcan
flow. One can express the position x=x(r) of a particle at time ¢ from ils release,
in terms of the particle velocity u=wu(:") at all previons times t* of the particle

trajectory.

!
x(ND=| wu(tHdr .
N

This implies that, at time r, the average (over the ensemble of the particles) rate

of dispersion is

M:2J1(u({)u(t'))(h'. (L9
di 0

where ( ) denotes the average over the ensemble of the particles. The velocily
u(r) was taken inside the integral since it is independent of +*. Introducing the

variable t=1-1" in cquation (1.9), we derive



d{lx(ni)

=2j ' (u(i)u(l—r))rlrzz(lu(l)lz)J "Rt . (1.10)
1] 4]

whiere R(1.1) is the autocorrelation fimetion of the particle velocity. that is

R(1.py= S Du=1)) (L11)

(Qu(n)?)
Integrating (1.10) with respeet to time and using the stationarity hypothesis,
i.e., that average quantities over the ensemble of particles are independent of
time, (for example, R(t.t)=R(1)) we derive the following expression for the

variance.

(v23)=2(u 3)]()’](' R(tydtdr . (1.12)
)

Wave motion will canse R(1) to oscillate as © increases. On the other hand
we normnally think of turbulent eddies as having random velocities  that
decorrelate as time progresses, so tlhiat R(1) decreases as the lag time t
increases. If the integral f“' R(t)dT converges (o an “integral time scale” t° as ¢
tends to infinity, then, on the average, the velocity of the particle at a time 1
becomes completely uncorrelated with its veloeity at 1+t if t»1*. This implies
that for titnes much larger than 1=, diffusive particle immotion can be treated as
an uncorrelated random walk, and (1.12) becomnes

(x 2)=2¢utr. (1.13)
annd by analogy with molecular diffusion, we obtain an "effective eddy

diffusivity” K for the turbulent diffiusion as follows

k== "2ty (L14)

The corresponding turbulent diffusion equation would then be
aC K 0*C

— =K, (1.15)
dr dx-

in analogy to the molecular-random walk diffusion equation (1.7) (note that

K » D usually).



Stommetl (1948) showed that, if the Fickian diffitsion equation (1.15) were (o
describe the turbulent occanic motion, then the probable change in sceparation
between two particles floating in the ocean, would not depend upon the
separation itself, something which is in ~ontrast with the obscrvations. He
mentioned that the reason for the failure of the Fickian model to describe the
turbulent diffusion. is that, as the separation of two particles increases, bigger
and bigger eddies would contribute to diffuision, thereby increasing the eddy
diffusivity.  Richardson (1926} introduced the concept of the "neighbour
concentration®, ¢(r), of pairs of particles with "neighbour scparation” equal (o

r. He then postulated the following diffusion equation

999 ey 04y (1.16)

dt dr ar
which is analogous (o the Fickian equation (1.15), but with the neighbour
separation replacing the position as an independent variable. In this equation,
F(ry is a "neighbour diffusivity". Richardson 1sed a large number of
atmospheric observations. to show that

F(ry=cr*?, (1.17)
where ¢, is a constant. This cquation is referred to in literature as the 4/3
power law. Okubo (1971) similarly showed that patch diffusion is dependent
on patch size. He also showed that the variance of patch dimensions grew much
faster than ¢, at a rate 1**. Recently Sanderson and Booth (1991) measured
the fractal dimension of drifter trajectories to be about 1.3. Thus a fractional
Brownian motion with this dimension results in variance growing proportional
to . This is faster than ordinary Brownian motion that has fractal dimension
2 and results in variance growing proportional to . To accoiumnt for variance of
relative positions growing faster than ¢'4 Sanderson and Booth (1991) postulate
an accelerated fractional Brownian motion model. In this model, the relative
velocity lends to increase with increasing separation. A fractional Brownian
nmotion is a random walk that has fractal dimension (sce Baker and Gollub,

1990; p:111-120 for the definition of fractal dimension and also Mandelbrol and



Van Ness, 1968, for a more detailed definition of the fractional DBrownian

motion).

1.2.2. Horizontal shear dispersion

ILet us examine the dispersionn resnlting from the interaction of the
horizontal veloeity gradietits of a spatially varying flow with the isotropic eddy

diffiision. QOkubo [19G6) eonsiders such an interaction, for which the velocity

ttu i IR v
— 0 =2 =1 are steady
L=o= g7 are teady

u_;'f"‘ h—m'

graclients, herealter symbolized as £2

and homogencons. e asstines a division of the eddy spectrnnn between large
scale eddies that canse the veloeity gradienits, and very small seale eddies that

cinise an isotiopic eddy diffusion.

Let ns consider a simplified version of this problem, where a mean flow in
the x direction w=u,+Q,v is sheared inthe v direction, ie., Q =Q =Q =0. and
2,0 but is constant and homogencous.  Let there also be a smaller scale
turbulent motion thiat can be characterizecd as ar isotropic eddy diffusivity A,
Adding adveclive terms to the two dimensional version of equationn (1.15) the
equation describing dispersion of material of concentration € becomes

, - - 2
€ g2,k (06, 2°C) (1.18)
ot ax da- Ay
If we transform to a coordinate systemn that moves with the mean flow such that
A=a+(u,+82,v)r .

yv=0,

Clxv)y=Sw.b.r),

then
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aC dC dSs
—t (8 V)=
ot TR A
d_d

ax da

da d Jd

SO JY Ry
av db da
so that (1.18) becomes
0Ss als_ 'S 0S8

=-=(K+(82,)71°K) 2Q 1K ——+K

, 9 (1.19)
it da- duandh ab*

Now let us use dimensional analysis to determine the spreading of a point
sonrce of material subject to the above diffusivity K and shearing ficld
(e, +82,v). We will consider dispersion in an unbounded fluid. In some time ¢
the diffusivity will spread the point source a distance AY=VKr in the y
direction. Thus the shear field will advect it a distance AX in the v direction in
this titne given by

AX=AYQ,=vK1Q,1 . (1.20)

Thus the effective Lagrangian diffusivity K, in the x direction is

which s consistent with our earlier equation (1.19). For large ¢ the clongation
¢ under shear diffusion is
AN QVKr

Al VKt

i.e.. it increases proportional to ¢ if Q, is a conslant. This analysis was
perforined for the case that there is only one nonnegligible velocity gradient, i.e.,
§,. We can use the same type of scale analysis for the other velocity gradients
too. t.e., for §2,, Q_ . and Q,, and derive similar formulas, provided that only
one of them is significant, i.e., different than zcro, the onc under consideration,

In reality of course there might be more than one significant velocily gradient in
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the flow ficld, and then the problemn cannot be addressed any more with the
above simple method, since this method does not consider the possible
interaction hetween different velocity gradients. Okubo (1966) discussed the
problem for the case that all velocity gradients are nonnegligible and steady. He
formulated this problem in terms of some lincar combinations of the velocity
gradients, that are also called "differential kinematic properties” and are defined

as follows in the literature.

1. The vorticily m= %—3—"' rotates the patch.

. . . T . .
2. The shearing deformation n=')~‘+'a—ff and the stretching deformation
[EA] A}

du . . .
Iz=§f—-f—L arc not independent and depend on the coordinate system's

oricntation, i.e., it is always possible to rotate the coordinate system, so that the
shearing deforination becornes zero (Saucier, 1953). Shearing and stretching

deformation resull in pateh clongation.

- : du v L : .
3. The divergence d= di'+'—,-‘ which is a measure of the material flux into a
Al (¢

closed elemental area. The divergence changes the cluster area A according to

’l“‘l—;}=d.

In particular Okubo (1966} studied the diffusion of a point source in a
nondivergent vclocity ficld., characterized by steadv vorticity, shearing and
stretching deformations, and constant eddy diffusivity. He found that the shape
of the patch will be an ellipse at all the times. Especially for the case that the
stretching and shearing deformations arc much larger than the vorticity, he
cottcluded (hat the patch tends to clongate in a direction almost parallel to the

mean flow, and that the elongation increases with time,
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Chapter 2

Experimental methodology

2.1. Experimental objectives

The drifter experimnents addressed the biological question entioned in
sceetion 1.1 in a quantitative way (Shapiro et al., 1988). All drifter experiments
were initialed on the San Cristobal platean, a reef that is located at the
Sonthwestern corner of Puerto Rico (Figure 2-1) and has approximate
dimensions 300m by 200m (Figures 2-2, 2-3). The spawning time and spawning
sites of Thalassoma, on San Cristobal rcef, were identified by diving. The
spawning occurs in the time interval between 12004 and 1400 4 local time. In
cach experiment, rhodamine-dye patches were simultancously released at hoth
a "spawning” and a "nonspawning” site (Figure 2-3}. The cdye patches were
visually tracked by a diver. Every 10min the diver identified the centers of the
two dve patches. He then "marked" each dye center with a buoy. The buoy was
floating al the sea surface and was attached with a rope to a weight lying on the
bottoin. This ensured that the buoy did not drift with the currents.  The
hiologist:s were hascd on the buoy positions to plot the dye trajectory. The dye
patches were tracked this way until they became either too dilute to be seen
with the naked cye, or until they reached the edge of the reef. At this time
(usually 1 hour afler relcase), each of the dye patches was replaced with a
cluster of 5 drifters. The submerged part of the drifter consisted of 4 aluminum
vanes perpendicular to cach other, extending over a depth range from 04m to
Lim. The submerged part was atltached (o a buoy that supporled a vertical
lamp-stick above the sca surface (Figure 2-4). The drogucs were released in

such a way that ensured that the area and shape of the dye patch was well



represented by the arca and the shape of the cluster of drogues. One drogue
was released at the center of the dye patch, and the other four drogues were
released in a cross-configuration around the patch. The eggs hatch after about
24 hours. Drifters were tracked for 24 hours using a Del Norte microwave
trisponrder. The wisponder system consisted of a "master" transceiver on the
tracking boat, that commnnicated with two remote slave (ransceivers
("remotes"} separated by 104&m (Figure 2-2). The "master” consisted of a
compnter and an antenna that was connected to the computer, and was located
at the cdge of the boat. Each "remole” consisted of an antenna similar to the
"master” antenna. Each of the “remote” antenmas were designed to emit a
microwave pulse as soon as they received a microwave pulse cemitted from the
"master”. We approached the drognes with the boat, and we tried to ensure
that the horizontal distance between the antenna of the "master” (ransceiver on
thie tracking boat and the drogue was as small as possible (typically 1m to 2m).
We then used the computer of the "master” transceiver {(inanual operation) to
rmit a microwave pnlse. The two "ranges” t9 the "reinotes”. f.e., the distances
from the "master” antenna to the "remote” antennas, were calculated from the
time of flight of a microwave pulse [rom the "master” to the "remotes” and back
to the "master”. This time of flight of the pulse was measured by the time
measuring system of the "master”. A "triangulation algorithm” was then used
by the computer of the "master” {o convert the pair of ranges into x.y
coordinates with axes defined so that the remotes lay on the x axis and remote
I was atl v=0.v=0. The screen of the "master” computer displayed the v.v
coordinates of the "master antenna" and the time when this position occurred.
These coordinates and also the time of their occurrence, were recorded as the
coordinates and time of the drogire. This whole process was repeated for each
ol the ten drogues (lwo clusters). Each of the drogues had a different number

on its lamp slick to distinguish it from the other drogues.

The accuracy of the ranges was Ar=1m according to the manufacturer.



Checking the system against known distances however revealed values of Ar
as high as 4m. This might have happened because the tests were done on land,
where the value of Ar becomes sometimes larger due to to the presence of
objects that affect the path of the microwave rays. For a given error of the two
ranges Ar, the real position x.v could be anywhere within an area that can be
approximated by a rhiombus, of which the parallel sides are 2Ar apart (Figure
2-5). The position of the center of this rhombus can be defined as the measured
position, or the position fix, and the error of the position fix can be defined as
(As;.As,), where As,.As, are equal to half the length of the diagonals of the

rhombus.  From the geometty in  Figure 2-5 we see  that

Ar Ar

T AT ). where ¢ is the angle that the center of rhombus

(:’.\SI.IAS:) = (

subtends on the "baseline” (the segment joining the positions of the two
remotes). The angle that is denoted as =¢ in Figure 2-5 is approximately equal
{o 6, since the dimensions of the rhombus are mich smaller than lengths of
the ranges. From the above formula it is evident that, all the points for which ¢
is constant, have the samne error in the position fix. It is also evident that, for
very small values of ¢ (corresponding to positions very far {rom the baseling
As, is very large, whereas for values of ¢ near 180" itis As, that is very large.
The recommended practice by the manufacturer was (o keep the values of ¢ in

a range such that 30°<¢ <150°, so that As_ < &

max = sin(15) °*

i.e., As__<dm, for

Mx

Ar=1m (where As, , is the maximum of As, and As,). The locations of the
two remotes were designed so that most of the drifter fixes result in values of ¢
within the above specified values. The locus of all points having a constant
position fix error is the locus of all the points subtending a constant angle ¢ on
the baseline. This locus is a circle whose radius (for a given baseline length b)
is r=b/2sin(0.5¢), and whose center is located at (H/2,4+ b/2wn(0.5¢)), in our
working coordinate system. Figure 2-2, shows the positions of the "remotes”,
marked as "remote” 1 and "remote” 2, and the area within which the error of the

position fix is less than 4, given that the range error is 1m. The boundaries of



tliis area are cireular and are the loci of all points subtending angles of 30° and

1507 respectively on the bascline.

The position fixes on drifiers were obtained at irregularly spaced times. The
titne interval hetween two subsequent position fixes of the same drifter ranged
from 20 minwres to 641 on a few occasions, when we had to be very careful in
manenvering the boat in shallow areas that had many coral reefs, or when we
lost sight of drifters in strong winds and big waves. The typical time interval
between subsequent position fixes of one drifter was 14, In order (o
conveniently analyse the data we linearly interpolated the position fixes to half

hourly intervals.
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Figure 2-1: The island of Puerto Rico. One can see the area of
the experiments (enclosed in the hatched rectangle)
and the locations of Isla Magueyes and Ponce.
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Figure 2-2: The area  of the experiment (land and reefs are
shaded), with the location of the trisponder
remotes. This map is an enlargement of the
rectangular hatched area in Figure 2-1. The
hatched area is the area within which the error
of the position fix is larger than 4m, for a range
error equal to 1m. The rectangle encloses the
release site Sar: Cristobal.
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Figure 2-3: The dye - drifter release method. The spawning
S1, S2 and nonspawning NS1, NS2 release sites on
San Cristobal reef.
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Figure 2-4: A drogue diagram,
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Figure 2-5: The relation between the error (AS,.AS,) of the
position fix and the range error Ar. A and B
indicate the positions of the two 'remotes" The
concentric circles have their centers at A and B
respectively. The radii of the concentric circlcs are
equal to r\tAr and  r,+Ar, where r,, r, are the
two 'rarges"”. The measured position could be
anywhere within the area from which the arrow
starts. The size of this area is exaggerated with
respect to the 'baseline" length, for the sake of
clarity.

AS,
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In each experiment, two drifter clusters were released at either a spawning
titme s (1300 /) or a nonspawning time n (07004). One of the two clusters
replaced the dye patch released at a spawning site, and the other replaced the
dye patch released at a nonspawning site. Two spawning sites S1, S2 and two
nonspawning sites N1, N2 were nsed, yielding the following 4 pairs of
experimental sites (S1, N1), (S1, N2}, (S2, N1), (82, N2} (Figure 2-3). The
objective was 1o sce if there is any significant difference in the mean and the
variability of S1s, S2s drifter trajeclories, frum Sin, S2n, Nls, N2s, Sls, Nls,
S2s, N2s trajectories. If such a difference conld be identified, one could then
further examine if the spawning site and spawning time trajectories, are more

survival favoring (han tlie nonspawning combinations.

The sct of experimnents consistud of four combinations of sites each with two
different releasc times. Each of these experiments was replicated. Thus a

complete set of experiments consisted of sixteen pairs of cluster releases.

A scmi-complete set (i.e., no replicates) of eight pairs of cluster releases was

conducted from Junec 88 until September 88.

Sixtecen experiments were carried out from September 1988 to the beginning
of December 1988, Another sixteen experiments were carried out at a different
season of the year, from the beginning of April until mid-June 1989, to examine
if there is scasonal variability in the drifter trajectories.  Finally, four
experimnents were conducted from October to December 1989. All of the above
experiments, except for the ones from June to September 1988 were hiologically
useful, ie., useful for determining the dependence of the nean drifter-egg
trajectories on the initial conditions of their release. In the experiments {rom
June to September 1988, mistakes were made in the identification of the
spawning sites, i.c., different sites were used that were not the real ones. For
this reason, these experiments are only uscful for the estimation of physical

parameters of diffusion.
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Each of the four inshare pairs of cluster releases, in the period from October
to Deceember 1989, was coupled with a single-cluster release at a shelf edge
spawning site. We soughit to compare trajectories of eggs spawned at the shelfl
edge with trajectorics of eggs spawned at the inshore sites, on San Cristohal
reef. In that period we only had six drogues. We used three drogues per clhuster
for the inshore pairs of cluster releases and all six drogues for the single cluster
releascs at the shelfl edge. We lacked the resources to track inshore and shelf
edge clusters simultancously. The tiine interval between the end of an inshore
experiment and the beginning of a shell edge experiment, with which the
inshore experiment was coupled, was typically three days. In three of the four
pairs of experiments, cither the inshore or the shelf edge data gquality was poor
due to trisponder malfunction. Even in cdays of trisponder malfunction however,
we were able to record the general course of the drifters and the wind

conditions,

The shelf edge spawning happens at a depth of approximately 21m. The cggs
will miove upwards from the spawning site with a buoyancy velocity of
0.00157m/s (the buoyancy velocity of fertilized eggs was measured in the lab by
the biologists in a column of seawater 11¢m long and 2.6cm in diameter, at
25¢C). Thus it takes about 2Im/0.00157m/s=3.7h for the eggs to reach the
surface. This was simulated using a mumber of drogues sel al successively
lesser depths. A drogue, released at (he deep spawning site and set at the
spawning depth was later replaced by one, set at an intermediate depth, and so
on, until surface drifters were used, after about 3.74. A listing of information

about all the experiments is given in the following Table 2-1.
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Table 2-1: Experiment Information.
The columns have the following information (from left to right).

Dute: The date of the experiment; L1: A character variable that takes
the values "in" or 'sh", corresponding to an inshore or a shelf edge
experiment respectively; L2: A character variable that takes values "S1"
(i.e., inshore spawning site one) nnd "S2" (i.e., inshore spawning site two).
These two values correspond to the inshore reclease sites of dye on San
Cristobal reef (Figure 2-3) where e¢gg spawning occurs; L3: A character
vai iable that takes values "NS1" (i.e., inshore nonspawning site one) and
'NS2" (i.e., inshore nonspawning site two). These two values correspond to
the inshore reclease sites of dye on San Cristobal reef (Figure 2-3) where
egg spawning never occurs; L4: A character value that takes the values
"s” (i.e., spawning time) and "n” (i.e., "nonspawning time"). These values
characterize the time of dye release that occurred either at the time of
egg spawning (around noon,, or at a time when egg spawning never
happens {around dawn). If instead of a value of L2, L3, we have - this
happens because the release sites used in that experiment were not
correct (Summer 1988 experiments), or because the experiment was a

shelf edge one, in which case the inshore release sites are not relevant.

Experiment dates and release sites and times
. Date L1 | L2 | L3 | L4
3 August 1988 in - - S
7 August 1988 in - : s |
12 Angust 1988 in - - S
19 August 1088 [in |- - Ts
21 August 19088 in - - n 7
26 Augnst 1988 in - - ]
29 Augnst 1088 in - - n




24

Expcriment dates and rclcase sites and times

Date L1 L2 L3 L4
16 September 1988 |in - - 5
ES—TS}_@T-{BT)L«.-_@ 88 J n 2 NS2 s
25 Scptember 1988 |in 52 NS2 n
30 September 1988 |in | SI NS1 s
14 October 1088 in S2 NSI s o
16 October 1988 |in | S] NSl |n
21 October 1088 |in S NS2  |s
23 October 1988 |in | S2 NSI |n
28 Ocicher 1088 i (SU|NST fe
30 October 1948 in S1 NS2 n
1— Novemnber ]DSQ-- *Ti.n S2 NS1 s
6 November 1988 |in | SI NSI  |n |
11 November 1988 | |S2 |NS2 |s |
13 November 1988 | in S2 NSI  |n
-TSHNO\‘L‘IHI)CI' 1088 |in S1 NS2 3
20 November 1988 |in S2 NS2  |n
3 DCCL:I_HT)GI' 1088 in Sl1 NS2 n
7 April 1989 in S1 NS1 ]
10 April 1989 in Sl NS1 n
14 April 1989 in S2 NS1 S
17 April 1989 in S2 NSl |n
21 Aprit 1989 in S2 NS2
24 April 1989 in S2 NS2 |n
28 April 1989 in Si NS2
1 May 1989 in Si NS2 n
5 May 1089 in Sl NSl |s
8 May 1989 R Sl NSI n
14 May 1989 |in | S2 NSI |n
19 May 1989 in S2 NSl |s
26 May 1989 in S2 NS2 S
26 May 1989 Tin S2 NS2 s




Exﬁén‘mcnt dates and rclease sites and times
~ Dpate L1 L2 | L3 | L4
29 May 1989 in S2 NS2 |n
2 June 198—5—)— in Sl NS2 S
5 Junc 1989 in S1 NS2 n
23 Oclober 1989 sh - - s
26 October 1089 | in s2 [Ns2 [s |
30 October 1989 sh - - S
2 November 1089 | in - NS2 |s
30 Novenber 1989 | in $2 NS2 |s
T Decanber 1980 |sh |- - s
7 December 1086 |in |S$2 |[NS1 |s |
T Boccnber 198 [ ] ] s

Wind speed and direction are available from three sources. (I). Hourly wind
direction and speed were measared from the tracking boat (at a height of 2.5m
above the sea level) with a partable "Dwver” wind ancimometer and compass.
These wind measnrements (liereafter labelled "O" wind data) are available for all
but the Summer 88 experiments, and only exist for the periods when drifters
were heing tracked. (11). Wind velocity was measured using a weather station at
the crest of Isla Magheyes (shown in Figare 2-1), at a height of 27m above the
sea level, The weather station was a Climet model CI-26, which included a
Climet Model 026-1 (ranslator, a Climet 011-2B transmilter, and an Esterline
Angus portable analog (ecorder. These data, hereafter labelled "M" wind data,
are digitized at half hour intervals. This island is separated from the mainland
by a S0m wide channel and is about 10km from the centre of the study site. The
measurcment of wind velocity at tsla Magueyes was started 1 day belore drogue
releases, to allow for possible lagged correlations between wind and currents.
The Isla Magneyes weather station was only operated during the experiments
from October to December 1989, (). Wind data were obtained for all of the

cxperimental days, (and also the days befare), (romn the Ponce Airport (shown in



Figure 2-1), at a height of 10m above the sea level. These dala (herecafter
referred to as "P" wind data) give hourly records for the period 0700 4 to 2000 4
every cday. The Ponce Airport is located approximately 50 Am away [rom the
experimental  site but still on the same coast (South). It is located

approximately 4.54m away [romn the coast.

The positive v axis of our coordinate systemn is tilted 8.7¢ anticlockwise fromn
th:e meridian. The v axis lics alinost parallel to the longer part of local coastline.
Thus we can identify the v and y compoenents of the wind as the along-shore
onc and the across-shore one respectively. Tne 3 scries of wind were correlated
lo cach other, and Table 2-2 shows these corrclations. The along-shore
component of the "P" wind was highly correlated with the along-shore
component of the "O” wind. The along-shore component of the "M" wind was
less well correlated with both the "O" and the "P" measurements. This may
have bLeen dne (o mountains ovn the mainland adjacent to Magueyes.
Nevertheless, for the along-shiore direction, all wind data scries are useful. The
order of uscfulness is "O", "P", "M", and was bascd on the correlations in Table
2-2. In particular, the criterion that we used for ranking a wind data source
referred to the question of how well a data source is correlated to the two
others. In the on/offshore direction, only the correlation of "M" with "P" data is
good. This conld be due to the fact that, both the "M" and "P" weather stations
were near the land-occan boundary, and therefore, most strongly affected by
land-sea breezes, caused by differentials in temperatures over land and sea.
The "O" and "P" wind speeds were similar whereas the "M" wind speeds were a
factor of two greater than "O" and "P". This is probably due (o incorrect

instrument calibralion at the "M" station,
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Table 2-2: Corrclations between the three wind time series

wt.w¥ are the componcents of the wind along the x and y axes

respectively.
correlations between the 3 wind data sources
variable correl P and M correl P and O correl O and M
e 0.53 ~ loss4 0.66
Y 0.43 0.09 -0.03
—Brgrccs of | 923 4 478 283
freedom

Sca level mceasurements at Maguceyes Island were available for the (otal
study period, August 88 to December 89, These data (hourly time resolhition),

were the records of a tide gange on Magueyes Island (Figure 2-1).

In order to examine the effect of the bathymetry on the currents, depth
recording was also unclestaken for many experiments, using an acoustic depth-
sonnder mounted at the bow of the boat. A depth measurement was taken
along with each drogne fix measurement, We spalially averaged the depth data
over 50m » 50m grids and Figure 2-6 shows the depth contours based on the

¢rid averaged data.

Finally we used our trisponder system to digitize the position of the
coastline and exposed coral boundaries (Figure 2-2). This was done in order to
plot the drifter trajectorics on a realistic map, and thus to examine the

topography’s influence on the mean current and the mixing processes.
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Figure 2-6: The bathymetry of the area of the experiment. The
scale 1is the same as that of Figure 2-2. The land
and the coral reefs are shaded. The contours are
labelled in m. The contour interval is 1.
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2.2. A comparison of the cggs with the drogues.

The fish eggs under study have a radius of r,=2.7x107m and density
p.=1013Kg/m*.  They are positively buoyant, but turbulence will mix them
awnay [romn the surface. The cggs are, therelore, expected to he clistributed over
the top 0.6m of the surface layer of the water (see page 3G where we use
cquation (2.14) to estimate this value). The drifters were drogued over a depth
range 04 m lo L.Im. The drifters’ motion might differ from the egg motion, dne
to the drag of the wind on the portions of the drifter above the sea surface
(section 2.2.1). Both the epgs and the drogucs are very sinall compared to the
Ly pical length scale of horizontal diffusion (i.c., the typical value of the standard
deviation of the drifter position with respect to the cluster centroid which is
= 100m) and therelore their diffusivities are expected to be reasonably similar.
However, the egg and drogue diffusivities are expected to differ throngh the

vertical shicar diffusion effect [section 2.2.2).

2.2.1, The effect of the wind on the motion of the drogues.

The wind drag on the part of a drogue above the sea surface diverts the
drogue from the water motion. In this section we provide some estimales of the
mmagnitude of this effect, following the methodology of Kilnvan et al., (1975). The
drag force f of a moving fluid of densily p,, on a body exposing anarea A; (o

the Muid, is given by the following formula.

- 1 - -, 2
! =§-(“,pfAl| v-c J( ¥ ) Q.1

Here ¢, is a drag coelficient and _r-} and & arce the velocity of the fluid far from
the body and the velocity of the body respectively. Thus T.),—- & and | 7;-— & |
arc the fluid velocity and speed relative to the bhody (at positions far from the
body) respeetively.  We asswmmed that Tﬁf—-?_) is normal to the area 4,. The
only significant part of the droguc above the sea surface is the lamp-stick,

which can be regarded as an upricht cylinder with the horizontal wind
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perpendicular to its axis. The most important subsurfce part of the drogue
will be considered to be a plate immiersed in a Quid, with its suface normal to
the relative fluid motion. We ignore the drag on the submerged buoy. since its

surface is much smaller than the surfacc of the vancs.

Assuming that the wind and the ocean surface cinrents are steady, there
will be a balance hetween the drag force f: of the air on the drifter part above
the sea surface and the drag force j‘_‘) of the water on the imnersed part of the
drifter

To+To=0. (2.2)

Both of these forces can be expressed by a drag law of the form of (2.1), i.c.,

= ] - - >

fl’=; (-ﬂpﬂAd.x l “T)-(‘—)l(“‘ = ) ‘ (2’3)
= 1

=5 €, =10 =37, (2.4)

where i, w and ¢ are the velocitics of the water, the air and the drogue
respectively. Substituting (2.3), (2.4) in (2.2), and solving the resulting equation

— ,
for ¢, we derive

O+ IV (L+ VR (2.5)
where
C A
I: apa aQ . (2.6)
CH‘pM‘AI\'

Hence the head of the drogue's velocity vector defines a circle, for a wind speed
w as the wind direction changes through 360° This circle is centered at

i /(1+JY7) and has a radius of (wJ1/2)/(1+J112),

The drag cocfficients ¢,=1.2 and ¢ =11, correspond to values obtained by
Hoerner (1958) for a cylinder and a flat plate respectively (sce also Vachon
(1975)). The density of the air is taken to be p =12 kg/m? and that of water
p,= 1025k /m?. The area of the cylinder above the surfaceis 4, = 0.6 x 102m?
and that of the vane beneath the surface s A, = 36 x 1072m?, Suibstitinting these

values into (2.6) gives J'/2=4.6 x 107} « 1. We can therefore approximate’(2.5) by
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i eI Q2.7)
Thus the slippage of the drogine throtigh the watcer, is (L,5% of the wind velocity
atl the height of the lamp stick (Ocm to 30cm). Our "O" wind measurements
were done at a height of 2.5m from the sea surface, and so they give an over
estimate of the wind drag on the lamp stick. We can however uise the 2.5m wind
o caleulate the average wind stress over the vertical extent of the lamp-stick,
by means of a suitable boundary layer flow model. In particutlar, if we neglect
such factors as air stability and boundary layer flow of the air around the boat,
we carr model the wind near the sea surface by a turbulent shear flow near a
rigicd wall. In such a mndel the wind speed w(z) varics logarithmically with =

(Tennekes and Lamley, 1972; p54). This approximalion

.

n'(:):l—‘-—-ln:+u : 2.8)
K

where ¢ s an additive cons<tant, x=0.4 is vonn Karman's constant and u* is a

friction velocity, that is

1 Cp N

n' = )3 = (- )I=w(C )3 (2.9)
p (¢ p «

where we used a guadralic law for the wind stress t. The dre4 cocfficient of

the sea surface is C,.. A value for w was estimated by taking the root mean
square value of the "O” wind speed. This was SIm/s at :=25m. C, was
taken to be 1.2 x107% (Amorocho De-Vries, 1980). Substituting these valies
into (2.9) we derive «*=0.17m/s. Substtating for w*, w=5.1m/s. z=25m in
(2.8) we derive that the value of the additive constant is ¢=4.7m/s. Equation
(2.8) is valid over the range of the turbulent atinospheric houndary layer which
typically extends 1000m above the sea surface (Tennekes and Luinley, 1972;
pl12). Equation (2.8) also breaks down in a very small layer righit next to the sea
sutlace. where the viscous cffects become important (this layer is mentioned as
"viscors sublayer” in the literature). The vertical range of the viscous sublayer

can be defined as the arca in which the Reynolds number is equal Lo, or less

than unity, corresponding to the viscocity terins being equal to. or larger than



the inertda ferins in the equations of motion. The Reynolds number
characterizing the flow of a wind layer extending a distance : upwards from the
sea surface, can be defined as Re=wz/v, where w is the typical horizontal
velocity of the wind inside the layer and v the kinematic viscosity of the air.
Twpically in the area of the experiment w=>51m/s (root mean squiare valuc of the
"O" wind). Also v=14x 10%m2/s (Gill, 1982; p75). For Re=1 one gets that
= =00003m. Summarizing, cquation (2.8) is valid for the vertical range from

approxitately = 10""m Lo approximalcly ==1000m.

We will consider the root mean squarc value of w(:z) over the vertical extent
of the lamp stick as the typical value of the wind speed responsible for the
drifter slippage. The mean square value {w?) of w(:) over a vertical extent from

=y Loz, is.

R (2.100)

W= A (2.11)
'\—:|
where
")t - L g
A=T {z{(nz)==2Mnz+2}) |+ (’—:l_; + (2.12)
2 E .
(2u‘e)

—-k—-l:[l'n:—ll}lz;-

Taking as ,=0.0003m. corresponding to the height over which the viscous
sublayer extends, and z,=0.30m, corresponding to the top of the lamp stick, we

derive from (2.11) that w_ =38m/s, where the subseript rms denotes the root

rms

imean square vahie, i.e., the square root of {w2). Substituting this value into

(2.7) we derive that the wind-induviced slippage velocity of the drifteris 0.5% of

W
rms

Wopps OF ——0.5% = 04% of the observed "O" wind velocity w (where w=5.1m/s).

We derive thus that the slippage velocily is 0.019m/s.  This value is
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approximaltely 20% of the root mean square drifter velocily and generally Iess
than the variability of the mean velocities [tomm one experiment to the next. The
wind is nearly parallel to the current. Thus the principal elfect of the wind drag
woritld be to cause the mean cvrrents and along-shore egg displacement to be
overestimated by about 20% . One shoinld note here that, the wave indiiced drag
on the buoy might also introdiice a deviation of the egg motion 1rom the drogue
molion, since any drag on the buoy would he partly transmitted on the vanes.
This would happen because the buoy and the vanes were not totally decoupled
(sce Figure 2-4). Wave inducced drag on the vanes might also be important,

especially in windy days.

2.2.2, Vertical shear diffusion of fish eggs

The driflers can :nove only in the horizontal plane, whercas the eggs can
move hoth in the horizomtal and vertical plunes. Shear diffusion results from
the interaction of the vertical turbulent diffusion with the vertical graclients in
Lorizontal velocity and increases the horizontal dispersion of eggs relative (o
drogues. The additional horizontal diffusion of the eggs, induced by shear

diffusion can be cstimated by nsing dimensional arguments as follows.

A simple model of the vertical motion of the eggs is o assume a balance
between the eggs’ npwards buoyant flux, w,§, and the eggs’ downwards

turbulent Mix, K%ﬁ according to the following ecpation

u‘,ﬁ:l\’f’-‘E . (2.13)

acl
Here w, and S=S5(z) arc the eggs’ buoyant velocity and concentration. The
vertical eddy diffusivity is K.. Scale analysis of (2.13) reveals a length scale Z,
of the vertical diffusion of the eggs
K.
Z=—2 . (2.14)

W,

The eggs’ time scale 7. for diffusion (or ;icdvection) over the distance Z is



(2.15)

The time scale T is the period required for the near steady state. described
by (2.13) to develop. Eggs will be distributed over a vertical length scale Z, over
which there will be a vertical gradient Q of the mean horizontal velocity, due to
the friction boundary layer that is created when wind blows over shallow walter.
Eggs at dilferent depths will therefore be moving with different velocities. In a
time 7T, a point source of cggs near the surface will diffuse over a vertical
distance Z, in which casc the shear Q will disperse them over a horizontal

distance
Y=QZ7T. 2.10)

The difference hetween the veloceity of eggs at the surface and cggs at Z is Q Z.
Thus the "apparent diffusivity” due to shear diffusion K. would have a scale

equal to
X: Yy oge
=—=Q-Z-T. 2,17
Ko=—==0°2 (2.17)

Using (2.14). (2.15) to express Z and T in tenus of w, and K. gives the

apparent eddy-diffusivity

QK3
K - i (2.18)

a
Wy, 4

Three experiments were condiicted to measure £2; (i=1,2) the vertical shear
in the x and » components of velocily. In each experiment drifters were
drogued at cach of the depths Om, 2m and 4m. Each experiment had a duration
of 0.5 4. This cdluration ensured that the horizontal distances between the drifters
remained small enongh o avoid aliasing by horizontal shears. The three
experiments were conducterd instde the experimental area, under similar wind

conditions, (wind speed 3m/s to Sm/s, wind direction = 1007).

The velocities of drifters at different levels, enabled us caleulate the vertical



gradients of the horizontal velocity . For the caleulation of €, drifter
velocities over 054 intervals were used, f.e., average velocities over the duration
of an experiment. This was done in order to minimnize the error of €2, induced
by the trisponder position fix error. In fact, this last error was estimated in the
ficld to be of the order of Sm. This error was estimated by taking two
snbsequent Trisponder measurements at the sca. This process was repeated
many limes, in days when the wind was completely calm. In calin days the boat
died not drift substantially during the: time (typically a few sceconds) over which
the two measurements were conducted. The pair of two subsequent Trisponder
measurements therefore corresponcerd to the saime position. Il the two [fixes
were not idenitieal, the distance hetween them was considered as error of the
position fix. The value of 3m is the rool mean square over the all the distatices
between between the two position fixes (20 degrees of freedom). The error of €,

m

'
is of the order of —>—

P8O0y > 2gn

S [

The results of the caleulations for Q; can be scen in Table 2-3. In the Table
we can see that the gradients of the top level (0m to 2m) tend to be slighty
larger than the bottom level ones (2m to 4m). At the top level the average
vertical shear in along-shore current is Q=9 % 10*s~! and the average vertical
shear in across-shore current is €Q,=2x10""s"!. The vertical shear in along-
shore current is larger than the vertical shear in across-shore current at both

levels because the mean flow is predominantly in the along-shore direction.

An approximate formula for the vertical diffusivity K, in a shallow water

area is {Csanady, 1982; p13)
K=t (2.19)
where Re is the Reynolds munber that for a shallow area is approximmately 20,

h=0(10m) is the width of the wind mixed layer (f.e., the Ekiman depth, which is

calenlated in page 59) and «*=0.17m/s a friction velocity corresponding to the
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wind stress at the sca surface, given by eqiration (2.9). Substitution of the
above mentioned values into (2.19) gives K, = Q.08Sm?*/s. This value gives an
order of magnitude of the vertical eddy dillusivity within the domain of the
waler column far from the top and bottoin layers cach of approximale thickness
of tm. In these "wall" Tayers the horizontal current varies logarithmically with

depth, and the vertical eddy diffusivity varies rapidly with the wvertical

coordinate (Csanady, 1982; p13). A large pereentage of the egg pateh is
eapected to be within thie surface "wall” layer due to their buoyancy (withiin the
top Gz, as will be shown later in thic naragraph). A value of K =107 m?/s is
pertinent to the top layer of the water (Okubo pers.com.). The buoyancy velocity
(rate of ascent) of the vgygs was measured in the lab and was w,= 16X 107" m/s.
A good estimate of the vertical shiear of the inean current at the top 2m of the
water cohnmn is Q=10"25"! (sce Table 2-3). Substituting these values in (2.14),
(2.15), we get Z=006m and T=6.5min respeclively. Substitution of the values
into (2.18) gives K =1.5. 107m*/s. This is 2 orders of magnituce smaller than
the along-shore diffusivity (=8.9m?/s) and across-shore diffusivity (=24nm2/s) of
the cluster dispersion (sce section 4.3.2). Bul there is considerable uncertainly
in K. and a factor of 4 increase in K_ could make the apparent diffusivity
comparable in inagnitude to the cluster diffusivity. K, is even more sensitive o

variability of w,.

Table 2-3: Vertical gradients of the horizontal velocity of the
current

Q, is the vertical shear of the horizontal along-shore (x) current. ,

is the vertical shear of the horizontal across-shore (y) current.

Vertical gradients of the horiz. velocity(s™)

exp. | Q,(0m=2m) | Q,(2m-dm) | Q;(Om-2m) [ Q(201—4m)
exp.1 | 8 %107 6> 1073 2% 10 I 103
exp.2 | 9> 107 6.5x 107 2.6 x 107 18x 1072
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exp. | £2,(0m-2m)

,2m-4m)

—— e e ey

Vertical gradients of the horiz. 1—)-elocity(.\‘" )

Q2-.(Om-2m)

exp.3 | 87x107

0.7 > 107°

Q5 (2nr-4m)

19> 107"
L




Chapter 3

Dynamical processecs driving the currents on the reef

3.1. General circulation characteristics

Thie small depth (typically 20m on the shelfl and 5-10m in the area of the
experiment} and the negligible stratification (sce Fancher, 1971) vesult in the
surfieee and bottom Ekman layers overlapping (sce scction 3.3, page 59 for the
caleulation of the depths of the two Ekinan layers). Therefore, il is realislic to
assunne that the surface wind stress and the bottom frictional stress are
transinitted throughout the walter cohunn on the reef. Along-shore pressure
gradicents will also be transmitted from offshore onto the shelfl becatse the shelf
is narrow (sce scction 3.4, page 65). In the steady state the wind stress will be
approximalely balanced by boltomn stress and the along-shore pressure
gradients throughout the water cohunn. This flow is locally modified by both
the topography and the bathymetry. Figure 3-1 shows the mean Eulerian
velocity field. The mean Eulerian velocity field was calculated by dividing the
area into grid boxes of 500m by 500m, and averaging all drifter vclocities that
fell within a box over the duration of (he experimental program. In Fignre 3-1,
the mecan velocities are drawn as arrows, whercas the standard deviations
about the mean velocity components are in the forin of crosses. centered at (he
origins of the arrows. Th. mnnber at each grid box indicates the number of
drifters averaged over at this box. Thie hatched area in Figure 3-1 shows wlicre
drifter fixes are unreliable (i.e., with fix crrors bigdger than 4m, for a range error
equal to Im} due lo trisponder triangulation errors. The Fignre also shows (he
mean vector of the wind (averaged over the "O" wind data). We see that the wind

is westwards, and that the mean current tends to he parallel to the wind to the
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extent that the oricntation of the coast and channcls permits. We also sce thal
the standard deviation of velocity is larger in amongst the shallow reefs,
indicating a larger velocily variability as the mean wind-driven flow is diverted
around obstacles. The effeet of the bathymetry on the mean current can be
examined if we compare Figure 3-1 with Figure 2-6 of the bathymetry, The
comparison shows hat in some places (in the area around v=-=2000m, v=1500m
for example) the incan current flow tends to ovrient parallel with the isobaths. In
such areas the bathvinetiy might be important for the currents. In some other
arcas however (in amongst the recfs especially) the flow was across the

isobaths.

In cighteen ont of the forty cight experiments the flow has been observed to
reverse and temporarily follow an castwards direction. When this happened, the
wind was weak westwards, or completely calin (only in one case was the wind

ecastwarcs),

The flow reversals might be caused by along-shore pressure gradients
opposing the wind, and dominating the along-shore current when the wind

relaxes (Tyler, 1992).
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3.2. Tides and Seiches

Speetral analysis of the sea surface clevation time series reveals a strong
divrnal tidal component with period 7=2393/, and amplitude of about
N,=0.10m, aud a weaker scmidinirnal component with T=12424 and n,=0.02m,
as can be seen in F.gure 3-2 of the spectral density Tunction of the sea surface
clevation S(f)df, where f is the frequency in cycles per day. In Figure 3-3 we
have plotted the time series of the sea surface elevation, The series spans over
the period of the experitnents (approximately 333 days), and the mean surface
clevation over this time period has been extracted. We sce in this Fignre that
the amiplitude of the ncaptide is approximately 3em, whereas the amplitude of
tse springtide is approximately !6om, and that there is a scasonal sea level
change with amplitude 15cm=20cm.  Each ol the temperature, salinity and
atmospheric pressure scasonal variations, contribute ahnost equally to the
scasonal variation of the sea level (Fancher, 1971). According to Kjerfve (1981)
the most important tidal harmonics for the South coast of Puerto Rico. where
our experiments took place, are the dinrnal components K1, O1, P1 with sea
surface elevation amplitudes of 0.07m, 0.05m and 0.02m respectively, and the
scmidinrnals M2, S2, N2 with sea surface clevation amplitudes ol 0.01m,
0.007m and 0.003m respectively. These values are in reasonable agreement with
the values for the semidiurnal and diurnal tide of our spectral density lunction.
The Greenwich phase of the diurnal harmonics is constant along the South
coas! of Puerto Rico, which is approximatcly parallel (o our x axis. TInis, on
the shelf, we can model the dinrmal tidal harmonics as one-dimensional
(across-shelf, i.e.. along the y a..is) standing waves forced at the shelf edge hy

the dinrnal sca st Tace elevation, as follows.

Consider the onc-dimensional (across-shore) shallow waler cquations, i.e.,
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where H is the constant depth on the shelf, v is the cross-shell coordinate, w¥
is the cross-shelf velocity and 7 is the sea surface clevation. Equations (3.1) are
subject to two boundary conditions. First, to the diurnal seca surface elevation
at the shell edge. i.e., n=n,cos(wr) at (y=0), where ©w=2r/T, is the dinrnal
frequency and n,, is the surface clevation amplitnde of the divimal harmonic.
Sccond, to zero across-shelf flow at the coast, i.e., w¥=0 at v=/. The sohition to
(3.1), subject to the above boundary conditions is

Ny® (3.2

u THceos(IL) sin(I(y=L))sin(w1), 2)
= Mo s(I(v-L))cos(w?)
2 e o oM (O .
(()S(IL)‘U‘( A ) coy

where 1=%=~—°—’_-_. the across-shell wavenmumber of the standing wave. For our

7
case H=20m and w=2r/8400s, vielding i=5x10-%n-". The shell width is
L=2x10%n, thus IL= 10"V «1. Thus the dinrnal tidal elevation and veloeity on
the shelf can be approximated by

n=n,cos(wt), (3.3)

u¥=y(L-yysin(wr), (3.4)
where y=n,o/H and the cross-shore velocity amplitude is w (y)=y(L-y).
Taking as n,=0.07m, i.e., the largest diurnal surface clevation amplitude in the
area, corresponding to the tidal harmonic K1 (Kjerfve, 1981), we derive that the
velocity amplitude ranges from wj(v)=0 at yv=L (coast), to u  (y)=5x 10" m/s
al y=0 (shelf-edge). In particular, for the location of the experiments, v = 15km,
and the corresponding velocily amplitude is u ;‘)'(y) =y(L—v)=12x 10"%m/s. The

rool mean sguare value of the v componcent of the current was 3x 1072m/s



(Table 3-1), which is one order of magnitude larger than the across-shore tidal
current of K1 (the across-shore velocities of the other diurnal harnonics will be
cven smaller than K1 since thiey have smaller surface elevation amplitudes).

The dinrnal tidal evrrent is therefore insignificant on the reef.

From Kjerfve's tidal charts (1981) we see that, the Greenwich phase of the
semidivrmal harmonics changes 302 as we progress {rom the Sontheastern to
the Southwestern corner of Puerto Rico, over an  along-shore distance
§=2x10%m, and this indicates that the semidiurnal harmonics are progressive
waves propagating along the South coast, The wavelength & of these waves is

RN

the distance required for a 360° phase change, i.e., h=-;—=24 x 105m. This

wavelength is much larger than the typical depth #'=4x 10" of the occan
basin South {rom Puerto Rico and the typical shell depth #=20m. We can
therefore model the semidinrnal tidal harmonics as shallow walter waves. The

M 10%m

phase speced of these harmonics is <':I’~'=——4—W—"W—-= S55m/s, where T indicates
s e

the semidiurnal period. This value is four times larger than the phase speed
JeH =14 m/s of the shallow water waves on the shelf, and four times smaller
than the phase speed \’}7«7:2()(@»:/.¢ of the shallow water waves offshore from
the South coast. It is therefore reasonable to assume that the semidiurnal tidal
harinonics propagate along-shore in an area between the shelfl and offshore, for
example at the shelf edge. Their phase speed ¢ is relatively large and it would

take themn -:-= 1 h to propagate along the South coast and %-:(wm'u (o propagate

along the arca of the experitnent that has an along-shore length §'=2x 104,
One can therefore assume that the semidinrnal harmonics force on the shelf
(and especially in the arca of the experiments) standing across-shelf waves. In
this case, one can substitute the amplitide of the sea surface elevation and the
frequency of the semidiurnal tidal harmonics into equation (3.4) to derive the
corresponding, acruss-shore velocity amplitudes.  Taking as n,=0.0tm, the

amplitude of the sca surface clevation of M2, which is the scmidiurnal
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harmonic with the highest surface clevation amplitude for our arca (Kjerfve,
1981), we derive a velocity amplitude w j(y) =y(L=-y)=36x 10~%m/s at the arca of
the experiment, where y= 154m. Thus, the scmidhnnal tide is insignificant

compared with the incasured across-shore currents of 3x 10-2/s.

No significant correlation was found between the drifter velocitics and sea
level measurcinents. This snpports the above theoretical results, which indicate

that tidal currents are very weak on the reef.

Another phienomenon related to thie arca is the seiche. Sciches are standing
waves obscerved at embayments or shelfs. They are cxcited by pressure
distntbances reaching the mouth of a bay or the shelfl edge. They usually are
characterized by small periods. In our case the seiche period was T=580min and
the sciche amplitude of sea surface clevation was n,=3x107*m, as was
estimated by spectral analysis of sca surface eclevation data, performed by Giese
et al., (1982). The sciche is not resolved by our spectral density hinction
(Figure 3-2). This is because its period of T=50min is smaller than the time

resolution of th of our sea surface elevation time series.

We will again nse the standing wave theory developed in the discussion
about the diurnal tide earlicr in .his chapter. Substituting the above values of
sciche period and amplitude of sea surface elevation into equation (3.2)
{equation (3.4) does not hold here, since the approximation that /L«1 is no
longer valid for the seiche) we derive a sciche {across-shore) velocity amiplitnde
at the area of the experiment of apyp wimately u(y)=2.3%10"*m/s, which is
similar to the root mean square value of the measured across-shore current
speed of 3x 10-2m/s. The seiche is therefore important for the currents in the
areca. This sciche is presumably excited at the shell edge, by traveling internal
solitary waves (Giese et al.,, (1982)). The maximnum seiche activily occurs
approximately 7 days after the full and new moon. This corrclation of the

maximum seiche activity with the phase of the moon, as well as the fact that



the sciche normally occurs in fortnightly groups, can be explained as follows
according to (Gicse et al., (1982])). The internal solitons that scemingly excite
the sciches at the shelf edge, are created at the Southern portion of the
Carribbean sea. There, the dominant tide is the scemidiurnal, that has maxina
(spring tide) and minima (neap tide) at the full and new moon respectively. The
internat solitons result from the interaction of the spring and neap tides with
hottom irregularitics, and it takes them scvien days to reach the Sonth coast of

Puerto Rico from the Southiern Carribbean.
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Table 3-1: The mean wind and the mean current.

wt, w¥ are the components along the x and v axes, of the velocity of
the wind. We averaged over the "O" wind data; u*, u*¥ are the components
along the v and v axes of the velocity of the surface current. We
averaged over our drifter velocity data; w, u are the wind speed and
current speed respectively; (-) in the column of mean values corresponds
to nearly southiw ards direction for the vy axis and to nearly westwards
direction for the x axis (the angular deviation of our vy axis from the axis

of latitude is only 8.7° anticlockwise).

" Variable Mecan rms
:7‘(/)1/.v) '_%“4 4.3
wh(mls) 0.5 1.5 i
win/s) 3.9 5.1
ut(mls) -0.05 0.09
u¥(m/s) -0.01 0.03
[ (mls) 0.05 0.12
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Figuie 3-3: The time series of the sea surface
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3.3. The effect of the wind on the currents

We calenlated the mean wind vector ((w*)(ND.{w*)(1)) as a function of the

time of the day + as follows.
N

N
(O Aw¥) (1) =( Z \\"‘(!)/N,z wi(t)/N) .

n=1 n-1|

where {(w' (1) w2 (1)) is a measurcient of the wind at the time ¢ of the day
(Oh<r<2d4h), and VN is the total mumber of wind 1neasurcinents that were
condueted at 1, thronghont tie one and half years of the experimental program.
The calenlations were separately performed over cach of the "O", "P", "M" wind
tire serics, and were performed at hall hourly intervals from 0000/ to 24004, At
this point one should note that onr positive v axis is tilted anticklockwise [rom
the meridian by only 8.7¢. Thus we will heneeforth identifly the positive v and v
directions as East-West and North-South respectively, on the understanding
that there is a small deviation between the true East and the positive

direction.

In Figurcs 3-4, 3-5 we have plotted (w*)(r) and (w*)(z). In each of them
there are three curves corresponding to the "O", "P" and "M" time series of wind
velocity. The three curves are different due to the fact that they correspond to
wind data taken at different heights from the sea level and at different distances
from the coast. We will base our conclusions for the North-South component of
(he mean wind vector only on the "O" data, since they were the only ones taken
al the sea and in the area of the experiment (see page 26 for delailed
explanation), Our conclusions for the East-West component of the mean wind
vector will be based on all three sets of wind data, but again more weight will be
given to "O" data. Itis clear from all three curves of Figure 3-4, that there are 2
distinct time regimes for the v component. The "O" data cspecially give a
westwards (negative) wind component from 21004 to 09004 (night/imorning
regime) of typical absolute values from 2 to 3m/s, whereas from (900 /1 to 2100k

the "O" westwards wind has larger absolute valies (4 to Sm/s). We can also



sce that the westward "O" wind reaches its largest valie of about Sm/s between
1200 and 1600 /4. The mean westward compenent of the "O" wind at the time
interval from 0900 4 to 21004 has an absolute value that is four to five times
larger than the absolute value of the mean northward component of the "O"
wind at that time interval, but both components have similarly small

magnitudes (up to 2m/s) during the remaining portion of the day.

The mean current veetor ({u*)(0).{u?)(1)) is plotted as function of the time ¢
of the day in Figures 3-6 (1 component) and 3-7 (v component}, The caleulation
technigue was similar to that of the mean wind as fiinction of the time of the
day. The calenlations were based on our drifter velocity data and give the
surface currents. In Figure 3-G we can see that {u*)(r) tends to be negative,
corresponding to a westwards direction,  The positive spike at around 08004
corresponds to the flow reversals towards the East, that were observed in soine
of our experiments, when the wind was very light {see sectionn 3.4). The mean
westwards surface current varies with the time of the day in a way similar to
the way that the mean westwards wind does. U has small magnitude in the
night/morning regime (4cm/s), and larger magnitude in the day regime (8 to
12c¢m/s). In Figare 3-7 we see that («*)(r) does not vary with time in a similar
manner to {w¥)(¢). These obscrvations agrec with the correlations betwecen the
currents (drifter velocity averaged over the cluster) and each of the three wind
time series. These correlations were calculated as functions of the lag 1. the
current lagging. In the x direction the highest correlation cocfficients are 0.85
at t=04h for the "O" wind, 0.80 at =04 for the "P" wind, and 0.70 at t=3A for
the "M" wind. The fact that the highest correlation occurs at =0 for the "O"
wind data, does not neccessarily imply that the current responds to the wind
immedialtely, since correlation at zero lag might also he caused by such factors
as the along-shore "O" wind being autocorrelated for a few hours (lagged
attocorrelation). There is no significant correlation between currents and wind

in the v direction.
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Based on the above, and also on the fact that the v axis lies alimost parallel
to the longer part of the local coastline (sce Figure 2-2), we conclude that the
wined tends to drive an along-shore flow, and that both the transient and the
steady state of the response of the crrrent to the wind can be modelled by one
dimensional (v axis) barotropic equations of motion to a good approximation.
Deviations from the one dimensional equations mightt be due to the variability
of bathymetry and topography, i.e.. variability of the curvature at the coast.

presence of coral reefs,



Figure 3-4: The x component {w')(1) of the mean wind vector
as function of the time of day r. {he error bars
indicate *+ 1 standard deviation of the mean. The
angular deviation of our x axis _from the meridian is
8.7¢ anticlockwise. The negative values indicate
an approximately westwards direction.
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Figure 3-5:
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Figure 3-6: The x component {(u*)(t) of the mean swuiface
current vector as function of the time of day :.
The error bars indicate t1 standard deviation of
the mean. The angular deviation of our x axis from
the meridian is 8.7° anticlockwise. The negative
values indicate an approximately westwards
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The transient response

The southwestern coast of Puerto Rico, where our experiments {ook place, is
nearly parallel to our v axis (Fignre 2-2). Therefore we will assiune hereafter in
our estimations an idealized coast, that is a straight line parallel to the 1 axis.
As a conscquence, the along-shore (x) Coriolis force can be assumed (o be equal
to zero, since the presence of the coast iimposes zero across-shore {y) velocity of
the current. Finally we will assuime that the wind blows in a dircetion parallel {o
the coast, along the x axis. This assumption is reasonable, sinece the x
component of the mean wind is seven times larger than its y comporant (see
Table 3-1). "These simplifications result in the following transport equation,
derived by integrating the along-shore momentum cquation over the constant

depth H

JY D
au_ - B —Hf_’-ﬁ . (3.5)

"ot da

Here U* is the along-shore transport, B* is the along-shore boltom stress,

ap
=~ an along-

1¢ is the along-shore wind stress, p, the density of water and

shore pressure gradient, opposing the wind stress, assumed (o be incependent

of depth (Tyler, 1992),

We shall assume that the along-sliore bottom stress is given in terins of the

along-shore depth averaged velocity by a quadratic law (Csanady, 1982; p179)

Ux U
Bl=p ¢, |—]—. RN
where ¢, is the bottom friction coefficient. We shall also use a guadratic law for
expressing the along-shore wind stress in terms of the along-shore wind velocity

w, that is
t=p, c,.( W), (.7

where o, is a wind stress coefficient, and p, is the density of the air.

ap

Also we shall ignore the effect of a possible pressure gradient 3—’;

momentarily, Substituting equations (3.7), (3.6) into (3.5) we dcrive
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Purg = Mg €W E =P |

Uy

—_—] = R
N l " (3.8)
Assume that a constant along-shore wind stress t¥=p _(1*)* slarts at r=0. For
this case the bottom friction has a known direction, i.c., it will be opposing the

wind-cdriven flow. We can thercfore drop the absolute value in (3.8) (o derive

‘) U+ a uU-
Pn :"-')_r’:pu ¢ »\'(“.“)“ - p wCn ('ﬁ)z : (3())

Csanady (1982; p.176) solved (3.9) and derived the following time scale 1, for

adjustment of the current to the wind

H
== (3.10)

2w,

For the arca of the experiment, /1 =5m (sce Figure 2-6 of the hathymetry);

p. = 10%e/m?  p = 12ke/m’s  c,=L1x10""  (Csanady, 1982; pl79):

¢,=12%x10"% Nole that ¢ is dependent upon the wind speed, (Large and
P"<~“.hs"12

.|
Ponc, 1980; Amorocho Devries, 1980); u‘=(-“‘_) V2o C )12 = 0.008m/ s,

" 12}

where wt=4.3m/y is the root mean square value of the x-component of the "O"
wind (sce Table 3-1). Substituting these values into (3.10) we derive a frictional
time scale 1o of about 4.1/4. This value of 1, can be interpreted as the lag time
of highest correlation between the wind and the current, since it represents the
tiine scale after which the approxiimate steady state of the along-shore current
is reached, provided the wind is steady. It agrees with the high correlations
between wind and currents for enrrent lags in the range 04 (o 34h.
The steady state

The value of 1, is approximately three times smaller than the time scale of
change of the along-shore (1) wind as can be seen in Figure 3-4 of the inean x
component of the wind as a function of the hour of the day. Thus it is not
appropriate to assume steady state at all the times, In Figure 3-6 however we
also see that it is reasonable to assime that the along-shore current is in a
near-steady state for the periods of the day from 00008 (o 07004 and f{rom

12004 to 18004, when both the along-shore wind and the along-shore current
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remain constant to a good approximation. A "near-steady state” assumplion
wortld be improper for the remaining portions of the day, since both the along-
shore current and the along-shore wind are in a (ransitional state. The steady
state equation can be obtained by eliminating the time dependence in (3.9), as

follows

L/.l

- 3.
77 ). (31D

pa ¢ w( ““‘)2 = pn (‘h(

from which we obhtain the following steacy state solution for the alomg-shore
depth averaged cirrent velocity wt
u-‘=%‘—=w-‘( f;)_:h-) e (3.12)
Substituting into (3.12) the values of w*, p,. p,. ¢,. and ¢, that were
specified in our discussion about the transient response of the current to the
wind, we derive that the depth averaged current is equal to w*=0.14m/s. This is
only slightly larger than the root men square value of the atong-shore surface
current 1’ measured by our drifters (which is equal to 0.09m/s as can be scen
in Table 3-1). The slight difference between u’* and u* can be atiributed to
uncertainties in the bottomn and the wind stress coefficients, and to the fact that

the assumptions of steadiness (:?7:0) and lincarity of flow (%=()) implied in

(3.11) are not comnpletely valid.

Note that «’* is cxpected to have similar magnitude with u*, This (s a
consequence of the fact that the surface and bottom Ekman bonndary layers
are overlapping, i.e.. the wind stress and the bottom stress are {ransmitted
throughout the water cohunn. In a much deeper shell there would be a layer
between the two Ekman boundary layers, controlled by the inertial motions,
and this layer might introduce a substantial deviation of the depth averaged

vclocity from the near surface velocity.

Let us now perform some calculations that prove that the two boundary



Ekman layers are indeed overlapping. The turbulent Eknian layer extending
from the water sinface downwards {forced hy the wind stress) has a Lypical

depth D, that is given by the following emnpirical formula (Csanady, 1982; p12)

n*
P =017 (3.13)

PR
Here w*=(-—)3 is a [riction velocity, 4. p, being the along-shore wind stress

"
and the water density respectively, and f is the Coriolis paraimeter. For the
arca of the experiment w®=0005m/s as already calenlated in page 57 and
f=5x10-%¢-1_ Substituting these values into (3.13) we derive that D =10m,
which is simitar to the depth of the arca. Regarding the Ekinan layer extending
from the bottom upwards (forced by bottan friction), we again can use (3.13) for

calenlating the typical layer width 1. However, now u* is the bottom friction

.2
. . . B R Pty (1)
veloeity, i.e., ' =(—) P2 oty 2oy

LY n

c, M where B* is the along-shore
stress, expressed in terms of the water density p,.. the bottom stress coefficient
¢, and the depth averaged velocity w*. Taking ¢ =11 x 107" and «'=0.14m/5 as
estimated above {sce page 58) we derive n® =0.005m/s. Tnverting this value and
the valie of Coriolis paramcter f=5x 10" y~! into (3.13) we derive a typical
bottom boundary layer width 2, =10m, which again is siinilar to the depth in

the arca of the experiment.

3.4. The flow reversals

The westwards wind drives a westwards current. Sometimes however. the
current reverses and flows castwards.  All but one of the reversals happened
cdaring the wet scason {rom July to December. Reversals have been observed
during both the inshore and the shelf edge experiments. Both the wind and the
current were plotted as functions of time for each of the "reversal” experiments,
and the observations based on these plots are siunmarized in Table 3-2, which
lists the dates of " eversal” experiments, the maxinun eastwards veloeity of the

current ., and the time averaged (over the period of the eastwards flow)



along-shore "O" wind w. The hours of the day over which the Now is castwards
are given in the T, .. column. The duration of the castwards flow has a inean
value of 6.5/ and ranges from 24, to 124, The maxitnum eastwards (positive)
current velocity ranges from 0.02m/s to 0.10m/s with a mean value of 0.06m/s.
The time averaged along-shore "O" wind over the period of the eastwards flow
ranges from —2m/s to +2m/s with a mean vahic of —~Im/s. The negative sign
indicates a westwards direction of wind, aud the values of the Table confirn the
fact that during the eastwards flow the wind is typically westwards and light

(except for the experiment on October 21, 1988, when the wind during the

castwards flow of the current has also an castwards direction).

Table 3-2: Dates and information about flow reversals.

The first column indicates the date of initiation of the experiment and
whether it was conducted inshore or at the shelf edge; u,, is the
maximum eastwards (positive] current. w is the time averaged value of
the along-shore '"0" wind over the period of the eastwards flow. The
negative values indicate westwards direction; T indicates the time

occur

intervals of the day over which the eastwcrds flow occurred.

Dates and info about reversal
Exp.Date Wy O] S) w(m/s) T e (M
16 Sep 88 /10.04 -1 2130 - 0200
inshore
23 Sep 88 /|0.06 -0.5 1900 - 0G0OO
inshore
25 Sep 88 /|0.02 -1.5 1830-2130
inshore
30 Sep 88 /]0.05 -0.5 1900 - 0700
inshore
WG Oct 88 / inshore | 0.04 -1 0800 - 1100
21 Oct 88 / inshore | 0.04 2 0000 - 1200 ]
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o o Dcf(cs and info dbout reversal -
Ep.Date Hopr (M 8) W (m/\) ] Tt
(23 Oct 88 / inshore | 0.03 105 1300 - 1600 and
2200 - 0400
28 Oct 88 / inshore | 0.08 -1 1900 - N330
30 Oct 88 / inshore | 0.10 -1.5 1330 - 1930
4 Nov 88 / inshore 10.08 -2 1300 - 2300
13 Nov 88 /|0.10 -1 0530 - 1230
inshore
20 Nov 88 /|0.08 1 0900 - 1000 and |
inshore 2030 - 2230
3 Dec 88 / inshore | 0.08 |-2 1600 - 0030
7 Apr 89 / méh?nc 0.03 -2 1230 - 1830
2 Jime 89  /|0.08 4 2230 - 0600 |
inshore
23 Oct 89 / shelf - 0.08 -1 1130 - 1200
(clt,e
4 Dec &() / shelf-10.09 -1 1430 -1730 and
edgc 0230 - 1030
7 Dcc 80 / mshmc 0.0G -2 0130 - 0600

We hypothesize that the eastwards reversals of the currents, that happen
when the wind is light or completely calim, are caused by an along-shore

. ar , , .
pressure gradient %—‘. opprsing the wind, wansmitted onto the shelf from the
offshore (sce the discussion in page 65). We estimated the approximate value of
this gradient, using our drifter velocity and wind data, as follows.
. ar .
In a nonstratificd shelf as ours, we can assume that ? is independent of
a

depth (shallow water cquations, sce also Tyler, 1992). We hypothesized that the
along-shore wind stress t is halanced by the along-shore bottom stress B*

. . ar .
and the integrated over depth along-shore pressure gradient HZ)—-\-. according to
A

the following equation



G2

T\:Bl_’_l.l %_l‘_’ ("‘.]4)

This equation neglects accelerations and so is strictly appropriate for only the
"near-steady state” periods of the day, mentioned in the first paragraph of the
discussion about the steady state. Assunning that both the along-shore wind
stress and the along-shore bottom siress are guadratic functions of the «x
component of the wind velocity w and the depth averaged current veloeity

A
wr=l respectively, cequation (3.14) gives

]
p‘,cw(w-‘)3=p“,c',,(u")~’+H%€. (3.15)
or
. PuCy . H%?
(wt)l=— 2l S (3.16)

Eqguation (3.16) uses the along-shore depth averaged current «*, whereas our

X
along-shore drifter velocitics u’*  are near surface velocitics. Let (/-——"—"-.
"
Eqgnation (3.16) can then be expressed in terms of «’* and ¢ as follows
J P
p,C q: HT'"
: ’ D) a\X
(wh)=Z b_ (W) ——— . (3.17)
pﬂ ¢ W pd ¢ W

Were the pressure gradieni a constant, then (3.14) would represent a linear
relation between the wind stress and the bottom stress, and also {3.17) would

represent a Jinear relation between (w*)* and (u'~)*.

Assuming a constant pressure gradient, we could regress linearly the time
series of (w*)? versus the time series of («’*)2. In this regression we only used
alnes of (w¥)? and (#’'")? that occurred in the "near-steady state” periods of

the day. According to equation (3.17) the intercept and the slope of the

ar ,
”m PuCh q° .
regressed line arc equal to 5 and respectively. From the valuc of the
a’ w - w

¢ a I;
intercept we could estimate the value of T whereas from the value of slope we
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conld estitnate a value for g. We applied the regression separately for each of

1] » » " i1} " 1 11} 14 ) . )I'
the three time series of wind "M*, "O", “P". Table 3-3 lists the estimates of ‘TT

(froin intercept) and of ¢ (from the slope). We can see that %—I‘- is of the order of

0.01 £0.001 Pa  castwards [positive). Figure 3-8 sliows the along-shore
component of the wind stress 1 ("O" winel data) versus the boltomn stress BY,
where the value of the wind stress at some time is plotted against the value of
the bottom stress at the same time, and a pair of wind ancd bollomn stress values
has only heen plotted if it occrrred in a "near-steady state" period of the day
(note that positive valies of the wind stress and of the bottom stress correspond
to an eastwards stress direction). We see in this plot that the relation between
the two stresses is not strictly linear. since there is considerable scatiering of
points aboat the line of hest fit, which is also included in the plot.  This
scattering might be caused by a variety of reasons, suclt as experimental errors
of the measurements of the wind and the current, lack of a completely steady
state ceven in the "neai-steady” periods of the day, and the fact that the
pressure gradient might by varving from experiment to experiinent, since it
probably is proportional (o the wind stress, that is also variable (Tyler, 1992).
The pressure gradient, that has a value equal to the intercept of the line of best
fit in Figure 3-8, would drive an eastwards ( x axis ) flow when the wind paises.
In the steady state, the pressure gradierit would be balanced by the bottom

stress according Lo the following equation
(3.18)

Ha_l_.-_-p

¢ '(l“\)l .
da !

Substituting for %-’{:(l,()()]l’u and c¢,=1L1 %107 in (3.18), we derive that

= i0em/s. This value is of the saime order of magnitude as the measured

maximum eastwards velocities of Table 3-2.

In Table 3-3 we also sce that ¢=083 for the "0" data, ¢=0.70 for the "P"
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data. and ¢=0.88 for the "M" data. These valuies of ¢ are nrar unity, a fact that
is in agreement with our hypothesis that the wind and bottom stress are
transmitted throughont the water column (ideally this would result in g=1,

since the along-shore current would be independent of depth).
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Table 3-3: Estimnate of the adverse pressure gradient by
linear regression of the wind stress versus the bottom
stress.

2L is the estimate of the along-shore

w—s is the wind sou.ce ('P", "O", "M"); =
.

pressure gradient; sid is the stondard deviation of -’i‘; corr is the
{

correlation coefficient hetween the wind stress and the bottom stress; ¢
is the ratio of the depth averaged along-shore current to the along-shore
drifter current.

J ]
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Tvier (1992) explains how along-shore pressnure gradients can arise offshore
from a cirenlar island, in the presence of a constant wind stress. Note that the
shape of Prierto Rico can be approximated reasonably well by a circle, especially
from the point of view of offshore dynamics. He uses a 1.5 layer model for the
ocean, in which the ocean consists of a thin surface layer of light water and an
infinitely deep laver of denser wiater lving under the first layer. both layers
having uniform water density. Such a model is appropriate for the oceanic arca
offshore from Puerto Rico. since the depth of the thermocline is cnly  100m
whereas the typical depth of the ocean basin is 4000m. The offshore pressure
gradient is the result of the adjustimein of the ocean to the wind and the
Coriolis forces in the presence of the coast., Far from the coast, there is an
Ekiman balance between the Coriolis foree. the wind stress and a linecarized
friction.  As we approach the coast, the along-shore Coriolis force becomes
weaker since the presence of the coastal bonndary does not permit across-shore

flow, and an interfacial gradient arises as a response. This interfacial gradient
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is associated with a pressure gradient of equal magnitucde but opposite sign in
the thermocline. This pressure gradient is a dipole field aronnd the island, and
the positions of its maxiimun vahies depend on the relative importance of the
Coriolis force and the lincarized [friction.  Any along-shore picssure gradient,
generated by the above or other inechanisins will be transmitted onto the shelf
from the ofishore, as Tyler (1992) shows, by solving the barotropic equations of
motion on a fat circular shell, forced by offshore pressure gradients at the shelf
edge.  His theoretical calculations agree with his experimental data which
indicate that in the area of our experiments, there will be a pressure gradient
opposing the wind stress, having a magnitude proportional to the magnitude of
the wind stiess. This "adverse” pressure griclient would take over and reverse

the currents when the wind pausces.
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Figure 3-8: The along-shore component of the wind stress ("0"

0.020

~.020

wind data) versus the ulong-shore component of the
bottom stress. Positive values of wind stress and
hotton stress indicate that the stresses have an
eastwards direction. Plotted is also the straight line

that  best fits the data. Its intercept is equal to
Il("J

renat ]
o

Bottem Stress (Fc)



G8

Chapter 4

Analysis of transport and diffusion on the reef

4.1. Introduction

Three types of statistical analyses are conmunonly employed to study drifter
irajectories: the single particle, two particle and clnster statistics (Okubo,
1962). The single particle analysis gives the statis'ics of the absolute motion of
an enscinble of individual particles. The two particle analysis gives the slatistics
of the relative motion of a pair of particles. Finally, cluster analysis gives the
statistics of the motion of a cloud of particles relative to its centroid. The
present project is particnlarly concernced with the dispersion of clouds of fish
eggs and the variability of the centroid motion of these clouds. In this thesis,

therefore, only single particle and cluster statistics will be analyzed.

The slatistical analysis is perforined on such cluster characterislics as area
(4) of a cluster, elongation (&) of a cluster, and orientation (9) of the principal
axes of dispersion. The principal axes of dispersion (X.Y) are delined at any
time as the major and minor axes along which the variance of  ,gue positions
is a maximum and minimun respectively. These axes may be thought of as the
majcr and ninor axes of the cllipse that best represents the cluster's shape.
Stanrard deviations of the drogne positions along thie major and miror axes
6,.0, can be expressed as the following functions of variance (6,%.6,?) and

covariance (o, ) in the working coordinate system, r.x,v
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4.1

Oy=| (l.\IJOGl24-AiI1200“2+.\'l'I1200”,] e

oy=lsint00 P40y’ 00 2=sin200, ] V7,

The angular deviation (0), in an anticlockwise sense. of the principal axes

(X.Y) from the chosen working coordinaies s

,
1 ~ 0,
S —— s 4.2)
-~ 0.1 '_"G\'

0=
Equations (4.1). {(4.2) arise from an orthogonal transformation from the working
coordinate system a.y into such a coordinate system X.Y, for which the
covariance oy, of the drifter position is zero.  Cluster area and eiongation are

defined as

Al =4ro, (Na(1) . +3)
a,(t)

c(1)=t
oy(1)

4.2. The single particle statistics.

4.2.1, Introduction

The time since a drifter was rcleased will subsequently be referred to as
Lagrangian time. The averaging was performed over all drifters released
throughout the experimental period (o obtain single-particle statistics. This
form of enscmble awveraging is independent of the release time and therefore
assumes statistical stationarity. The drifter release sites varied from experiment
(o experiment (within an area of approximately S00m radius), so the above
averaging also assunes spatial homogeneity. Examining the diffusion with

respect o the average trajectory of the drifters as a function of Lagrangian time,

3 1

is referred to in literature as "absobite diffussion” or "single particle diffusion’

(Csanady, 1973). To cnsure that the number of degrees of freedom (i.e..
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munber of drifters) remaiued constant as the Lagrangian time progressed, we
used only drifters with (rajectories that lasted at least 15 hours, and the
statistics were calculated for only the first 1S hours since release time. The

resulting single particle enscinble consists of 239 drifter trajectories.

We also calculated the single particle statistics for subsamples of the total
enseinble. For example we compared the ensemnble of releases from spawning
sites with the enseinble of releases from nonspawning sites. We also compared
the enscmble of trajectories from spawning time releases with the ensemble of
{rajectories fiom nonspawnring t.ne releases. There are two distinet scasons in
Puerto Rico that have different winds. During the wet season, from July to
Decemnber, the winds are often (hut not always) calin (the mean "O" wind speed
corresponding to this period is 2.4 £ 1.9m/s). In the dry scason the winds blow
more streagly and steadily to the West (thie mean "0O" wind speed corresponding
to this period is 5.4 4 1.5m/s). The enseinble of trajectorics obtained during the
wel season was compared with the cnsceinble of trajectories obtained during the
dry season. The experiments perforined during the sumimer of 1988 were not
inchaded in the single particle statistics for drifters with specified initial release
conditions, but were included in the single particle statistics for all drifters (sce

page 21 for the reason).

4,2.2. The single particle statistics for all the drifter trajectories.

The variance of the single particle position is connccted with the
autocorrelation functon R(1), of the residual drifter velocity u,=u, (1) {that is
the velocity of the drifter at Lagrangian time ¢ with respect to the average drifter
velocity over all (here 239) drifter velocities at time (), via Taylor's theorem
(equation (1.12)). Calculating R(t) cnables us to sce the temmporal structure of
the turbulent velocities that cause cluster dispersion, in order to link the
variance of the drifter position to flow kinemnatics. We only used the first 15 h of

cach of trajectory, giving N=30 half hour time steps per
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trajectory. In order to calenlate the autocorrelation unetion R(j) at the i ag

we implemented the following discrete form of (1.11)
MoON-j
RGD=1Y, Y wu,tiom) u, (i+jm) }/MN (+.4)

m=1 =1

where u,(i.m) is the residual velocity at the i1 time step sinee release, of the
m'M rajectory, and we average over M trajeclories, and N-j time steps. The
type of averaging desciibed by (4.4) is a form of time average, since we average
over both trajectories of drifters released at different times and over the
duration of a trajectory, and is based on the hypothesis that the turbulent field
is stationary. The residual velocity was calenlated by subtracting the average

veloeity {u (i)

w, (hony=u(iomy—=Cutiy) . (4.5)
whiere
M
{(uin) = {}: wCi.my M . (4.6)
m -l

and wti.m) is the velocity at the i time step of the m™ drifter. In formula
(4.4), we divided by MN, instead of M(N=j). in order to correct for the bias at

large lags (Beanchamp and Yuen, 1979; p 186).

The autocorrelation function R along the v axis (along-shore) is plotied in
Figure 4-1. Dashed lines in this Figuie represent the best fit exponential
function. An exponential autocorrelation function arises from a first order

Markov process, for which «(7) at time intervals At is given by
u(r+ADy =M u(ny+E . .7

where &(1) is a random variable uncorrelated with w(r) and carlier values of «u.
For a first order Markovian process R(t)=¢~7". The integral J"’I\’ (Tt
i

: P . ) . .
converges to a tite scale ©° = - and the single particle diffusivity grows as

! _-Z 5 t (ll 2) X
l£-<-\l—>(1)=(1(,-)J I\’(r)(h:——-?'-—(l—("f’) . (-4.8)
1]

2 d
« b . — . . .
For trs this approximately rednees to Fickian diffusion and the variance {(r?)

grows approximalely proportional to time. Fickian dilfusion corresponds to
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K (1) becoming equal to zero aftei rome short time, Integrating the arca under
R for the 1 component of mc:ion (this area being equal to the rate of growth of
varfance along the v axis, as can be seen by equation (1.10)) gives an integral

. . .
time scale of 1,=2.5/#, whereas the arca under the exponential fit is $=2.3h,

which is smaller. Clearly, the variance along r axis grows faster than time
raised to the power of 1, as happens in the Fickian case of an exponentially
dropping awtocorrelation. We can indceed see in Figure 4-3, where the variance
along the x axis is plotted as a function of time since release on a log-log scale,
that the variance along the x axis grows proportional to time raised to a power
of 1.5 (a line of slope 1.5 is inchitded in the plot). Thus the dispersion along the
x direction is faster than vcither Fickian or first order Markov process.
Sanderson and Booth (1991) show that variance can grow proportional to !9
for fractional Brownian motion. The integral time scale is undefined for
fractional Brownian motion because the integral of the autocorrelation finction
does not converge. However, the antocorrelation functions in Figures 4-1, 4-2
do drop rapidly with increasing lag, and so we can locally define an integral
time scale and eddy diffusivity (calcuilated by equation (1.14)) that applics over
the experiment's duration (but not for longer time scales). On this basis the

eddy diffusivity for the single particle motion in the x direction is K_'r:(ﬂ me/s,

The autocorrelation function along the y axis (across-shore) is plotted
together with its best fit exponential function in Figure 4-2. The aulocorrelation
function for the v component of single particle velocity falls off faster than for a
first order Markov process, and actually becoines slightly negative at large lags.
Thus the variance in the cross-shore (v) direction grows as 1 raised to a power
of 1 ur perhaps slightly less than | (sce Figure 4-4 of the variance along the
axis as function of time since release on a log-log scale). It would appear that
dispersion in the v direction may be characterized as being approximaltely
Fickian with soine slight cnvergent process tending to oppose dispersion. The

Eulerian corrclation £, of the turbulent velocity component along the y axis,



for a (wo dimensional isotropic tnrbulent flow ficld having a mean motion along
the v axis, has also been reporled to achieve negative values by many authors
(Monin and Yaglom, 1975; pl18). Monin and Yaglom (1975} indicate that the
Eulerian correlation functions of the turbulent velocity components along the
two axcs are related via the continnity equation. This type of argument might be
extended in the case of o1 Lagrangian antocorrelation function as follows. The
turbulent flow along the v axis is probably divergent, as imiplied by the above
mentioned 1.5 power low for the gowth of the variance with time. This results
in the turbudent flow along the y axis being convergent, if the continuity
cquation for our two-dirmensional incompressible turbulent velocity field is to be
valid. The diffusion along the v axis (with respect (o the absolute motion) is not
continuous; it is heing interrupted by convergences, and thiis results in the
turbulent velocity component of a particle along the v axis at some time being
on average opposite to the turbnlent velocity componient of the same pardcle at
a later time. i.c., to negative autocorrelation.  Integrating the area under the
experimentally obtained autocorrelation yunction gives an integral timme scale

> . : : : l
T, = L1 A, whereas the best fit exponential function gives 7= 1.2 4.

The single particle ceddy diffusivity for dispersion in the y» direction is
K =S4m?/s. Al this peint, before speculating about the eddy diffusivities along
the two axcs, we will compare them with the gross diffusivities ¢ *. The gross
diffusivitics can he defined from changes in variance (0:. c,) of the single
particle position over the duration 7 of the experiment
[ (6 =Ty - (o) (1=0)
T

G =

A

.9

ta’

(0,)3(1=T)= (5D (1=0)
i

I
=

t b}

From the values in Figares 4-3, 4-4 these dilfusivities are ¢ =111m=/s and

G =5m?/s (notc that the values (O =M= 122000m2, (G (r=0)=32810m7,



are substantially larger than zero, due to the variability (from experiment to
experiment) of the drifter release positions). The gross diffusivities ¢* are of the
same order of magnitude as the cddy diflusivities K* of the single particle
motion. The difference in the along-shore direction by a factor of 2 between K°
and G~ can be attributed to partial lack of stationarity and homogenecity for the
single particle statistics in the area of the experimment. The single particle eddy
diffusivity for dispersion in the v direction is an order of magnitude less than
the eddy diffusivity in the along-shore direction. Partly the greater cddy-
diffusivity in the along-shore direction is caused by the integral tilne seale being
longer for the v component of motion than for the » component of motion. But
mosty the incrcased dispersion in thie along-shore dircction is cansed by
residual  single  particle  kinetic  energy in  the along-shore dircetion
(1, 2)=0.0066 m*/s* Dbeing much greater than that (v 2)=0.0014 m?/s* in the

across shore direction,

In the previous chapter we saw that the currents were largely driven by
along-shore wind stress and opposing along-shore pressure gradients.  The
mean  current is, therefore, predominantly in the along-shore direction.
Fluctnations in the wind stress canse the along-shore current to vary, and
souletimes (o veverse. This in turn, results in the v component of residual
single particle kinetic energy (u,*) being much greater than the v compenent of

the single particle kinetic energy (v,?2).

The residual single particle motion in the along-shore direction «, is largely
associated with fluctuations in the wind forced motion. Since the wind
lnctnates with a wide range of time scales and has most of its energy in the
diurnal band, it is not surprising that £, (1) for the along-shore motion {Figure
4-1) is substantially above zero at large lags. The relatively rapid rate at which
R (1) falls initially can be ascribed nostly to fluetnations of along-shore

particle velocity associated with the variable bathymetry and flow around



exposed and semi-exposed reefs. The variability of the across-shore single
particle motion is more attributable to the variable hathymetiy and reefs. For
exanple if reefs and bumps in the bottom have length scales of = 300m and the
typ cal along-shore current is 0.08m/s then the time scale for the across-sliore
crrrent variability would be 300/0.08 = 1 . The across-shore current has no
long time scale process diiving it. Thus the integral time scale of the across-
shore velocity is less than that of the along-shoi~ velocity. The angle of
ocientation of the principal axis of the single particle dispersion (anticlockwise
from the wv-axis), along with the mean velocitics atong the two axes arc all
plotted as a funetion of time since release in Figure 4-5. Clearly the major and
minor ases of dispersion approximaiely coincide with the v and vy axes
respectively and there is a tendencey for the {low and the principle axis of
cdispersion to orient parallel te the coastline as can be seen in Figure 4-6 of the
mean trajectory. From the ensemble averaged velocity plots of 4-5 we see that
the along-shore component of velocity decreases wilh increasing time since
release as can be scen in figure 4-5. This probably is because the along-shore
wind reduces after having reached its peak at around noon, as can be scen in

Figure 3-4.



axis

pod

Auvutocorrelotiaonm

76

Figure 4-1: The autocorrelation of the x-component of the single
purticle velocity as a function of lag (solid line),
and its best fit exponentially dropping function
(dashed line).
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Figure 4-2: The autocorrelation of the y-component of the single
pariicle
and its best fit exponentially dropping function
(dashed line).
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The variance (stars) of the x-coordinate of the single

particle position as a funciion of time since release
on a log-log scale. The solid straight line of slope
1.5 is the one that best fits the variance, and
indicates that the variance grows as time  raised
to the power of 1.5.
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Figure 4-4: The variance (stars) of the y-coordinate of the single
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T
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1

particle position us « function of time since release
on a log-log scale. The solid straight line of slope |
is the one thut best fits the variance, and indicates
that the variance grows das time raised to the
power of 1.
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Figure 4-5: The ensemble averaged (over all dnfters) uclocity
and oricntation of the principal axis of dispersion
as functions of time since release.
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The enscmble averaged (over all drifters) drifter
trajectory. The standard deviations about the mean
drifter position are plotted for every 2.5 hours
since reclease. They are in the form of crosses
centered at the mean position.
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4.2.3. Coyoparing the single particle statistics during wet and dry

scasons.

The wet season lasts from July to December and the dry season lasts from
Juanary to June, The winds temd to be stronger and towards the West during
the diy season, I the wet season the wind is st usoally westwards, but is

generally weaker and sonu times hecomes calim or reverses to the East.

In Figure 4-7 we have plotted the along shore (1 -axis) and across-shore
(v axis) ensemble averaged veladities, as Minctions of Lagrangian time for the
wet season and the dry season, Here we see that valne of the dry sezson along-
shore velocity ranges from 15an/y to ~7cm/y wherecas the wet season aiung-
shore velocity ramges from ~oom/y 1o +0on/y. Negative along-shore coinponents
of velocity correspund to westwards flow, and the fact that we don’t have
positive (castwards) mmean along shore velocities during the wet scason. when
most of the (castwards) reversals happened, is becanse the times (since releasel
of castwards flow episodes are randomnly distribuated thronghout the duration of

an experiment (see T column of Table 3-2). Thus the positive slong-shore

o
velocities are not all concentrated in a narrow time (since release) band, and
thus they cannot prevail in the mean value. The particle speed is less during
the wet scason than during the dry scason. This is in accordance with weaker
winds during the wet scason than during the dry season. Neither the wind nor
the current are exactly parallel to the along-shore (1) axis. Thus the cross-shore
veloeity is also larger during the diry secason than during the wet season. The
cross-shore velocities during the wet scason ( ~6om/s (0 =lam/s ) and dry
season [ =2cm/s lo —1em/s ) are smaller than the corresponding along-shore
velocities die to the mostly along-shore orientation of the mean flow, In Figure
4-8 we see that trajectories duaring the dry scason reach much further West
than during the wet season. Consequently eggs will spend much more time in
shallow reefs during the wet season than during the div scason. Predation is

likely to be greater in shallow reef areas.
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The single particle dispersion for each of the two casces, is depicted in Figure
4-9. Here we can see that the variance along both the major and minor axes of
dispersion grows faster with tine during the wet season than during the dry
scason.  The orientation of the major axis of dispersion is more along-shore
during the dry season than during the wet season. In (he dry season the wind
is strong, oricnted close Lo the along-shore direction and generally westwards.
In contrast, during the wet scason the wind is generally weaker and very
variable. It can be westwards, calim, and sometimes cven ecastwards.  This
results in the corrent variahility (fromn experiment to experiment), and thercfore
also in the single particle dispersion being larger for the wel scason than for the

dry season.
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Figure 4-7: The ensemble auveraged drifter velocity as
Junction of time since release during the
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season (left) and the dry season (right).
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Figurc 4-8: The enscmble averaged drifter trajectory during
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the dry season (top) and the wet season (bottom). The
standard deviat’ons about the mean drifter position
along the major and minor axes of dispersion are
plotted every 2.5 hours since release. They are in
the form of crosses centered at the mean position.
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Figure 4-9: The single particle dispersion (i.e., variance var-X
along the major axis of dispersion, var-Y along the
minor axis of dispersion and orientation of the
major axis of dispeision) as a_function of time since
drifier release during the wet season (left) and the

dry season (right).
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4.2.4. Dependence of the single particle statistics on the reclease

time.

The study species is observed to spawn only at aronnd neon (12004 o
100 1), Thus we did drifter deployments at around 1300 A, Another cnscinble of
deployments at a nonspawning time (0700 4} was also mede. In chapter 3 we
obtained the mean wind velocity as a fumnction of the hour of the day. over cach
of the three available time series of wind velocity,"P", "O", and "M" (Figures 3-4,
3-5). The "O" wind velocity data have heen considered as the most reliable wind
data (sce page 26 for the reason) and we could see in Fipure 3-4 that the "O"
wind achicves a peak a-component (@approximately along-shore) between 120004
and 1600 A, The v component of the "O" wind is simnilar in magnitude to
component of wind during the most of the day, except from the time interval
between 0900 4 and 1800 4, during which the 1 component of wind is four to
five times larger than the y component. In chapter 3 we saw that the currents
were correlated to the wind.,  This we oxpect the currents and drifter

trujectories to be a function of the time of drifter deployment.

Figure 4-10 shows the ensemble averaged drifter velocity, as a function of
titne since release, for spawning time (70 trajectories) and nonspawning time
deployments (42 trajectories). The along-shore component of velecity for
nonspawning time deployments lags tt .t of the spawning time deployients by
5 h. Apart {rom this time lag. which corresponds to the difference in deployment
times, the along-shore component of wvelocity cdoes not differ significantly

between nonspawning time deployments and spawning time deployments.

The across-shore velocity partly depends on the wind, but it also depends on
the orientation of channels and 1cefs. Thus the across-shore velocily from
nonspawning time releases differs from that of spawning time releases in a way
that does not just amount to a 5 h lag. We sce that the across-shore velocity for

both the spawiting time and the nonspawning time deployments tends to have
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an off-shore {(negative) direction. Tlowever, the absolute value of the olf-shore
(negative) velocity for the spawning tiine deployments is generally larger than
absolute value of the off-shore velocity for nonspawning time deployments,
especiallv at the first five honrs since relecase. This diffcrence between the off
shiore mean velocities of the two categories of deployments results in the inean
trajectory for nonspawning time deployment going closer o the shore than the
mean trajectory for the spawning time deploymenrt  as can be seen in Figure
4-11, There is more shallow reef close to shore. Also, the near shore zone has
mangroves, which make a good Lhahitat for speeies that might prey on cggs.,
Edds released at nonspawning time would, thercfore e subject to mc.e
predation than cggs releaserd at spawning time.  The standard deviation of
drifter positions is also plotted in figure 4-11. in the form of crosses centered at
the mean position, for cevery 25h since release. Clearly some releases at
spawrning tine might go as close to shore as some of the nonspawning time
releases. On average, however, the spawning lime releases do not have

trajectories as near to the coastline as the nonspawning tiine releases.

Figure 4-12 shows that the dispersion of the drifters is slightly greater for
the nonspawning time deplov:aent than for the spawning time deployvinent. This
might be of some biological itnportance if predauon is dependent upon the egg
density. The principal axes of clispersion are oriented similarly for nonspawning
thne and spawning time deplovinents, except for the first half hour of the

trajectory.



Figure 4-16: The ensemble averaged drifter velocity as a

Junction of time since release duat the spawning
time deployment (left) and the nonspawning time
deployment (right).
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Figure 4-11: The nonspwwning timme (top) and spawning time
(bottomn) ensemnble averaged trajectories.The

standard deviations about the mean drifter
position along the major and minor axes of

dispersion are plotted for every 2.5 hours since
relcase. They are in the form of crosses centered
at the mean position.
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Figure 4-12: The single particle dispersion (i.e., variance var-X

along the major oxis of dispersion, varY along
the minor axis of dispersion and orientation of
the major axis of dispeysion) as a function of time
since drifter release, at the spawning time (left)
and the nonspawning time (right).
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4.2.5. Dependence of the single particle statistics on the release

site

EFach experiment was initiated by tae release of dye at the actual spawning /
nonspawning sites and tirnes, The dye was tracked for approximately 14, and
then replaced by a eluster of drifters. We do not have the dyve data, and so can
not determine il the dve tracks and dispersion were dependent vpon release
site, We do, however, have initial dnfter positions corresponding to the f{irst
trispoinler fix, which are typically Jocated near the drifter release positions
(there is a slight deviation hetween the diifter release positions and the initial
arifter positions). The drifters were released i a configara sn that represented

the shiape and the location ol the dye patch.

As alveady mentioned, (see page 21) we used two times for dyve releases, the
spawning and nonspawning tirmme, and we also used (wo spawning sites ("S17,
"S2" ) and two nonspawning sites ("NS17, "NSZ2Y), viclding a total of eight
catedories of initial conditions for dye - drifter trajectories. We calentated the
mean initial position of the drifters and the standard deviation about this mean,
over all the drifters of cach of the 8§ above categories. The results are plotted in
Figures 4-13, 4-14. In these Figures, the standard deviations of the drifter
release position along the « and v axes arc plotted in the form of crosses
centered at the mean drilter release position, and the drifter release positions
are also plotted in the form of dots. We can see that, at spawning time, the
release position of drifiers corresponding (o spawning site "S17 is statistically
distinet from the release position of drifters corresponding (o spawning site
"527, in the sense that, the crosses illustrating the mean drifter release position
and the .andard deviation of it for the two categories, do not overlap. Apart
fromy this, the crosses corresponding to the other six categories do overlap. We
can therefore conclude that, generally, the initial drifter release positions,
corresponding to the eight categories of initial conrditions of dye release, are nat

statistically distinet,
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The mean drifter trajectories for cach of the cight categories are plotted in
Figures 4-15, J1-16, 4-17, 4-18. Again we see that deployments at spawning
times are different {rom deplovinents at nonspawning  times, in that the
nonspawning time trajectories tend to bhe closer to the shore. 1t is not clear that
deplovinents at s hawning sites are different from deployments al nonspawning
sites. However, the spawning time release at nonspawning site 2 shows less
dispersion and mean motion than the other cases. As a final check we divided
the drifler trajectories fito an ensemnble that originated with dye releases froma
spawning ~ite and anothier ensemble that originated with dye releases from a
nonspawning site. Figures 4-19 and 4-20 show that the mean velocity and
single particle dispersion are largely ind pendent of whether the release site
was a spawning site or a nonspawning site. There may, however, be a slight
teirdencey for spawning site releases to disperse more quickly than nonspawning

site releases.
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Figure 4-13: The mean drifter release positions for each of the

Jour dye release sites (indicated by stars) at
spawning time. The little blobs indicate drifter
relcese positions. The crosses are centered at the
mean drifter relense position and the cross-arms
have lengths equal to the standard deviation
0,.0, of the drifter reclease  position about the
mean drifter release position.
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Figure 4-14: The nmiean drifter release positions for each of the
four dye release sites (indicated by stars>) at
nonspawning time. The little blobs indicate
dvifter 1clease positions. The crosses are centered
at the mean drifter release position and the cross-
arms have lengths equal to the standard
deviation o©,.c, of the drifter release position
about the mean drifter release position.
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Figure 4-15: The mean trajcctories for the spawning sites at

5.0
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spawning time. The standard deviations about the
mean drifter position along the major and minor
axes of dispersion are plotted for every 2.5 hours
since release. They are in the form of crosses
centered at the meun position.
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Figure 4-16: The mean trajectories for the nonspawning sites
at spawning time, The standard deviations about
the mean drifter position along the major and
minor axes of dispersion are plotted for every 2.5
hours since release. They are in the form of
crosses centered at the mean position.
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Figure 4-17: The mean trajectories for the spawning sites at
nonspawning time. The standard deviations about
the mean drifter position along the major and
minor axes of dispersion are plotted for every 2.5
hours since release. They are in the form of
crosses centered at the mean position.
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Figure 4-18: The mean (rajectories for the nonspawning sites
at nonspawning time. The standard deviations
about the mean drifter position along the major
and minor axes of dispersion are plotted for every
2.5 hours since release., They are in the form of
crosses centered at the mean position.
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Figure 4-19: The ensemble averaged drifter velocity as a
Sfunction of time since drifter release, from the
spawning site (left) and the nonspawning site

(right).
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Figure 4-20: The single purticle dispersion (i.e., variance var-X
along the major axis of dispersion, varY along
the minur oxis of dispersion and orientation of
the major axis of dispersion) as a function of time
since drifter release, from the spawning site (left)
and the nonspawning site (right).
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4.3. The cluster statistics.

4.3.1. Introduction

The cluster statistics consist of calenlating the statistical parameters related
to the diffusion of a cluster of driflers with respect to the cluster's centroid
(cluster diffusion) as functions of time since release (Lagrangian time). We have
conducted an ensemble of 36 biologically useful cluster release experiments (72
clusters of five drifters each) and another cight (Suimmer 1988) cluster release
experiments, (16 clusters of five drifiers cach), that were only physically useful
(see page 21 for more explanation). We will calculate the diffusion relative to
the cluster centroid for the ensemble of all 64+16=82 clusters. Note that the
chuster statistics differ from the singl: paiticle statistics. The cluster statistics
describe the variability of the driiter positions within a cluster of drifters that
were released simnltancously, i.e.. the variance of the drifter positions with
respect 1o the cluster centroid. This variance, as well as other diffusion
characteristies are averaged over the ensemble of the cluster release
experiments. Since in the cluster statistics the cluster centroid position is
extracted, no information can be obtained for the variability front experiment to
experiment of the cluster motion as a whole. This kind of information is
obtained with the single particte statistics, in which, for our case especially, we
resolve the ensciuble of the five drifter cluster releases into an ensemble of
single (one drifter) rcleases. We then examine the variability of the drifter
position within this ensemble. At sonie Lagrangian time r, the theorctical mean
centroid position over the ensemble of cluster centroids is equal to the
theoretical mean position of the single particle statistics at the same Lagrangian
time. The diference lies in the variance, which is larger for the single particle
statistics. We will assume that thie cluster statistics are stationary and
homogencous, just as in the case of the single particle statistics. To cnsure

that the number of the degrees of freedom (i.e., number of drifters) remained
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steady as the Lagrangian time progressed, we only averaged over clusters (hat
had five drifters until the 15t hour. Finally, the calenlations were done for
only the first 15 hours since release tine. The above restrictions resulted in the
decreasc of the stalistically nseful population of the ensemble from 82 (o 48
clusters. All the ensemble averaged paramecters plotted as function of
Lagrangian time are accompanied with error bars indicating +1 standard
deviation of the mean value at haltf hour intervals. Finally, we also oblained
cluster diffusion statistics for clusters with specific release site., release time, or
flow conditions, All Izt the Summer 1988 experiments were inchuded in these

stalistics.

4.2.2. The cluster statistics for all the clusters

Figure 4-21 shows the ensemble averaged cluster dispersion over alt the 48
drifter clusters. In this Figure we have plotted cluster averaged guantitics
related to dispersion, i.e., the wvariance of the drifter position relative o the
cluster centroid position along the major (X) and minor (¥) axes of dispersion,
the cluster elongation, the angle the major axis of dispersion in an
anticlockwise sense from the v axis, and the cluster arca as functions of tine
since relecase. We sce that, neither the variance along the major axis of
dispersion, nor the variance along the minor axis of dispersion increase
continuously with time. This indicates the existence of stretching deformation
in the mean flow. Nevertheless, we see that the variance in both the major and
minor axes of dispersion and the chister arca generally increase with time. The
angle of orientation fluctuates between -6 and 109, and the clongation
fluctuates about 8 at all the times. Clearly, the cluster dispersion is principally
along the x axis and about ecight tiines greater in the x direction than in the
v direction at all the times. We see that at (=0 the elongation is &. The tinie 1=0

corresponds to the first trisponder measurement of
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the drifter position, which was vsually conducted 10min to 0.5h afler the
cluster was released. Measurements of cach drifter position inunediately after
their release were in many occasions impossible. We had to wait until the
cluster dispersed adecualely for the boat to be able to mancuver through it. In

this period the cnster of drifters might have been elongated.

Clearly, the diffusion processes in the area are not caused by isotropic
turbulence. The velocity gradients of the mean flow are seemingly itnportant in
cansing stretehing deformation and perhaps some divergence as will be shown

in the following paragraph.

e . . ) 2 } o Syl
Mhe velocity gradients = . =, =, = of the flow within the arca of the
o

xS Ga
cluster were cestimated using the cluster method of Okubo and Ebbesmeyer,
(1976) (here w is the velocity component along the x axis which has an
approximately along-shore direction).  The nethod uses a first order Taylor
expansion of the drifter velocity with respect to distance from cluster centroid.
Assuming that the velocity gradients are uniform within the chuster, the above
expansion resulls in the relative drifter velocities (with respect to the cluster
centroid velocity) being linear fimctions of the relative drifter positions (with
respect to the cluster centroid position). One then linearly regresses the relative
velocities against the relative positions, to derive the velocity gradients. Having
calculated the velocity gradients, one can then easily calculate the differential
kinematic propertics "dkp” i.e., the shearing and stretching deformations, the
vorticity and the divergence (see page 11). We calculated the velocity gradients
and dkp for cach drifter cluster that had five drillers for a 154 period. The
velocity gradients and "dkp” were calculated at cach half hou: interval since the
cluster was deployed. We then averaged over all these drifter clusters at all the
times. The mean velocity gradients and the mean "dkp" are summarized in
Table 4-1. We also calculated the averade gradients as functions of time since

rclease (Fignre 4-22).
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Table 4-1: The wmean vclocity gradients and differential
kinematic properties.

Variable Mean std

%" (s~ 1% 1075 1.9 % 1075

D571 7.7 % 105 6.8 % 10-5
| 5 ___ _ —

2 6.8 % 107 1.1 107"

22 (s 265 10 2.0% 1075
—s;c—l—ching (Ivfunnnlionw(;') ~_-—l:l x l():-‘ 2.0 x 16"5 o
shenrin—g.;l—o-fonnaTi—on—(: - —*8—.4 P4 I()”? ) (\9-; 1075 ]
_vc:'fi;i_i;m(;j'k). 7.0 % 107 6.9 % 105
“di\crgcncc (s o 7% 105 ) 2.8 % 1075 N

Inn Table 4-1 we sec that the largest of the velocity gradients is the across-shote
gradient  of the along-shore velocity component, which is cqual to
Au

5;=7.7>< 10-%s-1 . This gradient tends to dominate the other ones and is

expected to cause elongation of the cluster in the along-shore direction, due to
the "shear dispersion effect” as described in section 1.2.2. A clearer idea of what
causes the along-shore clongation can be obtained if we observe Figure 4-22 of
the mean velocity gradients as functions of time since release. It is clear from

. . : . A .
this Figure that the mean velocily gradient $2,,=%—'$ achieves much larger values

th: 1 the other three gracdients for the first 1.54 of the (rajectory, and
subsequently achicves values commparable in magnitude with the values of the
other three. The very large values of 2, at the first 1.5/ since release are
probably a result of the intcraction of the mean flow, which is 1nainly along-
shore, with the complicaterd topography (reefs, channels, sec Figure 2-2) at the
beginning of the expertinent. For the first 1.54 therefore, we can assume that
Q, = 15x 107" =constent (this value being the time average over the first 1.54)

and that Q =Q =Q =0 (see caplion of Figure 4-22 for definitions and symbols
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of gradients). We can thus use equation (1.21) to derive the approximate value
of clongation (due to  the shear dispersion effect  at =154, le.,
e(r=15h) = Q1= 1Sx10 Vs~ x 150 = 36008/ =8, Having in mind that the
measured clongation luetuates about 8 at all the times, the above caleulation
indicates that the clnster has aiready achieved its final value of clongation, at
1.54 alter the drifter release. The eluster elongates rapidly at the first 154, hut
subsequently there is no consillerable increase in its clongation. This is not in
contradiction withy our discnssion in page 104, abont the clongatinon being equal
to 8 at =0, il we hypothesise that the above described "shear dispersion” effect
starts before the time corsosponding to =0 and continnres being significant
nntil =150 Also, the fact that 2,18 al =154, indicates that, according to
(1.20), the shear clomgation is cightt tmes larger than the length scale VK1 of

the longituidinal ededy difhusion. Of course, the high value of Q,,=—?£ during the

first 1.5/ of the experiment, would cause along-shore elongation cven in the
absence of isotropic eddy diffusivity. This is Lecause a nomnegligible value of
Q, within a cluster implies that drifters within the cluster separated by Ay in
the wross-shore direcetion, will move with different along-shore velocities. This
shearing would occur after the clapse of some tine interval Ar, in the increase
by A of the drifter along-shore separation according to Ax=AyQ, Ar. Taking as
typical value of the across-shore drifter separation during the first .54 of the
experiment, the typical across-shore standard deviation o, of the drifter
position with respeet o the clirster centroid doring that time interval, i.e.,
Av=o = 10m; Q, =~ 1510775710 Ar=15h » 3600s/k, we derive an along-shore
stretehing Ax=10m x15x 107 % 1.5 %3000 = 81m. and thus an along-shore
clongation e=Ax/o =81/10=%1. It scems that both mechanisms, of the
harizontal shear diffusion on the one side and of the pure straining motion on
the other side contribute almost cqually to the along-shore clongation.  This
along-shore clongation is probably imuposed by the topography near the area of

the experiment, and therefore it might be possible to scale 2, as sz,,:mﬁ,).
.
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where U is an along-shore velocity and ¥ an across-shore length scale,
imposed by the local topography. This in turn would result in Q. the along-
shore dispersion and the clongation fluctuating with the along-shore wind.

since U is fluctuating with the along-shore wind, but ¥ remains constant.

Finally, we see in Table 4-1 that the average divergence Is positive, which
indicates that the veloceity field tends to diverge. This is in ngrccjm(-nl with the

ohserved inerease with time of the claster area (Figure 4-21).

An additional insight into the cluster diffusion processes of the arca can be
gained if we caleulate the autocorrelation hmnction R (1) of the velocity
(u, .v ) relative to the cluster centroid. The antocorrelation function for
relative motion, can be related to the varianee of positions ahbout the centroid
via Taylor's theorem.  Note hhowever that Taylor's theoremn is strictly appropriate
for single particle motion in a stationary tirbulent field of no mean inotion. The
motion of drifters relative to their cluster centroid is not stationary, since the
dispersion rate increases with time since release (Csanady. 1973), and thereflore
R . is a function of time since release, (. In our computational method of R,
however, we implicitly assume that & is independent of 1, since we average
over the duration of an experiment. This is done in order to increase the
degrees of freedom of the statistical estimmate of R .. The computational method
is very similar to the one implemented for the calculation of the autocorrelation
function of the single particle motion, and can be outlined as follows. Each
drifter trajectory had AN =230 positions at hall hour timme steps. We diseretize time
and use j (o indicate lag and / to indicate time since relcase. In order to
calenlate the autocorrelation function R<(j) at the j' lag, we then used the

following formuila

M L Ny
RO(j)=] Z z Z w iy w, Cisjdom) |/ MANL (4.10)

m=] l=1 =]

where wu (i./.m) is the residual veloeity of the mth trajectory of the 1th cluster

at the ™" time step since release.  We averaged over the M=35  drifter
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rajectories per cluster, the A=30 time steps per trajectory, and the L=d8
clusters. The residual veloeity was caleulated relative to the cluster centroid.

u Ciclom)y=uCidom)=1w (i), 411
Hee @iy is the veloeity of the cenwroid of the I cluster at the it e step,

that is

M
FOLy=1Y wtidmy|/M (4.12)

m=1

where wtil.m) is the velocity at the ™ time step of the m'h

drifter in the /th
cluster. In (4.10). we divided by MNL, instead of M(N—j1L to correet for the bias

at large lags (Beauchanp and Yuen, 1979; p 186).

The antocorrelations &', R of the v and y components of the drifter
velocity relative to the centroid velocity, arce plotted as functions of lag in
Fignres 4-23 and 4-24 respectively. We see that both R and I\': drop rapidly
witlt increasing lag, and that R has a small negative lobe. If is reasonable to
integrate the arca nunder these autocotrelation functions to obtain integral time
scales T =084 and T =094 for the 1 and v components of motion relative (o
the  cluster  centroid. The  mean square  value of relative velocily  is
(u, )=0.0031p3 /4% in the o direction and (v )=00007Sm*/s* in the v direction.
This gives cluster diffusivities calenlated by use of cequation (1.14), i.e.,
K'=Cu, )y x T =89m/s and K{=(v <) x 10=24m*/s in the v and v directions
respectively.  Gross diffusivities ¢ can be defined from changes in variance
(o, o) ol the drifter position relative to the cluster centroid over the duration
T of the experimnent, as follows

Lo etusT) - (g’ ) as0)
( S R = 4.13)

(6 (r=T)=(c ) (=)

G, -

t ] ==

Note that in (4.13), (o) (r=M=1181m* and (o) (=0)=1003m>. In an
instantancous point release the above values would be equal to zero. The time

t=0 carresponds in our case to the time when the first drifter position fix was



taken, when the cluster was already slightly spread (see page 104 for more
explanation). From the values in Figure 4-21 these diffusivities  are
G =046m/s and G,=023m%/s. The gross diffusivitics (¢ are one order of
magnitude smaller than the eddy diffusivities K< of the cluster diffusion. This
is probably because the statistics of the cluster diffusion are assumned to be
homogenecous and slationary, in vrder to calculate K<, R<. These assumptions
arc not completely valid for this data. Single particle diffusivitics arc factors 7
and 2 greater than chister diffusivities for the x» and y components of
dispersion respectively.  Also, the mean square values of the single particle
residual velocities for the two axes are larger by a factor of 2 than the mean
square vahies of the diifter veloeities with respect to the cluster centroid
veloeity,  Thus there is more variability in the paths of clusters than in the
paths of drifters within a cluster. This is exactly as might be expected
considering the variable natne of the wind-driven flow. Finally, the integral
timme scale of the single particle diffusion along the x axis is threc times larger
than the integral time scale of the cluster diffusion along the samce axis (this is
not true for the y axis lhiowever, wlire the integral tiine scales of the single
particle and cluster diffusion have similar magnitude). The along-shore
component {along x axis) drifter velocity decorrelates faster il it is considered
relative to the cluster centroid, rather than if it is considered with respeet to the
mean flow {averaged over all the cxperiments). This was expected, since the
mean flow does not change with Lagrangian time as fast as the velocity of the
cluster centroid in an experiment does. The mean flow is equal to the average
cluster centroid velocity over all the experiments and the fluctuations with
Lagrangian time of the cluster centroid are largely simoothed out when we

average over all the experiments.

Figures 4-25 and 4-26 show how the variance of the x and v components of
position relatve to the centroid vary as a functions of time since cluster

deployment. The plots are on a log-log scale to invesligate power laws. We sce
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that the variance along both x and vy axes approximately increases proportional
to 1 {i.c., is fitled by a line of slope cqual to 1 in the log-log scale), when we
average over the duration of the experiment. Thus in this gross sense the eddy

diffusion is Fickian.
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The averagcd (over all clusters) cluster dispersion
(i.e., variance var-X along the major axis of
dispersion, var'Y along the minor axis of
dispersion, cluster area, orientation of the major
axis of dispersion, and elongation) as functions of
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o . i du
Figure 4-22: The mean velocity gradients, Qf'ﬁﬂ , ,,.—::,’_y,
=0 -2*  as functions of time since release.
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parallel to the v axis.

p o> J O 7o o JO
T 54,00 7 54.00+
H i
é 8.00 4 < 3B.00-
= 722.004 5 22.00 +
c a
6.00 6.00
e S d deaen “*‘r*,. S z M(‘-‘MA—“‘MT"‘
-10.00-{4-- —- lh.-._ . ;]_ .] . _] R _10.00_J -..____' _.,_-..]__.__._-]_._.,_' .....
0 J 6 9 12 15 0 J é g 12 15
time since releose (h) lime since relcase (h)
70.00 —— 70.00
= 54,00 T 54.00-
& 38.00+ S 38.00-
% —_ = e
o 22.00 c 22.00
6.00+ 6.00—
"‘\f«‘\--‘,.;. . -J“l\_._i,-k- PR ﬁ/\(-lm-‘-xa—*va—_
=10.00{ -+~ - = yomr oy oy === g = =10.00- |-~ . - -
| I S N R L R R

0 3 6 9 12 15 0 3 6 9 12 15
lime since rekose (h) time since releose (h)



AaxIiS

b

Autocorreiatiaonrn

113

Figure 4-23: The autocorrelation function of the x component of
the relative (to the cluster centroid velocity) drifter
velocity versus lag (solid line), and its best fit
exporentially dropping function (dashed line).
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Figurc 4-24: The autocorrelation function of the y component of
the relative (to the cluste: centroid velocity) drifter
velocity versus lag (solid line), and its best fit
exponentially dropping function (dashed line).
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Figure 4-25: The variance (stars) along the x axis of the relative
(to the position of the cluster centroid) drifter
position versus lag, plotted in a log-log scale. The
solid straight line of slope 1 is the one that best
fits the variance, and indi_utes that the variance
grows as time raised to the power of |
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Figure 4-26: The variance (stars) along the y axis of the relative
(to the position of the cluster centroid) drifter
position versus lag, plotted in a log-log scale. The
solid straight line of slope 1 is the one that best
fits the variance, and indicates that the variance
grows as time raised to the power of |
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4.3.3. Cluster dispersion during the wet and dry seasons

The dry scason and wet season clusler averaged dispersion characteristics
(var"ance of drifter position with respect to the cluster centroid along the major
and minor axes of ‘lispersion, the cluster clongation and the angle of
oricntation anticlockwise from the x axis) are plotted in Figure 4-27 as
functions of time since release. We see that for both scasons the cluster is
clongated (clongation fluctuates around the vahie of §). The wet scason clister
clongation is slightly smaller than the dry scason cluster clongation, The angle
of the major axis with the v axis (unticlockwise) fluctuates between -6° and 6°
for the wet season and hetween -6 and 187 for the dry season. The typical
values of the angle of orientation of the cluster are small cnough in hoth
seasons Lo lead to the conclusion that the cluster tends to elongate in an along-
shore direction throughout the year. The variance in the along-shore direction
{inajor axis) achicves larger values during the diy secason than during the wet
season in contrast to single particle statistics where the along-shore variance is
slightly iarger in the wet season. The across-shore (minor axis) variance
achieves the largest values during the wet season, something that also happens

with the across-shore variance of the single particle statistics.
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Figure 4-27: The cluster dispersion (i.e., variance var-X along

3
titme sinte rotoumne (M)

the major axis of dispersion, var-Y along the
minor axis of dispersion, orientation of the major
axis of dispersion, and elongution} as function of
time since release, during the wet season (left)
and the dry season (right).
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4.3.4. Dispersion of clusters at spawning and nonspawning times.

The cluster averaged dispersion characteristics for the spawning time and
the nonspawning time are plotied in Figurc 4-28 as functions of time since
release. The spawning time and the nenspawning time ensecimbles have cluster
averaged variances along the major axis of dispersion that vary with time .
Regarding the major axis of dispersion, we sce that the spawning time enseinble
has a cluster variance along this axis that generally increases with tiine, except
for a brief decrease at about the 9™ hour, The spawning time ensemble is not
greatly variable [rom cluster to cluster. The nonspawning time ensemble has a
relatively rapid initial increasce of cluster variance followed by a sharp decrease
in variance. Also the cluster dispersion is much more variable (see standard
deviation bars on the plots) for the nonspawning time enscimble than for the
spawning titne ensemble, The variance along the minor axis increases mmuach
mwore rapidly for the spawning time enscible than for the nonspawning time
cnsemble. Clearly, the cluster dispersion of the spawning tlilne enscmble is
larger than that of the nonspawning time enscmble, and this might be of some
biological significance. The spawning time ensemble has a cluster elongation
that is more variable than the nonspawning time ensemble. Also, the spawning
time cluster elongation tends to slightly increase with time, in contrast to the
nonspawning time elongation that tends to slightly decrease with time. The
angle of orientation of the principal axis of dispersion varies faster with time for

the spawning time rcleases than for the nonspawning time releases.
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Figure 4-28: Cluster dispersion (i.e., variance var-X along the
major axis of dispersion, varY along the minor
axis of dispersion , orientation of the major axis
of dispersion, and elongation) as function of time
since release at the spawning time (left) and the
nonspawning time (right).
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4.3.5. Dispersion of clusters relecased from spawning and

nonspawning sites.

In Figure 4-29 we have plotted the cluster averaged dispersion
characteristics of the spawning site and the nonspawning site ensembles. The
spawning site cluster seems Lo disperse more than the nonspawning site
chuster, and this again might be of some hiological significance. The spawning
site cluster is more variable with time since release, and also more variable
from experiment to experitnent, then the nonspawning site cluster. The cluster
clongation for spawning site releases is not significantly different from the
cluster elongation for nonspawning site icleases. The angle of orientation
varies considerably with time for the nonspawning site ensemble, but it stays

nearly constant for the spav. aing <ite ensemble.



var =~ {10 [X™{5) rmem) ver—X (10 FYP(5) memr)

alongaolon

ora=tctinn (Daqroes)

=+ 30

122

Figure 4-29: Cluster d1<perswn (i.e., variance var-X along the

ma_;or axis of dispersion, varY
, orientation of the major axis

axis of dispersion
of dispersion, and elongation) asfunctton of time
since release from the spawning site (left) and the
nonspawning site (right).
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4.3.6. The distinctness

In all our inshore experiments we tracked two clusters simultancously. One
cluster was released at a spawning site. another one at a nonspawning site. We
arc interested to know when, if ever, the spreading of these clusters results in
them mixing together and no longer being distinet. We therefore introduced the

parameter of distinctness, i, which can be defined as:

d .
Di=-— d.14)

Iy
where d 1s the distance between the centroids of the two clusters, and 6, is

the sum of the projections of the standard deviations of the two clusters onto
the line joining the centroids. For cach cluster we chose the biggest projection,
whether it is thie projection of the major or of the minor axis standard deviation.
If i has a value larger than 1, then the two clusters are distinet, otherwise the
clusters have merged. For the case when the two cluster ellipses are close o
cach other, then it might hanpen that Di<t without the ellipses really
intersecting, i.e., without the clusters being merged (sce Figure 4-30 for an
illustrative example). Therefore, if and when Di was less than 1 we additionally
examined if the the two ellipses did intersect. If the ellipses did not intersect but
still Di< 1 then we considered this value of Di as false and did not inelnde it in
our statistical estimations. We calculated Di for all the combinations of S, NS
clusters. The distance between an S site {S1 or S2) and an NS site (NS1 or NS2)
was Lypically 300-400m for the actual dye release sites and 300-600m for the

corresponding drifter release sites (see Figure 2-3).

The ensemble averaged distinctiiess over all the inshore experiments for
which the two clusters had five drifters until the (5% liour since release, is
plotted as function of time since release in Figure 4-31. In this Figure we see
that the distinctness decreases witl time, as expectec, since the two chisters
were rcleased from nearby sites, and their arca grows with time. The criterion

for judging when the two clusters merge was as (o when the lower confidence
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limit of the mean distinetness becomes egual to 1. The spawning site cluster
remains distinet from the nonspawning site for approximaltely 15 A, However,
differen. release siles do not result in different mean trajectories (averaged over

longer periods of time), as was pointed ont in section, 4.2.4,

Figure 4-32 shows the cnsemble averaged distinetness over the spawning
tirne and the nonspawning time experiments. We can see that initially (first 3 4
since releasce) the two clusters approach cach other more rapidly for
nonspawning (ime deployments than for spawning timme deployments. After the

ard y (he distinetness is independent of deployment tine.

Figure 4-33 shows the mean distinctness for the wet and dry scason
ensembles. Clearly, the cliusters approach eaclr other much more rapidly in the
dry scason. In particular, the clusters merge (on average) at around the ard )
since release during the dry scason, During the wet season, the clusters remain

distinet vntil the 15 5 since release.
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Figure 4-30: A case where the distinctness Di is smaller than
] but the two clusters are not merged. The major
and minor axes of the two clusters are the solid
lines. Dashed lines indicate distances. The
elongation of both clusters is eight, which is the

typical cluster elongation value in the area of the
experiment.
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Figure 4-31: The ensemble averaged (over all the experiments)
distinctness as a_function of time since release.
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The ensemble averaged  distinctness as a
Sfunction aof time since release, at the nonspawning
time (top) and the spawning time (bottom).
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Figure 4-33: The ensemble averaged distinctness as a
Sfunction of time since release, during the dry
season (top) and the wet season (bottom).
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Chapter 5
The Fall 1989 experiments

5.1. The bead experiments

We are ultimately interested in the dispersion of fish egfgs, rather than the
dispersion of drifters.  Polystyrine beads were designed to match the size and
buoyancy of the eggs. Thus the heads had a radins r, = 2.7x10-"m and
density p,=10134g/m?*. In the Fall 1989 experitnents, a patch of N, =5x10°
beads was released, along with the dye pateh, at the spawning site and time.
Net tows were condncted in the arca around the drifter clister 24 4 after the
release. to mcasure the mnnber N=N(x.v) of beads per tow as a function of
position (v.y) at the end of the experitnent. The measured bead distribution N
could then be compared with the predicted bead distribution N . The predicled

bead distribution is based on the drifter data 24 /i after release and is given by
N,=SC, (5.1)
where C, iIs the predicted horizontal concentration of the beads (based on the

drifter data 24 s after release) and § is the area of the water sampled during a

tow conduction. The bead concentration was estimated as

C == (5.2)

where S, the predicted horizontal area that the beads covered at the time of
sampling. We assuined that § =5, where S, ,=4n0,0, Is the area covered by
an ellipsc having major and minor axis lengths equal to twice the cluster
standard deviations (6y.0,) along major and minor axes respectively. This
forimula assiuunes that the positions of the beads have a Gaussian distribution.

It also assumes that the transport and eddy-diffusion of drogues arc the same
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as for beads. In a Gaussian distribution 88§% of beads are located inside the
above ellipse. Equation (5.2) only gives an order of magnitude of €, since it
assumes that the density of heads is homogeneous within the cluster ellipse
(this is also the reason that we did not correct (5.2) for the fact that only 889 of

the beads, and not all of themn are inside thie above mentioned cllipse).

The heads were sampled with a net tow. The sampling took place around
nine positions on a rectangular gnd (sce Figure 5-1, where the nine positions
are munbered from 1 to 9). The grid centre was located at the centre of the
drogue cluster {position 5 in Figitre 5-1). The positions were /=3 im apart. The
sampling was done with our boat in a circle aboutl each position, It wonld take
about ¢,=0005 to complete a sampling arcle at a boat speed w,=2knots = 1m/s.
The mouth of the net had dimensions of Im by 1m. The arca of the net’s mouth
was, therefore, S=1m. For the purpose of our caleulations we can assume
that the cggs are uniformly cdistributed over the top layer of the sea of width

d=1m. Thec horizontal area § of the water sampled during a tow is then

Sz PP (5.3)

where the cocfficient 0.7 accoumnts for the fact that 30% of beads was expected
to go through the net's mesh. The cluster characteristics and values of N, at
the 24" hour were caleulated for the two of the four inshore experiments ( 7
December 1989, 2 November 1989). In the other two experfinents we had
trisponder failure. On 7 December o, =1309, 6,=%37 which give N,=154. Out
of the nine tows of this experiment. one had N=5 beads, two other iows had
N=1 bead and the reinaining six tows had no beads. On 2 November ¢ ,=1120,
G y=500 which give N =302. Out of the nine tows of this experiment, (wo tows
had N=1 bead, one tow had N=2 beads and the remaining six tows had no

beads. In both experiments, N, is two orders of magnitude larger than N. This

probably happens because the different positions of the sampling grid were too

far apart (/=3km), whereas our cluster is distributed over an area of only
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Lhm x 0.5km. This fact though, does not explain why also at the center of the
cliuster N was loo small. Obviously, the centre of the cluster was not the same
as the centre of the heads. This might be atiributed to the effect of the wind on
the part of the drogues above the sea surface. In scetion 2.2.1, page 32 in
particular, we saw that the wind drag on the drifter part above the sea surface

results in the drifter velocity being larger than the bead velocity by /.\u=&%,-f)l.

where w is the typical along-shore "Q" wind, and that this effect is mostly in the

along-shore direction, since both the wind and cinrent tend to bhe along-shore.

The drifters therefore will, over a time inteirval Ar, ontdistance downstreaimn the
04 = w

beads by AS=ANudr=—g—=Ar. For Ar=24h=86400s, i.c., the duration of the

experiments, and for w=5m/s, i.e.. the "O" typical along-shore wind for either of
the cxperiinents, the aboave formula gives AS=1700m. This means that the
center of the pateh of beads, was approximately located 1700m upstream from
the center of the cluster of drogues, around which the tow S was conducted,
and also 1300m downstream from the posidon of tow 2, as can be scen in
Figure 5-1. Assuming that the patch was distribuled over along-shore and
across-shore scales equal to oy = 1000m, and oy = 500m respectively, consistent
with 669% of the beads being distributed over these scales in a Ganssian bead
distribution, we expect that the majority of the beads (66% ) were distributed in
the elliptical area between tows 2 and 5, as can be seen in Figure 5-1. In the
above speculations, which explain reasonably well the deviation of N, from N,
we did not consider the effect of vertical shear dispersion of the beads. In
scction 2.2.2 we saw that the vertical shear dispersion resnlts i1 the horizontal
diffusion rate of a patch of eggs or beads being generally larger than horizontal
diffusion rate of a cluster of drogues, given that both beads and drogues have
the same initial conditions of release. Our scalc analysis showed that in our
case, there is probably no significant difference between the diffission rates of
the drogues and the beads, because the apparent diffusivity K ,,, induced by

the vertical shear diffusion, is negligible if compared with the along-shore eddy
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diffusivity of the cluster diffutsion K =8.9m=*/s. llowever, it was also shown that
K, is very sensitive to uncertainlies of the vertical eddy diffusivity K., and thus
an increase of K. by a factor of 4 (i.c.. from 10x [0-*m?/s, used in our scale
caleulations to 40 x 1074m2/s) would result in K, being of the same order of
magnitude as K{. It is recasonable to assume snuch an increase of K, for the
area, since we do not have any data that would enable precise estitnation of K,
and the valuc of K.=10x107%m?/s gives only an order of magnitude typical for
shallow areas (Okubo, pers. comm.). A value therefore of K. =40 x 104 me/s
would result in K, =0(10m=/s). Such a value of K would result in an along-
shore bead dispersion X, after 7T=24/ since release, of the order of
X:\”I(’T_‘—'IE\"].()Ezhifin;”mm = 900m. The beads would be distributed over an
along-shore length seale that would be larger than the along-shore length scale
of the the cluster by approximately 14&m. Even if this would be the case, most of
the beads would be located hetween the tows 2 and 5, in view of the fact that in

a Gaussian distribution the concentration of particles falls very rapidly with the

distance froimn the pateh center (see equation (1.8)).

5.2. The coupled inshore/shelf-edge experiments

Each of the Fall 89 inshore experiments was coupled with a shelf-edge one,
in order to enable comparison of the inshore kinematics with the shelf-edge
kinematics, In one pair of experiments (30 October 89 - 2 November 89) both
the inshore and the shell edge clusters drifted westwards. In two pairs of
experiments (23 October 89 - 26 October 89 and 30 November 89 - 4 December
89), reversals o the East happened daring both the inshore and shelfl edge
experiments.  Finally, in one of the pairs (7 Decemiber 89 - 11 December 89),
the inshaore cluster reversed its westwards course to the East but the the shell
cdge cluster moved westwards throughout the experiment. Figures 5-2, 5-3
show the drifter trajectories of the four pairs of experiments. In these Figures

the diamonds show the position of the lirst trisponder fix of the experiment.
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Normally, the first trisponder fix of a drifter position was taken a little later after
the release of the cluster of drifters. The diamonds therefore indicate fairly well
the arca of the release of the cluster as well. I some occasions however we had
trisponder failure at the beginning of the experiment, and only a couple of
hours later dic the trisponder give a signal again. In this case the diammond does
not indicate thie area of the cluster release, but some arca downstream of it,
corresponding to the first recorded drifter position after the trisponder started
working. A good example of this case is the inshore experiment of 26 October
89 in Figure 5-3. Only a smull parfion of only one drifter trajectory (out of the
10} could be plotied, since the trisponder malfunctioned for the biggest part of
this experiment. The fact that an eastwards reversal happened at that day is
hased merely on the obscrvations rather than on data. Speaking of trisponder
malfunction, we sce that the (rajectories of the experiment at the 30'h
November 1989, seem to partly fall on land. The calibration constants on
which the triangulation algorithm is bascd, for calculating the x and y
coordinates, were probably mistakenly changed by the trisponder operator
during that experiment, and this might be the reason why the real (rajectorics
arc shifted towards the land. A reversal to the East was observed during that

experiment too.

Wheilever westwards drifter motion happened, during either the inshore or
the shelf edge experiments, the wind was strong westwards (lypically Sm/s).
Inshore or shelf edge eastwards drifter rmotion only happened during periods of
very light winds (less than 2m/s). The hypothesis of a westwards wind stress
and an opposing castwards pressure gradient, as described in section 3.4,

scems Lo be valid at the shelf edge too.
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Figure 5-1: The method of the beads sampling. The tows were
conducted with a boat in circles around the
positions 1 to 9. The X indicate positions of the 10
drifters. The ellipse indicates the area within
which 66% of the beads would be located,
assuming they followed a Gaussian distribution.

Westwards = positive 1 axis,

Scale: 1 ¢n=460m

~ - - -



Figure 5-2: The drifter irajectories of the coupled
inshore/shelf-edge experiments, part I. Diamonds
indicate positions of first trisponder fix, i.e., drifter
release sites  [approximately). The coast and the
coral reefs are shaded. The positive v axis points
towards the Eust (approximately), and the positive
y axis points towards the North (approximately).
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Iigure 5-3: The drifter trajectories of the coupled

inshore/shelf-edge experiments, part II. Diamonds
indicate positions of first trisponder fix, i.e., drifter
release sites (approximately). The coast and the
coral reefs are shaded. The positive x axis points
towards the East (approximately), and the positive
v axis points towards the North (approximately).
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Chapter 6

Conclusions

The drifter tracking experiments on the Southwestern Puerto Rican shelf
were condnceted to investigate the dependence of the transport and diffusion of
a chaster on the initial conditions of the cluster release. This inforination is
neecded to understand the spawning stralegy of coral-reefl fish, We were also
interested i the dynamical processes that drive the flow in the arca of the

experiment.

The area of the expertments is shallow (5-10m). The wind tends to blow
along shore in a westwards direction and drives an along-shore (westwardls)
current as is evident by the high along-shore wind current correlation. This
correlation is highest al lags t=04 to t=34, in accordance with the predictions
of a one-dimensional along-shore model for the response of the wind o the
current.  The predominant tides in the area are the diurnal and the
scmidiurnal, The diurnal tde has an amplitude of 10cm and can be modelled as
an across-shelf standing wave forced at the shelf edge. The associated across-
shore diurnal tidal velocily is one order of maguitude smaller than the across-
shore component of the typical currents in the area. The semidiurnal tide has
an amplitude of 1em and can also be modelled as an across-shelf progressive
wave. The associated across-shell semidinrnal velocity amplitude is much
sinaller than the across-shore component of the typical currents.  When the
wined pauses. flow reversals to the East have been observed, and (he maxinnun
observed eastwards velocily is 1W0em/s. We hypothesized that the reversals
might be caused by a pressure gradient opposing the wind. To examine the

validity of this assumption we assinmed that the along-shore steady state can
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be deseribed by a balance between the wind stress, the bottom stress and the
pressure gradient. Linear regression of the wind stress versus the bottom stress
revealed that the pressure gradient should point castwards and have an
approximate marnitude of 0.017P¢. Such a pressure gradient would drive an
castwards flow of about [0cm/s, in accordance with the measured maximum

castwards current.

The single particle statistics of the drifter trajeetories revealed that the flow
variability is mostly in the along-shore direction. This happens because in the
along-shore direction the currents fluctuate with the winds. The larde scale
on/offshore flow wvariability is restricted by the coastal boundary.  The
on/offshore single particle velocity residual decorrelates after th, so that for
time scales much Targer than one hour, the evohiition of the velocity residual
can be described by a random walk madel and the eddy dispersion can be
described by the classical diffusion equation. The along-shore single particle
velocity resicual has a larger decorrelation time (2.54) since it flinctnates with
the winds. The variance grows proportional to time raised to the power of 1.5.
Thus the along-shore dispersion is faster than a random walk (or Fickian
diffuston) and can be modelled as fractional Brownian motion. We also {ound
that. the mean flow during the dry season is greater than the niean flow during
the wet scason. The single particle dispersion during the wet season is greater
than the single particle dispersion during the dry scason. Single particle
statistics of the ensemble of the drifler trajectorics released at the spawning
time were compared with t1. » nonspawning time single particle statistics. The
nonspawning *ime deployment results in trajectories that, on the average. go
closer to the shore and have slightly larger variability than the drifter
trajectories deployed at spawning time. Eggs released at nonspawning time
would, therefore, be subject to more predation. The release site (spawning /
nonspawning site) does not affect the mean (rajectory and single particle

dispersion. This can partially be explained by the fact that the drifter release
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positions  corresponding  to different initial conditions of dye release, are

generally not statistically different fromn cach othier,

The cluster statistics of the drifter data revealed that a cluster of drifters is
elongated at all the times, in a direction parallel to the coast. The cluster
clongation is approximately constant during the experiment, and can be
ascribed to a strong along-shore shearing of the mean flow at the first 1.5/ of
the cluster trajectory. This along-shore shearing interacts with the across-shore
echdy dilfusion ("shear dispersion”), and as result the cluster elongates rapidly
(scale calculations also showed that the along-shore shearing wonld result in
topld  along-shore elongation cven i the abscnce of ceddy diffusion).
Subsequently the shearing beeomnes weak and the cluster does not clongate
anymore. The cluster dispersion does not grow continuously with time but it is
Fickian on average. The across-shore variance of the drifter position relative to
the cluster centroid alterraltively increases and decreases with time. The fact
that the cluster diffusion diffusivitics are factors of 7 and 2 smaller than the
single particle diffusivities for the x and y components of dispersion, indicates
that there is more variability in the paths of the clusters than in the paths of
the drifters within a clnster. The dependence of the single particle statistics on
the site / tine and season of drifter release is therefore mueh more important
than the dependence of the cluster statistics on the above initial conditions.
Nevertheless, we compared the cluster statistics of the various drifter
cnsembles (spawning tine and site / nonspawning time and site cnseinbles,
wel / dry scason cnsembles). We found that the along-shore cluster dispersion
in the dry scason is greater than in the wet scason. The wet season cnseinble
has greater across-shore variance than the dry scason. Also we found that the
cluster dispersion is higher for the enseinble of cluslers that were deployed at
spawning time / sites as opposcd Lo the ensemble of the clusters that were

sleployed at nonspawning time / sites.
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Finally, the cluster averaged distinetness was calenlated as fimetion of tiime
since release. The distinetness guantifies the separation belween two clusters
that were synchronously released in an experiment. We found that the cluster
of drifters released at a spawning site remains separate fromn the cluster
released at a nearby nonspawning site (400m apart), for at least the first 154
after 1elease. Although clusters released from spawning/nonspawning sites
remain separate in a particular da, and for the largest portion of the
experiment, the mean trajectories corresponding to the two siles are not
statistically different as was shown by the single particle statistics.  Tl.s
contradiction hcetween  the spawning  and nonspawning  site  trajectorics
remaining separate an a particular experiment on the one hand, and the mean
trajectories corresponding to e spawning and nonspawning sites not being
distinet on the other hand, can he attributed to the large flow variability lrom
expetiinent to experinient. In the wet season the two clusters remain further
apart than in the dry scason. If the clusters are relcased at a spawning time,
they also remain farther apart as compared to clusters released at a

nonspawning time.

The diffusion and transport of the eggs is not exactly the same as the
diffusion and transport of the drifters. The shear at the top layer of the walter
interacts with the vertical eddy diffusion, resulting in the egg diffusion being
Iarger (vertical shear diffusion effect) as compared to the cluster diffusion. Scale
analysis showed that the apparent diffusivity K, induced by the vertical shear
effect, is orre order of magnitude less than the cluster diffusivity. However, this
does nol necessarily lead to the conclusion that the vertical shear diffusion of
the eggs is negligible as opposed to the cluster diffusion, since it is also evident
fromn our scale analysis that K is very sensitive (o uncertaintics of the vertical
turbulent diffusivity K., the buoyancy velocity w,, and the vertical shear of the

Q-x3

horizontal flow veloeity £2. according to the equation K= ————. For example,
"
h
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an increase in K, by a factor of 4 resalts in K being of the same order of
magnitude as the cluster diffusivity.  Finally, the wind drag on the part of the
drifters above the sea surface was shown to result in the currents of the area
being overcstimmated by 184, so that the drifters would slightly outdistance the

eggs downstream.

In the Fall 1989 experiments, we sought (o conmpare drifter trajectorices
released at shiclf-edge spawning sites with drifter trajectories releasecd at
inshiore (San Cristobal reel) spawning sites. It scems that the hypothesis of a
balance between the wind stress, the bottom stress and an opposing along-
shore pressure gradient in the steady state is also valid at the shelf edge. We
also compared the transport-diffusion of clusters of drifters with the transport-
diffusion of patches of beads matching the size and buoyancy of fish eggs. by
relecasing both the beads and the drifters at the same site and time. The
measured bead distribution could not he predicted by the drifter distribution,
probably because the drifters outdistanced the beads, due to the effect of the

wind on the part of the drifters above the sea surface.
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