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Abstract. Lateral dispersion over the continental shelf was examined using
dye studies performed as a part of the Coastal Mixing and Optics experiment.
Four experiments performed at intermediate depths, each lasting 2.5-5 days, were
examined. In some cases the dye patches remained fairly homogeneous both
vertically and horizontally throughout an experiment. In other cases, significant
patchiness was observed on scales ranging from 2 to 10 m vertically and a few
hundred meters to a few kilometers horizontally. The observations showed that the
dye distributions were significantly influenced by shearing and straining on scales of
5-10 m in the vertical and 1-10 km in the horizontal. Superimposed on these larger-
scale distortions were simultaneous increases in the horizontal second moments of
the dye patches, with corresponding horizontal diffusivities based on a Fickian
diffusion model of 0.3-4.9 m? s~1. Analysis of the dye data in concert with shear
estimates from shipboard acoustic Doppler current profiler observations showed
that the existing paradigms of shear dispersion and dispersion by interleaving water
masses cannot account for the observed diffusive spreading of the dye patches. This
result suggests that some other mechanisms provided an additional diffusivity of

order 0.2-4.6 m?2 s~1.

An alternative mechanism, dispersion by vortical motions

caused by the relaxation of diapycnal mixing events, may explain the observed

dispersion in some cases.

1. Introduction

It has long been known that lateral dispersion in the
ocean is not solely the result of molecular processes
but rather is significantly enhanced by shearing and
straining on scales ranging from millimeters to hun-
dreds of kilometers. As described by Richardson [1926]
and Richardson and Stommel [1948], the effective hori-
zontal diffusivity observed in both the atmosphere and
the ocean depends on the scale of the phenomenon in
question. This result was concisely summarized in a
diffusion diagram by Stommel [1949] that showed that
the effective horizontal diffusivity kg on scales rang-
ing from [ = 0.2 to 100 m varied approximately as
kg o I3 (Richardson [1926] also showed a similar dia-
gram for his atmospheric observations). This % power
law was predicted by the similarity theories of turbu-
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lence of Kolmogorov [1941] and Batchelor [1950]. More
recently, a collection of empirical data from dye experi-
ments in the surface mixed layer was compiled by Okubo
[1971]. These experiments, ranging in scale from 100 m
to 100 km, also showed that the effective diffusivity in-
creased as a function of horizontal scale, in this case
kg o [}, (As suggested by Okubo, his findings do not
rule out the possibility that the % power law of diffu-
sivity could be valid locally for some time and length
scales.)

The diffusion diagrams of Okubo [1971] have been
used by many investigators as benchmarks for com-
paring experimental results from a wide range of space
scales and timescales. Such diagrams provide not only
a clue to the behavior of oceanic dispersion but also a
practical means of comparing and predicting the disper-
sion at different scales. However, as suggested by Okubo
[1971, p. 799], “any interpretation of the diffusion dia-
grams must remain provisional until the mechanisms or
physical processes giving rise to diffusion are well un-
derstood.”

Numerous tracer release studies have been performed
by previous investigators both in coastal environments

9603



9604

and in freshwater lakes in an effort to explain the mech-
anisms and physical processes that control horizontal
dispersion in the ocean. However, very few of these
have been in stratified environments. Noteworthy ex-
ceptions include experiments in the Baltic Sea by Kul-
lenberg [1971], experiments off the east coast of Florida
by Vasholz and Crawford [1985], a recent Florida Shelf
Lagrangian Experiment by Wanninkhof et al. [1997],
bottom boundary layer experiments off the New Eng-
land shelf by Houghton [1997], the Massachusetts Bay
dye studies by Geyer and Ledwell [1994, 1997], and the
Coastal Mixing and Optics (CMO) dye experiments dis-
cussed in the present work. These experiments provide
an invaluable opportunity to evaluate a wide range of
dispersion models in the presence of stratification.

In the present study, tracer-release studies from CMO
are used to examine the rates and mechanisms of lateral
dispersion in the coastal ocean. Dispersion on scales of
a few hundred meters to 10 km and for periods ranging
from 2.5 to 5 days is examined. It is shown that the
existing paradigms of lateral dispersion by vertical shear
dispersion, lateral intrusions of differing water masses,
and diffusive interleaving cannot explain the dispersion
observed during the dye experiments. An alternative
mechanism, dispersion by vortical motions caused by
the relaxation of diapycnal mixing events, is suggested
and briefly discussed.

1.1. Reversible and Irreversible Processes

There are many ways to quantify dispersion in the
ocean, depending on the problem of interest. One way
that is useful for the purposes of the present study
is to classify dispersion as either “reversible” or “irre-
versible.” By reversible dispersion we mean spreading
of tracer by purely advective processes, for example,
some arrangement of vertical and horizontal shears or

X vertically integrated concentration (g/m?)
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strains that displaces the dye without diffusing it. Such
processes are reversible in the sense that they do not
alter the concentration of tracer following fluid parcels.
Hence, in principle, it is always possible for the ad-
vection to reverse direction and restore the tracer to
its initial distribution. (Note, this means that the re-
versible dispersion may be negative at times.) In con-
trast, irreversible dispersion does change the tracer con-
centration of individual fluid parcels and cannot be re-
versed. Molecular diffusion is the most elementary ir-
reversible dispersion process. However, in practice, ir-
reversible dispersion may also include stirring by small-
scale shears and strains, as well as diffusive processes
that were not resolved in the observations (i.e., some
stirring plus molecular diffusion will insure irreversibil-
ity before any real reversal occurs).

With this distinction between reversible and irre-
versible dispersion in mind we define two measures of
lateral dispersion during the CMO dye experiments.
The first is the effective horizontal diffusivity x¢ esti-
mated from the vertically integrated tracer (Figure 1a).
This gives a measure of the overall (total) horizontal
spreading of the dye patch and can be thought of as
a sum of reversible and irreversible processes in the
sense that it includes both the advective effects of verti-
cal shears and the effective diffusion due to small-scale
mixing and stirring processes. This total dispersion is
relevant in problems where the lateral but not the ver-
tical extent of the tracer is of interest. It is also use-
ful for comparison with mixed layer studies in which
global horizontal variances are identical to the depth-
dependent variances, and with historical dye studies
where the vertical integral of tracer was the only ob-
served quantity.

The second measure of lateral dispersion is the ef-
fective irreversible horizontal diffusivity «,..., estimated

concentration on an isopycnal surface (g/m®)

Figure 1. Schematic showing the distinction between (a) total dispersion (reversible plus irre-
versible) and (b) irreversible dispersion. The shaded regions in each panel represent a section
through a hypothetical dye patch some finite time after a point source release. The vertical tilt
of the dye patch is presumed to be due to vertical shear. The total dispersion, represented in
Figure 1(a), is a measure of the vertical tilt of the patch as well as the spreading of tracer along
isopycnals. Irreversible dispersion, represented in Figure 1(b), is a measure only of the spreading

along a single isopycnal.
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from the dye concentration along an isopycnal surface
(Figure 1b). This diffusivity takes into account the
depth dependence of the tracer. For example, k...
does not directly include the advective effects of vertical
shears since these represent relative motions of isopyc-
nals. However, it does include horizontal diffusion due
to vertical shear dispersion, i.e., the interaction between
vertical shear and vertical diffusion, since this involves
spreading of dye along isopycnals. The advective effects
of larger-scale horizontal strains are also not included
as part of k.., but rather will be treated explicitly
in the forthcoming analysis. As discussed in sections 4
and 5, the irreversible dispersion «,,... is useful for com-
paring the observed tracer dispersion along isopycnal
surfaces to a variety of theoretical models, including
vertical shear dispersion.

1.2. Goals and Outline

The present study focuses on two main questions: (1)
What are the rates of lateral dispersion over the conti-
nental shelf on spatial scales of 1-10 km and timescales
of <5 days? (2) What are the mechanisms that deter-
mine these rates?

In section 2 we describe the field program of the CMO
dye studies. In section 3 we estimate rates of lateral dis-
persion for each of the dye experiments using a simple
model of vertical and horizontal shears and strains. In
sections 4 and 5 we examine two existing paradigms of
lateral dispersion, vertical shear dispersion and disper-
sion by lateral intrusions. In general, these mechanisms
cannot account for the small-scale lateral dispersion ob-
served during the CMO dye studies. In section 6 we
discuss the implications of these results and suggest an
alternative mechanism, dispersion by vortical motions
caused by the relaxation of diapycnal mixing events,
which may explain the observations. In section 7 we
summarize the important results of this work and dis-
cuss outstanding questions.

2. Overview of the Field Program

The CMO dye studies were performed ~100 km south
of Martha’s Vineyard, Massachusetts, in the region
known as the “Mud Patch.” Five dye experiments were
performed near the 70 m isobath, between the along-
shore and central CMO mooring sites. The experi-
ment dates and injection locations are given in Table 1.
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Of the five dye experiments conducted, four were per-
formed at middepths and are examined in the present
study. The fifth experiment was performed near the
bottom boundary layer and is discussed by J. R. Ledwell
et al. (manuscript in preparation, 2000).

For each experiment, dye was released in a single
streak along a target isopycnal surface using a towed in-
jection system. Three to six drogues were released along
with the dye at the target depth and tracked via Argos
transmitters that were tethered to the drogues. The
drogue positions were used along with near real-time
shipboard acoustic Doppler current profiler (ADCP) ob-
servations both to assist in locating the dye patch and
as an aid to planning sampling strategies during the
dye surveys. A detailed description of the injection and
sampling survey techniques are given by J. R. Ledwell
et al. (manuscript in preparation, 2000).

After each injection, three-dimensional surveys of the
dye patch were conducted using a sampling sled that
was tow-yo’d behind the ship at 2—4 kts. During these
surveys the winch operated at speeds between 30 and
60 m min~!, providing a vertical profile every 100—
200 m along the ship track. The sampling system in-
cluded either a rhodamine or fluorescein fluorometer,
a chlorophyll fluorometer, and a Seabird conductivity-
temperature-depth profiler (CTD). These instruments
sampled at rate of 6 Hz, providing an average vertical
resolution of 10 cm.

In each experiment, two to three surveys of the dye
patch were conducted over the 2.5-5 days following the
injection. Each survey consisted of between 3 and 33
transects through the patch. The first survey of each
experiment generally yielded the fewest transects (rang-
ing from 3 to 11) since at these times the patch was
smallest and most difficult to track. The final survey
of each experiment yielded between 9 and 33 transects
through the patch. From the 4 experiments examined
here, 9 out of 11 surveys appeared to resolve the dye
patch (i.e., provide at least 10 transects through the
patch) and delimit its boundaries [Sundermeyer, 1998].

For each of the dye surveys, tow-yo casts were
“snipped” into individual up and down profiles, and a
horizontal position for each profile was computed as its
distance from the starting point of the dye injection. A
Lagrangian correction was then applied to these posi-
tions using the integrated ADCP velocity at the target
depth. This was done to account for the advection of

Table 1. Overview of Dye Experiments Performed During CMO

Injection Target g, Target
Dates Dye Latitudtja, Longitude kg/m"’e deptl%, m Surveys
Experiment 1  Sept. 11-14, 1995 rhodamine 40.44°N, 70.49°W 25.20 40 2
Experiment 2 Sept. 6-10, 1996  rhodamine 40.46°N, 70.32°W 24.063 35 3
Experiment 3  Sept. 12-16, 1996 fluorescein 40.47°N, 70.32°W 24.30 46 3
Experiment 4 Aug. 1-6, 1997 rhodamine 40.48°N, 70.33°W 24.6 18 3
Experiment 5  Aug. 7-12, 1997  fluorescein 40.48°N, 70.49°W 26.14 62 3
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the dye patch during the course of each survey. Next,
dye concentration was computed as a function of poten-
tial density and then transformed back into a vertical
distance coordinate using the mean potential density
versus pressure relationship averaged over each survey.
This was done to remove the heaving of isopycnals due
to internal waves while retaining a vertical distance co-
ordinate, which could be used in computing vertical dif-
fusivities.

2.1. Vertically Integrated and Target Surface
Tracer

For each survey the method of ordinary kriging was
used to generate maps of the dye patch in the horizon-
tal plane [Journel and Huijbregts, 1978; see also Ledwell
et al., 1998]. Both the vertically integrated tracer and
the tracer along the target density surface were inter-
polated onto a regular grid along with their associated
mapping error fields. Kriging maps for the vertically
integrated tracer for each of the four experiments are
shown in Plate 1. (Maps for the tracer along the target
density surface are not shown.) In all cases the dye
patches grew significantly over the course of the experi-
ment, spreading from their initial streak length of 1 km
to patches as much as 20 km in length. Invariably, the
spreading was anisotropic, with the major axis of the
patch as much as 5 times the length of the minor axis
(e.g., experiment 4). In some cases (such as experiment
3) the patches were also subject to considerable advec-
tion (speeds exceeding 10 cm s7!).

From each of the above kriging maps the first three
horizontal moments of the tracer, i.e., total mass, center
of mass, and variance, were computed along with their
uncertainties using the method described by Ledwell et
al. [1998]. These moments form the basis of our analy-
sis. For the vertically integrated tracer {(z,y) the mo-
ments are defined as follows:

+oo  poo
M= [ [ eryc(e,v)dndy.
-0 J—c0

The moments of interest relative to the center of mass
of the tracer are

(1)

Total tracer M = My, (2a)

Zonal center of mass Xeom = Mo, (2b)

Meridional center of mass Yoom = Mo1, (2¢)
My — M2

Zonal variance o2 = —201‘4—10, (2d)
Moo — 2

Meridional variance 03 = OZTA/IM, (2e)
M1 — MM,

Zonal-meridional covariance 0z, = %. (2f)

For a Gaussian distribution that is oriented at some
angle ¢ with respect to the zonal-meridional axes the
second moments above, i.e., the variances, can equiva-
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lently be expressed in terms of the variances along the
major and minor axes:

Variance along the major axis

1 o (3a)
p_Le2 o Osy
Ta = 2[% oyt cos (@) sin (qb)]’
Variance along the minor axis
1l Ozy (3b)
=3l % B sm (g
. 1 202y
Angle of rotation ¢ = garctan (a'g — 0_5) . (8c)

Horizontal moments along the target density surface
are exactly analogous, except that the vertically inte-
grated tracer in (1) is replaced by the tracer concen-
tration along the target density surface 6(z,y). In the
interest of clarity the notation summarized in Table 2
will be used to distinguish between the former and the
latter.

The variances &2 and 67 for each experiment were
computed using the kriging maps of the vertically inte-
grated tracer (Plate 1) and are summarized in Figure 2.
Similar plots of the variances o2 and o? for tracer along
the target density surface are a,lso shown in Figure 2.
As was expected for a tracer that is being vertically
sheared, the variances of tracer along the target density
surface were smaller than those computed from the ver-
tically integrated tracer. For both measures of variance
a wide range of patch growth rates can be seen among
the different experiments.

3. Estimates of Lateral Dispersion

In order to evaluate the rates of dispersion from the
CMO dye studies the moments defined in section 2
were used in conjunction with a simple strain-diffusion
model, which takes into account what we believe were
the dominant processes acting on the dye patch. Us-
ing this model, the growth of the horizontal patch vari-
ances was computed using both the vertically integrated
tracer and the tracer along the target density surface.
The resulting diffusion parameters provide a measure of
the total and the irreversible dispersion of the dye.

3.1. A Strain-Diffusion Model

In light of the observed elongation of the tracer patches
(Plate 1) and the analysis of patch variances of sec-
tion 2.1 we assume a simple model to describe the evolu-
tion of the tracer patches. Namely, we assume that the
growth of the horizontal patch variances is controlled
by an effective horlzontal diffusivity plus a large-scale
horizontal strain, v = — = —g—

For a two—dlmensmnal linear stra.m ~ and a constant,
isotropic horizontal diffusivity x the advection-diffusion
equation for a tracer C can be written as
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1995 Rhodamine Dye Experiment
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Plate 1. Summary of experiments 14 of the CMO dye studies. Insets show kriging maps of
the vertical integral of tracer (kg km~2) overlaid by the ship track (dotted line). Times for each
survey relative to the injection time are shown in their respective panels. The relative locations
of the dye patches to the CMO moorings during each of the surveys are indicated by boxes.
Horizontal scales are the same in all the insets.
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1996 Fluorescein Dye Experiment
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Plate 1. (continued)
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ocC ocC ocC 02C o°C
- t1Eo- -

—_— =k —_— 4

5t T8 Way T "oz T “)
Multiplying by 22 and integrating over all «, or by 32
and integrating over all y, equations for the tracer vari-

ances o> and o in the directions of the major and minor
axes are [e.g., Townsend, 1951]

2

a 2
d_ta — 2vo;, = 2k, (5)
do?
d—t” + 2y0} = 2k, (6)
respectively, with solutions
‘ t
02 =gl e®t + / 2xe~ 28, (M
0
‘ ¢
ol = ol et 4 6_2'”/ 2ketdt. (8)
0

Using a reference frame in which the origin moves with
the center of mass of the dye and the = and y axes are
aligned with the major and minor axes of the patch,
respectively, this model can be applied to both the ver-
tically integrated tracer {(z,y) and the tracer along the
target density surface 6(z,y) to obtain estimates of the
effective total diffusivity x; and the effective irreversible
diffusivity &,,rev.

Noteworthy in the above strain-diffusion model are
the assumptions that the large-scale strain field is steady
and horizontally uniform, and that smaller-scale varia-
tions in the strain rate (scales less than or equal to the
scale of the dye patch) can be parameterized by an ef-
fective small-scale diffusivity. This approach follows the
early ideas of Taylor [1921] regarding the parameteriza-
tion of small-scale stirring as an effective small-scale
diffusive process, and is also consistent with the idea of
scale-dependent diffusion [e.g., Okubo, 1971]. (The pres-
ence of small-scale variations in the strain rate might be
assessed in a statistical sense from higher moments of
the dye patches. However, the coarse temporal resolu-
tion of the sampling surveys would limit any quantita-
tive deterministic measure of such small-scale strains.
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We have also found shipboard ADCP data to be of lim-
ited use in assessing such strains because of the problem
of distinguishing spatial variability from temporal vari-
ability on the appropriate scales. Whether the horizon-
tal scale of the strain field could be further constrained
using data from the CMO moored current meter array
deployed by S. Lentz, A. Plueddeman, S. Anderson, and
J. Edson has not been investigated here and is left as a
subject for future investigation.)

3.2. Estimates of k¢ and «.....

Using the horizontal variances estimated in section 2.1
and the simple strain-diffusion model described in sec-
tion 3.1, a large-scale strain rate and effective horizon-
tal diffusivity for each experiment can be estimated as
follows. Consider first the vertically integrated tracer.
Given an initial and final along-streak variance (i.e.,
some measure of the spread of tracer along the major
axis of the dye patch), (7) implies that if the strain
rate 7 is known, then the along-streak diffusivity ¢
can be inferred or vice versa. Put another way, for a
given initial condition, (7) indicates the combinations
of 4 and k¢ that could explain the observed final along-
streak variance; a larger value of 4 implies a smaller
value of k¢ and vice versa. This range of combinations
can be expressed as a negative-sloping curve in a two-
dimensional -k, parameter space (Figure 3). For a
different final condition a different curve will result; the
larger the final condition, the farther the curve will be
shifted toward larger % or larger k.. A different initial
condition will lead to a different family of curves. For
example, a smaller initial condition requires a larger ¥
or a larger k¢ to yield the same final condition.

Similar reasoning can be applied to the cross-streak
direction using (8). In that case a larger strain rate, i.e.,
more negative in the cross-streak direction, requires a
larger diffusivity to maintain the same patch width so
that the curves have a positive slope. The larger the
final condition, the farther the curves will be shifted
toward smaller 4 or larger «¢.

Using these families of curves, the strain rate ¥ and
the small-scale diffusivity x¢ for each experiment can
be estimated from the intersections of the along- and
cross-streak curves. The results of this analysis, as well
as similar results for the tracer along the target den-

Table 2. Notation Used in Discussion of Horizontal Dispersion

Notation for
Vertically Integrated Tracer

Description of Variable

Notation for Tracer Along Target
Density Surface

Dye concentration ¢=¢(=,y) 0=0(z,y)

Variances along major and minor axes, 52,6%,¢ 02,02,¢
and angle of rotation

Horizontal strain rate ¥ o

Effective horizontal diffusivity

KC Kirrev
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Figure 2. Patch variances along the major and minor horizontal axes estimated (a), (c), (e), and
(g) from the vertically integrated tracer and (b), (d), (f), and (h) along the target density surface
for the 1995, the 1996, and the first 1997 CMO dye experiments. Error bars were computed using
the method described by Ledwell et al. [1998]. Note the different vertical scales.

sity surface, are listed in Table 3. Analogous curves
in ¥-K.... space for the tracer along the target density
surface are also shown in Figure 3.

For the vertically integrated tracer the inferred strain
rate ranges from 7 = 2.3 x 1076 to 3.5 x 1079 s, while
the diffusivity ranges from k¢ = 2.5 to 12.7m? s~!. For

the tracer along the target density surface the strain
rate ranges from v = 1.9 x 107% to0 4.0 x 1076 s~!, and
the diffusivity ranges from &,., = 0.3 to 4.9 m? s71.
Estimates of the large-scale horizontal strain rate show
remarkably little variation among the four experiments.
In addition, estimates of -y based on the tracer along the
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Figure 3. Graphic representation of (a), (c), (e), and (g) possible combinations of 4 and &
that could explain the observed growth of tracer variance for the vertically integrated tracer and
(b), (d), (f), and (h) possible combinations of v and k..., for the tracer along the target density
surface for the 1995, the 1996, and the first 1997 CMO dye experiments. Solid curves are the
best estimates based on estimated variances computed in section 2.1, and dashed curves indicate
uncertainties. The point of intersection of the two solid curves in each panel indicates our best
estimate of v and «,,.... (See also Table 3.)
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Table 3. Horizontal Strain Rates 4 and vy and Horizontal Diffusivities ¢ and «,...,
Estimated From the Vertically Integrated Tracer and From Concentration Along

the Target Density Surface®

4 x 1076, 51 k¢, m? 571 7x107%, 571 Kirev, m? 571
Experiment 1 2.9 (1.34.8) 9.2 (5.8-12.6) 3.7 (1.6-5.8) 4.9 (2.9-7.3)
Experiment 2 2.3 (0.2-4.6)  12.7 (5.7-24.2) 1.9 (0.6-3.3) 4.6 (3.0-6.5)
Experiment 3 3.5 (0.2-5.4) 2.5 (0.7-9.8) 3.5 (0.5-54) 0.5 (0.1-L.1)
Experiment 4 3.0 (0.04.6) 5.4 (1.7-30.0) 4.0 (2.8-4.8) 0.3 (0.1-0.6)

aUncertainties are given by the intersections of the upper bound and lower bound curves
for the final patch variances. (See also Figure 3.)

target density surface are roughly consistent with ¥ in-
ferred from the vertically integrated tracer. However,
estimates of k.., are smaller (2-18 times) than the to-
tal effective diffusivity x¢. The latter two points are
consistent with our conceptual model described in sec-
tion 3.1, i.e., that the overall (total) diffusivity ¢ repre-
sents the sum of some irreversible diffusivity &,.... plus
a reversible component due to the vertical shear. The
fact that the two estimates of the large-scale horizon-
tal strain rate, v and ¥, are in agreement is consistent
with the idea that these parameters represent the same
horizontal straining process.

4. An Evaluation of Shear Dispersion

In the first part of the this paper we quantified rates
of lateral dispersion over the continental shelf using the
CMO dye studies. The rest of this paper is devoted
to understanding the mechanisms responsible for this
dispersion. Specifically, we focus on understanding the
mechanisms responsible for the irreversible diffusivities
Kirev Since these by definition represent small-scale pro-
cesses that were unresolved in the CMO observations
and are the least understood.

A notable feature in all of the dye experiments per-
formed during CMO was a dramatic change in the verti-
cal tilt of the dye patch during successive surveys of the
tracer, presumably due to a vertical shear (not shown)
[see Sundermeyer, 1998]. In some cases the shear ap-
peared to persist throughout the experiment, creating
horizontal displacements as large as 2-5 km between the
shallowest and deepest parts of the dye patch. In other
cases the shear appeared to oscillate, reversing the tilt
of the dye patch within the few hours it took to com-
plete a single survey. These observations suggest that
vertical shear dispersion is a natural candidate as a lat-
eral dispersion mechanism in the CMO region. (Note
that the presence of oscillatory shears also adds to the
uncertainty of our estimates of vertically integrated dis-
persion k¢.)

The role of vertical shear dispersion in the CMO dye
studies is examined in this section. This analysis shows
that shear dispersion cannot explain the observed irre-
versible lateral dispersion in the CMO dye experiments.

Instead, some other mechanism is required to contribute
an effective small-scale horizontal diffusivity of order
0.2-4.6 m? s71.

4.1. Theoretical Background

As originally described by Taylor [1953] in his studies
of pipe flow dispersion, the interaction between a lon-
gitudinal (i.e., horizontal) flow and a transverse (i.e.,
vertical) diffusivity can lead to an enhanced longitu-
dinal diffusivity that is inversely proportional to the
transverse diffusivity. This problem has been widely
studied since Taylor’s original work, with subsequent
investigators considering a number of variations of the
original pipe flow problem [e.g., Elder, 1959; Chatwin,
1975]. Taylor’s ideas have also found much relevance
in geophysical flows, including freshwater lakes, rivers,
and estuaries and the coastal ocean [e.g., Bowden, 1965;
Csanady, 1966].

One underlying assumption of the latter studies, which
typically involved shallow or well-mixed waters, was
that the timescale of the transverse diffusion was small
compared to the advective timescale of the flow. Con-
sequently, vertical gradients of tracer were mixed away
before the longitudinal velocity could advect the tracer
a significant distance. In that case the effective horizon-
tal diffusivity is predicted to be inversely proportional
to the vertical diffusivity (henceforth this is referred to
as Taylor’s limit).

As discussed by Saffman [1962], the inverse propor-
tionality of Taylor’s limit may not apply to an un-
bounded or semibounded fluid if the timescale of the
transverse diffusivity is much larger than the advective
timescale. Rather, in this case the longitudinal diffu-
sivity is predicted to be directly proportional to the
transverse diffusivity (henceforth, Saffman’s limit).

An extensive treatment of shear dispersion that en-
compassed both the Taylor and Saffman limits in an un-
bounded fluid was given by Young et al. [1982]. Among
their many insightful results they derived solutions for
the effective horizontal dispersion in a vertical shear
flow that varies sinusoidally in both time and depth,
i.e., for a horizontal velocity u(z,t) of the form

u(z,t) = % sin(mz) cos(wt), (9)
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where m is the vertical wavenumber, w is the frequency,
and o is the shear amplitude. In this case the long-
term growth of the horizontal tracer variance o2 can be
expressed as
_l.gi.i =K + K,ZCXQ
2 dt

L (10
¢ 2(w? + m1k2) )

where k, and k, are explicit horizontal and vertical
diffusivities, respectively, and the second term on the
right-hand side represents the effective horizontal dif-
fusivity due to shear dispersion [Young et al., 1982].
For large vertical wavenumbers, m? 3> w/k,, the shear
dispersion term in (10) reduces to a?/2m*k,, which
represents Taylor’s limit. For small vertical wavenum-
bers, m? « w/k;, the shear dispersion term becomes
k.a?/2w?, which represents Saffman’s limit.

More generally, (10) shows that in an unbounded
fluid, shear dispersion is most effective at low frequen-
cies and low vertical wavenumbers. This means that
for a given shear amplitude o and vertical diffusivity
k2, taking m = 0 in (10) yields an upper bound on the
contribution of shear dispersion to the growth in the
horizontal variance. We now exploit this result.

An important point regarding (10) is that this re-
sult rigorously applies only as an average over an inte-
gral number of, or sufficiently many, periods and wave-
lengths. A more practical solution for the purposes
of the present study, and one which holds for arbi-
trary time, was given by Smith [1982]. He solved the
advection-diffusion equation exactly for the case of a
linear shear (i.e., m = 0 in (9)) of arbitrary time de-
pendence. In two dimensions the problem is expressed

ocC ocC o0%C 02C
E+u(z,t)£ = ke gy TR (11)

where C represents the concentration of tracer, x; and
k. are the explicit horizontal and vertical diffusion co-
efficients, and the horizontal velocity u(z,t) now varies
linearly with depth:
u = u,(t) + za(t). (12)
(The analogous problem in three dimensions was also
solved by Smith, [1982], but will not be discussed here.)
As shown by Smith [1982], a greatly simplified solu-
tion to (11) may be obtained with the introduction of
an advected horizontal coordinate,

t
X==z —/ uo(t')dt' — 2G(t). (13)
0
The second term on the right-hand side of (13) repre-
sents advection by the mean flow, while the third term
represents the vertical tilt of the tracer patch, charac-
terized by a distortion factor G, which is yet to be de-
termined. Applying this change of variables to (11) and
noting that for a time-dependent linear shear a Gaus-
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sian initial condition yields a Gaussian solution, the so-
lution of (11) can be written in the form

C =

_X2_12
M e[ 30T 5:5],

20,0,

(14)

where M is the total mass of tracer and ¢2(t) and o2(t)
are the horizontal and vertical variances, respectively.
Substituting (13) and (14) into (11), the following ex-
pressions are obtained for the evolution of the horizontal
and vertical variances and the distortion factor G:

1 do?

@t~ et (15)
1do?

2 dt Kz, (16)
dG _ 2k.G

E = a(t) - o2 (17)

z

Given a shear a(t) of arbitrary time dependence and
diffusivities x, and &, this system of ordinary differen-
tial equations (ODEs) can be solved exactly:

t
03 =03, + 2k, + 2k, / G*dt', (18)
0

2 =02 +2k.t, (19)

1 ¢ ] ] /] 7 0_3‘,
G=m/0(t —tHa(t)dt (t——%z). (20)

The last term on the right-hand side of (18) represents
the effective horizontal diffusivity due to shear disper-
sion and is analogous to the second term on the right-
hand side of (10) in the limit of m = 0. Equation (20)
shows that the distortion factor G represents a weighted
mean shear or, effectively, a measure of the vertical tilt
of the center of mass of the tracer patch. It is also
noteworthy that the vertical variance (19) does not de-
pend on the vertical shear. A schematic of the linear
dispersion model is shown in Figure 4.

4.2. Comparison With Observations

The above theoretical ideas suggest that a linear
shear (m = 0 in (10)) yields an upper bound on lateral
dispersion due to shear dispersion. Equations (18)—(20)
further provide an exact solution for the evolution of a
passive tracer in the presence of a linear shear of arbi-
trary time dependence. We now use these solutions to
determine upper bounds on the contribution of shear
dispersion to the lateral dispersion observed during the
CMO dye studies. Two questions are addressed: (1)
What are the relative contributions of shear dispersion
by mean, inertial, diurnal, and semidiurnal shears? (2)
Can the total contributions of shear dispersion as esti-
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Figure 4. Schematic of linear shear dispersion model showing a dye patch that undergoes tilting
by a vertical shear at the same time that it is being vertically diffused. The net effect, shown
at the far right, is an effective horizontal dispersion that remains even after the advection is

reversed.

mated using the full time series of ADCP shears explain
the observed lateral dispersion in these experiments?
The main result of this analysis is that in at least two
of the dye studies examined, shear dispersion cannot
explain the observed irreversible dispersion.

To determine the effectiveness of shear dispersion in
each of the dye experiments, we solve (18)—(20) numer-
ically using the shear at the mean depth of the target
density surface. Here we use two forms of the ADCP
time series: the raw ADCP record and a smoothed ver-
sion (MIDS) based on harmonic analysis using a mean
(M) plus oscillatory shears with inertial (I), diurnal (D),
and semidiurnal (S) frequencies. In this we assume that
the observed shear does not vary significantly in the
horizontal, so that the shear measured by the ADCP
represents the shear over the entire dye patch.

For each experiment, effective diffusivities for each of
the harmonic constituents (mean, inertial, diurnal, and
semidiurnal shears) are first computed individually on
the basis of steady state solutions to (18)—(20); that is,

[0
Ky o= n,—;” (t —to), 1)
0‘21 D,s
K1,D,5) = Kis ok (22)

[1,D,S] -

(Note that for convenience of notation we have writ-
ten the contribution by mean shear in terms of an ef-
fective diffusivity. However, since a steady shear leads
to a quadratic rather than a linear growth in tracer
variance, the use of a Fickian diffusion parameteriza-
tion is not strictly valid for this term.) Next, the full
smoothed harmonic analysis time series, MIDS, and
the raw ADCP time series are used to compute the
full effective diffusivities for each experiment. Again,
this is done by numerically integrating (18)—(20) for the
length of each experiment. In all cases, integration was
started from our maximum estimate of the initial condi-
tions based on the observations, 02 = o2 = 0.25 km®
(40, = 40, = 2km) and 02 = 0.39 m? (40, = 2.5 m)

[Sundermeyer, 1998; J. R. Ledwell et al., manuscript
in preparation, 2000]. Upper bounds on the vertical
diffusivities x, were used, thus reinforcing that these
predictions represent upper bounds on shear dispersion.
The results of this analysis are shown in Figure 5, and
listed in Table 4. (An analysis of vertical diffusivities
based on the dye studies is given by J. R. Ledwell et al.
{manuscript in preparation, 2000). Values of x; that
were taken from their analysis and used in the present
study are x, = (1.5, 3.0, 0.9, and 0.4) x10~® m? s~!
for experiments 1-4, respectively.)

Comparing the results for the harmonically fit time
series, the four experiments show a wide range of irre-
versible diffusivities, with values ranging from Ky;ps =
0.003 to 1.3 m? s~!. Among the indvidual harmonic
constituents, mean shear dispersion (M) generally dom-
inated oscillatory shear dispersion and was frequently
2-3 orders of magnitude larger than any of the oscil-
latory components (I, D, and S). It is also notewor-
thy that in some cases, oscillatory shear dispersion was
dominated by inertial oscillations, while in others, it
was dominated by tidal oscillations. The shear disper-
sion predictions using the full ADCP time series gave
results similar to those of the harmonically fit time se-
ries.

Comparing the shear dispersion predictions from both
the harmonically fit and the full ADCP time series, i.e.,
Kuips and Kapcp, to the effective irreversible diffusiv-
ities, K.,.. estimated from the observations (Tables 3
and 4), we find that in all cases, shear dispersion un-
derpredicts the observed dispersion. This is an inter-
esting result in that it suggests that another mecha-
nism must have contributed significantly to the effec-
tive small-scale diffusivity during the CMO dye exper-
iments. Most notably, the analyses of the 1995 and
1996 rhodamine dye studies suggest that some other
mechanism must have contributed an additional hori-
zontal diffusivity of Kmesmg = 2.9-4.6 m? s~1. The ob-
served horizontal diffusivity in the 1996 fluorescein and
the 1997 rhodamine experiments was somewhat smaller,
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Figure 5. Theoretical predictions for zonal and meridional shear dispersion in the (a) 1995, (b)-
(c) 1996, and (d) 1997 dye studies based on numerical integration of (18)—(20) and horizontal and
vertical diffusivities estimated from the observations. Dashed curves are for a mean plus inertial,
diurnal, and semidiurnal (MIDS) shears as estimated from a least squares fit to the ADCP data.
Solid curves are for the full ADCP time series. (See also Table 4).

with an additional diffusivity required in those cases of gests that on timescales of a few days and spatial scales
Kmeang = 0.2-0.4 m? 571, of 1-10 km some other mechanism contributes signifi-

That shear dispersion cannot explain the observed cantly to lateral dispersion over the continental shelf.
lateral dispersion in the CMO dye experiments is one On the basis of the above calculations, it could be ar-
of the most important results of this study. It sug- gued that shear dispersion can explain the observed dis-

Table 4. Theoretical Predictions of Effective Horizontal Diffusivity by Shear Dispersion in the 1995, 1996,
and 1997 Dye Studies; Horizontal Diffusivities Computed From the observations; and Estimated Missing
Diffusivities®

KM K K K KMIDS, KADCP,
m2 S’—l mQIS’—l szs’—l m2ss,‘1 m2 S_l ]n2 s"l Kirrev Kmiesing
Experiment 1 zonal 0.23 0.17 2.4 x10~% 43 x 103 0.43 0.65 49 2945
meridional 0.93 0.12 1.1 x 1072 49 x 10-3 1.3 2.0 ’ -
Experiment 2 zonal 0.002 33x10~% 26x10~* 2.0x 10~¢ 0.003 0.06 46 3046
meridional 0.55 1.5 x 103 7.0 x 10—4 1.0 x 103 0.60 0.73 ) -
Experiment 3 zonal 0.14 9.9 x 10~3 2.5 x 102 3.7 x 10~3 0.17 0.09 0.5 0.3-0.4
meridional  0.05 6.6 x 1073 14 x 1073 7.7 x 10~*¢ 0.07 0.08 ’ D
. -2 -3 —3
Experiment 4 zonal 0.07 1.1 x 10 2.2 x 10 1.2 x 10 0.12 0.15 0.3 0.2-0.3

meridional 0.005 4.2 x 103 8.7x10"% 8.0 x107* 0.018 0.077

Individual predictions are for harmonic analysis results for a mean shear (M), inertial oscillations (I), and diurnal
(D) and semidiurnal (S) tides; the full harmonically fit time series (MIDS); and the raw shipboard ADCP time series.
(See also Figure 5.)
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persion in the 1997 rhodamine dye experiment since at
least the zonal shear dispersion prediction lies within
the uncertainty of observed dispersion estimates (see
Table 3). However, since the shear dispersion estimates
represent upper bounds as described at the beginning
of this section and since the &....g therefore represent
lower bounds on the missing diffusivities, we consider
this unlikely.

The above result is strengthened further if we con-
sider the effects of a time dependent vertical diffusiv-
ity K, = k.(t), which is approximately in phase with
the shear amplitude (as would be the case for shear in-
stability). In this case, x,(t) would be in quadrature
with the shear displacements. For a fixed value of the
mean vertical diffusivity, this would lead to a reduc-
tion in the lateral dispersion due to shear dispersion.
For a two-dimensional vertical shear it is possible that
the phase difference between the vertical diffusivity and
the displacement could reduce shear dispersion in one
direction while enhancing it in the other. However, this
effect would only be significant if there were significant
anisotropy in the vertical shears, which for the CMO
region was not the case [Sundermeyer, 1998].

A final note regarding the above results is that predic-
tions of shear dispersion are most appropriately made
using the shear across an isopycnal surface rather than
at a fixed depth. This distinction may be important
if the depth of the target density surface varies signifi-
cantly over the course of an experiment. On the basis of
analysis of shipboard ADCP data in conjunction with
CTD data from the dye surveys, the depth of the tar-
get density surface fluctuated as much as 15 m about its
mean level. To assess the significance of this variation,
a detailed case study of the 1995 rhodamine experiment
was performed. This showed that the shear dispersion
prediction was not altered significantly when the shear
across the target density layer was used rather than the
shear at a fixed depth [Sundermeyer, 1998]. Such anal-
ysis was not possible for all the experiments because
CTD data were not available at all times to track the
depth of the target density surface. However, given the
extent of our analysis, the main conclusion of this sec-
tion is unaffected; shear dispersion cannot explain the
observed lateral dispersion in the CMO dye studies.

5. Lateral Intrusions

In section 4 we showed that shear dispersion alone,
even with a time-dependent vertical diffusivity and an
appropriate shear across the target density layer, does
not account for the observed lateral diffusion of the dye.
We now consider mixing by lateral intrusions as a sec-
ond potential mechanism that may account for the ob-
served dispersion. Two classes of intrusions are exam-
ined: large-scale water mass intrusions such as those
described by Stommel and Fedorov [1967] and diffusive
interleaving such as discussed by Stern[1967]. The main
result of this analysis is that dispersion by lateral intru-
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sions also cannot explain the observed lateral dispersion
in the CMO dye studies.

5.1. Large-Scale Intrusions

As discussed, for example, by Stommel and Fedorov
[1967] horizontal density gradients can cause interleav-
ing density currents that lead to large-scale water mass
intrusions. These occur when the density of a water
mass at one location is intermediate relative to density
layers at a neighboring location. Given the proximity
of the shelf-slope front to the CMO study site, it is
not surprising that evidence of such intrusions can be
seen in data collected during the CMO dye experiments.
Plate 2 shows an example of one such intrusion observed
during the final survey of the 1995 pilot dye study.

The transect shows a mass of warm, saline water (o =
25.1-25.5) intruding toward the west (right to left),
starting approximately from where the ship’s log marks
3 km along the transect. The intrusion is centered at a
depth of about 40-50 m, has a vertical scale of 5-10 m,
and has a horizontal scale of a few kilometers. Hori-
zontal temperature gradients as large as 2°C km™! and
salinity gradients as large as 1 psu km~! are associated
with this intrusion.

Consider the effect of such an intrusion on the dye
patch. Here relative size is a key factor. Both the ver-
tical and horizontal scales of the intrusion were compa-
rable to the scales of the tracer patch. Thus the pres-
sure gradients driving the intrusion could be expected
to have had the same advective influence on the dye as
they did on the density field. In other words, an in-
trusion of this magnitude would have differentially ad-
vected the dye patch in either the horizontal or vertical
direction, or both. In the vertical direction, differential
advection on these scales (5-10 m) would have been re-
solved by our ADCP observations as a vertical shear
and would already have been incorporated in the shear
dispersion calculations of section 4. In the horizontal
direction these pressure gradients would have been the
driving force for the large-scale horizontal shears and
strains that elongated the patch in either the zonal or
meridional direction. We therefore suggest that such
a large-scale intrusion (relative to the size of the dye
patch) should be considered an advective rather than a
diffusive mechanism in the context of the present work,
and thus would not explain the irreversible diffusivities
estimated in section 3.

5.2. Diffusive Interleaving

As first discussed by Stern [1967], horizontal gradi-
ents in temperature and salinity may result in interleav-
ing of water masses even in the absence of large-scale
horizontal density gradients. This diffusive interleav-
ing occurs when relatively warm/salty water lies next
to cold/fresh water. Even when both water masses are
stably stratified, a small horizontal displacement of one
water mass into the other can create a region which
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Plate 2. (a) Temperature and (b) salinity sections and
(c) dye concentration along a zonal transect taken dur-
ing survey 2 of the 1995 rhodamine dye study showing
evidence of a large-scale T-S intrusion in the vicinity of
the dye patch. Overplotted on each panel are contours
of potential density in units of kg m=3.

is double-diffusively unstable. The ensuing double dif-
fusion may then cause a net salt (and buoyancy) flux,
which leads to a local pressure gradient and then to
further intrusion. This positive feedback mechanism
results in a growing instability in which small pertur-
bations lead to self-propagating intrusions [Stern, 1967;
Toole and Georgi, 1981].

Evidence for diffusive interleaving in the vicinity of
the New England shelf-slope front was reported by
Voorhis et al. [1976]. On the basis of CTD casts made
while tracking neutrally buoyant floats, they estimated
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horizontal scales of the intrusions to be of order 10~
30 km and layer thicknesses ranging from 1 to 30 m,
with a typical layer thickness of about 10 m. Rud-
dick and Turner [1979] showed that these vertical scales
agree with predictions based on energetics arguments,
which imply a vertical scale of approximately 6 m with
an uncertainty factor of 2 based on laboratory exper-
iments. Horne [1978] also reported interleaving along
the shelf-slope front off Nova Scotia, for which he es-
timated typical vertical and cross-front scales of order
10 m and 3-5 km, respectively. (As noted by Ruddick
and Turner [1979], the observations by Horne may have
been dominated by diffusive fluxes rather than double-
diffusive fluxes. Hence the vertical scales may have been
set by a different process than those observed by Voorhis
et al., [1976].)

An example of interleaving from the final survey of
the 1996 rhodamine dye study is shown in Plate 3. The
alternating horizontal bands of relatively high and low
temperature and salinity anomalies are readily apparent
and indicate a typical vertical scale of 5-10 m consistent
with observations of previous investigators.

~0.05
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Plate 3. (a) Temperature and (b) salinity anoma-
lies along isopycnal surfaces from a meridional transect
taken during survey 3 of the 1996 rhodamine dye study.
Anomalies along isopycnals were computed by subtract-
ing the mean value for that isopycnal as computed over
the length of the transect. Contour lines of pressure are
plotted in each panel.
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Laboratory studies of Ruddick and Turner [1979] sug-
gested that the horizontal propagation speed of double-
diffusive intrusions scales approximately as

1

v~ g0 NV
where N is the buoyancy frequency and H is the vertical
wavelength of the intrusions (this result was first pub-
lished by Ruddick and Hebert [1988]). From this result,
using a typical buoyancy frequency for the CMO site of
N = 0.02 rad s~ (10 cph) and a vertical wavelength
of H = 10 m, the inferred propagation speed of the ob-
served intrusions is u & 1 x 10~3 m s~!, which is too
small to be resolved by shipboard ADCP observations.
However, using this velocity scale and an appropriate
timescale, an effective horizontal dispersion due to in-
terleaving, k; ~ u?T, can be estimated. Assuming as
a timescale the time it would take an anomaly to dif-
fuse away because of vertical diffusion (i.e., the effective
lifetime of an anomaly), T =~ H?/k, the horizontal dis-
persion becomes

(23)

w!H? 1 NH*
Kk, 2002 g,

This approach is similar to that used by Joyce [1977]
where the effective horizontal diffusivity due to lateral
intrusions is assumed to be in statistical equilibrium
with the vertical diffusivity.

For a vertical wavelength of H = 10 m and a verti-
cal diffusivity of k, = 10~® m? s~1, consistent with the
dye, the above scaling gives a timescale of T' ~ 100 days
and a corresponding effective horizontal diffusivity of
kn ~ 10 m? s~! (Table 5).  While this horizontal
diffusivity is certainly enticing as an explanation for
the observed dispersion in the CMQO dye studies, the
timescale associated with this process is much too long
to be relevant to the 2.5-5 day experiments described
in sections 2 and 3. On the other hand, assuming a
smaller vertical scale of H = 1 m so that the timescale
T =~ 1 day is of the same order as the dye experiments,
the effective horizontal diffusivity x;, ~ 10~3 m? s—!
becomes much smaller than that observed from the dye
studies. Similar estimates for an intermediate value of
H = 3 m are given in Table 5 and again show that
the contribution to the effective horizontal diffusivity
would be too small to explain the observed dispersion.

Kp = u2T = (24)

Table 5. Estimated Propagation Speeds,
Timescales, and Effective Horizontal Diffu-
sivities for Various Values of the Vertical
Scale of the Intrusions?®

H=1m H=3m H=10m

u, ms—1 10—4 3x10—4 10-3
T, days 1 10 100
kp, m2 g1 10-3 0.1 10

aHere . is assumed to be of order 10~ m? 5™,
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The above analysis thus implies that lateral intrusions
also cannot explain the dispersion observed during the
CMO dye studies. In other words the missing diffusiv-
itieS Koeemg = 0.2-4.6 m? 57! obtained in section 4 are
still unaccounted for.

6. Discussion

In sections 4 and 5, two existing paradigms of lat-
eral dispersion were examined in an attempt to explain
the lateral dispersion observed during the CMO dye
experiments. The first was vertical shear dispersion,
and the second was dispersion by interleaving water
masses. It was shown that a significant part of the ir-
reversible lateral dispersion observed during the CMO
dye studies could not be accounted for by these mech-
anisms, and that some other mechanism was required
to account for horizontal diffusivities of &.,ens ~ 2.9
4.6 m? s~ for 1995 and 1996 rhodamine dye studies
and Kuueng & 0.2-0.4 m? s~! for the 1996 fluorescein
and the 1997 rhodamine dye studies. We now specu-
late briefly on an alternative mechanism that we believe
may explain the observed diffusion, namely, dispersion
by vortical motions caused by the relaxation of diapy-
cnal mixing events. This mechanism is described in
some detail by Sundermeyer [1998], and is the subject
of ongoing investigation. It will therefore be only briefly
discussed here.

The proposed mechanism relies on the fact that ver-
tical mixing in the ocean is not uniform in space and
time. Rather, it is episodic, consisting of isolated events
that are the result of breaking internal waves (Figure 6)
[e.g., Phillips, 1966; Garrett and Munk, 1972]. The re-
sult of episodic mixing is that localized regions of low
stratification are generated preferentially in regions of
high mixing. These low-stratification regions result in
local horizontal pressure gradients that cause the well-
mixed fluid to adjust laterally, forming “blini” or pan-
cakes [Phillips, 1966]. The process of adjustment may
lead to two types of motions, a slumping velocity that is
directed radially outward and, in the case of geostrophic
adjustment, an azimuthal velocity that is geostrophi-
cally balanced. For both types of motions the net effect
of the adjustment is the same; the dye will be displaced
laterally.

For a single event the lateral displacement of the
dye is appropriately described as an advective process.
However, for a large number of events the sum of the
displacements can be thought of as a random walk with
rms step size equal to the rms horizontal displacement
averaged over the events, i.e., an effective lateral diffu-
sivity.

As shown by Sundermeyer [1998], scale analysis ap-
plied to the horizontal momentum balance implies that
for a series of mixing events and a given vertical dif-
fusivity, there exists an optimal scale of mixing events
for which a maximum effective horizontal diffusivity re-
sults. This maximum diffusivity is predicted to occur
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Figure 6. (a) Schematic of proposed mechanism of lateral dispersion showing diapycnal mixing
that is episodic in space and time. (b) A single mixing event. {c) The ensuing lateral spreading
as the stratification adjusts back to its original level.

for events of horizontal scales comparable to the inter-
nal deformation radius and vertical scales large enough
that events adjust geostrophically. For the CMO dye
experiments the predicted horizontal diffusivity due to
the relaxation of mixing events scales as

= (3) () (5=

where N is the local buoyancy frequency, f is the Cori-
olis parameter, R = A&k ig the radius of deformation
associated with the mixing events, AN is the change in
stratification associated the density anomaly, L is their
horizontal scale, and &, is the background vertical diffu-
sivity. For values appropriate to the CMO dye studies,
ie, N?/f? ~ (0.1to 1.1) x 10° and R?/L? =~ 1, the
resulting lateral diffusivities due to this mechanism are
of order Ky ~ 0.1-1.1 m? s1,

The above estimates of dispersion by vortical mo-
tions are roughly consistent with the observed horizon-
tal diffusivities for the 1996 fluorescein and 1997 rho-
damine dye experiments, k... = 0.5 and 0.3 m? s~!,
respectively. However, they are still somewhat small
compared to the dispersion observed during the 1995
and 1996 rhodamine dye experiments, k..., = 4.9 and
4.6 m? s7!, respectively. Indeed, it could be argued that
these estimates are scarcely larger than the predictions
of section 4 for shear dispersion. However, the vorti-
cal motion estimates are based on scaling results alone
and are not an exact prediction. Also, as discussed
by Sundermeyer [1998], these estimates may represent
lower bounds on the dispersion by this mechanism.

(25)

7. Conclusions

Lateral dispersion over the New England continental
shelf was examined using dye studies conducted dur-

ing the Coastal Mixing and Optics experiment. Re-
versible and irreversible components of the lateral dis-
persion of the dye were defined using a simple model of
vertical shear and horizontal strain. Total diffusivities
(reversible plus irreversible) estimated from the vertical
integral of tracer ranged from k¢ = 2.5 to 12.7 m? s~1.
Irreversible diffusivities estimated from the dye along
the target density surface were somewhat smaller and
ranged from K., = 0.3 to 4.9 m? s~!. For both
the total dispersion and the irreversible dispersion con-
comitant estimates of the larger-scale horizontal strain
at scales of 1-10 km ranged from v = 1.9 x 1076 to
4.0 x 1078 g~ 1,

By using the field data from the CMO dye studies,
the role of vertical shear dispersion as a mechanism of
lateral dispersion was examined through a linear shear
dispersion model. Upper bound estimates of the ver-
tical diffusivities inferred from the dye and of the ini-
tial horizontal and vertical patch variances were used
to obtain upper bound estimates of the effective lat-
eral dispersion due to shear dispersion. The model pre-
dicted that on timescales of 2.5-5.0 days, mean and
oscillatory shear dispersion over the continental shelf
were generally comparable in magnitude. Most impor-
tantly, however, this analysis showed that shear dis-
persion alone cannot account for the irreversible dif-
fusivities observed during the CMO dye studies. Up-
per bound predictions for shear dispersion accounted
for between 1 and 50% of the observed lateral disper-
sion; that is, in some cases the shear dispersion pre-
dictions were more than an order of magnitude smaller
than the observed dispersion. The inclusion of a time-
dependent vertical diffusivity, as well as the use of level
versus layer shears in this model, further strengthened
this result. This suggests that some other mechanism is
required to contribute additional horizontal diffusivities
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Of Kppung = 2.9-4.6 m? s71 for the 1995 and 1996 rho-
damine dye studies and Keung ~ 0.2-0.4 m? 5! for the
1996 fluorescein and the 1997 rhodamine dye studjes.

A second mechanism examined as a possible explana-
tion for the observed horizontal dispersion was mixing
due to lateral intrusions. Two types of intrusions were
considered: large-scale water mass intrusions and dif-
fusive interleaving. In the case of large-scale intrusions
the vertical scales of the intrusions were comparable to
the vertical scales of the dye patches so that the effect
of the intrusions on the dye patches was more likely
advective rather than diffusive. In the case of diffu-
sive interleaving, scaling arguments showed that intru-
sions with vertical scales of order H = 10 m would have
had diffusive timescales that were much too long to af-
fect the 2.5-5 day dye studies. Alternatively, intrusions
with vertical scales of order a few meters would also
have been ineffective because the resulting diffusivities
would have been too small.

In light of these results, dispersion by vortical mo-
tions caused by the relaxation of diapycnal mixing events
was suggested as an alternative mechanism of lateral
dispersion. As shown by Sundermeyer [1998], simple
scaling arguments applied to the horizontal momentum
equations suggest that in at least two of the four exper-
iments this mechanism could account for the observed
dispersion. Whether the remaining discrepancy is due
to the predicted diffusivities being a lower bound or
whether there is yet another mechanism of lateral dis-
persion at work remains to be seen and is the subject
of ongoing investigation.
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