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Abstract.  This paper outlines the analytical and experimental techniques employed in
studying the shear flow dynamics associated with frontal formation and evolution.  Empirical
results were collected from a one-meter rotating table possessing a 50 cm diameter inner disc.
By forcing the fluid inside the disc to rotate at a slightly different rate than that of the table, a
velocity shear was created.  A cross correlation algorithm implemented in MATLAB was
used to determine the velocity of the fluid around the frontal region.  Application of
fundamental fluids theory, combined with numerical modeling techniques, allowed for
quantification of lateral shear development.  Analysis of the spin-up process indicated
discrete turbulent eddy formation around the frontal region.  As the spin-up approached
steady state, a continuous frontal boundary layer was produced around the shear region.  As
expected, the direction of mean fluid flow inside the shear region was found to directly
correlate with the rotation sense of the table.  Immediately outside the boundary layer,
however, fluid flow was observed to be in the opposite sense of mean table rotation.  It was
found that such results may be correlated with phenomena observed in the warm-outbreaks of
the Gulf Stream.

1. Introduction

Shear flow dynamics have long presented a challenge to
theoretical and empirical conceptions of fluid behavior.
While an evolved shear region may be generally
understood in terms of linear fluids theory, the
principles governing such flow are poorly constrained.
Moreover, while it is accepted that turbulent processes
serve as the impetus behind shear flow formation, the
relationship between turbulence and sheared flow has
not been established - either analytically or
experimentally.  And yet, shearing forces assume a
critical role in many phenomena, a most apparent
illustration arising from oceanic fronts.   

In the broadest of terms, a front may be defined as
any physical boundary in which the mean background
gradient is significantly less than the step across the
boundary.  Fronts generally define convergent regions in
which fluid properties - such as density, temperature, or
conductivity - are markedly different on either side of
the convergence.  Oceanic fronts may be either
permanent or transient features.  Irrespective of
temporal extent, however, frontal boundaries outline a
regime where a number of critical biological, chemical,
and physical processes can be identified.   

In studying fronts, much attention has been given to
the Subtropical Convergence Zone (STCZ).  Located in
the North Atlantic, the STCZ marks the transition zone
between the westerlies to the north and the trade winds
to the south.  The STCZ has been found to be a region
of pronounced frontal activity, with meridional
convergence of  wind-driven Ekman transport
considered an important mechanism for generating the
fronts [Roden, 1975].  More recent studies [Cushman-
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Roisin, 1984 and deRuijter, 1983] have indicated that
horizontal gradients of vertical surface heat fluxes may
also contribute to STCZ frontogenesis.  In addition, it is
well established that the variability of subtropical fronts
is affected by mesoscale and submesoscale eddies
[Vorris and Schroeder, 1976; Voorhis and Bruce, 1982;
Halliwell and Cornillon, 1989].

Application of an edge-detection algorithm
developed at the University of Rhode Island’s Graduate
School of Oceanography to satellite derived data of sea
surface temperature has allowed for the development of
climatological frontal probability maps.  Pointing to the
probability of finding a front in a given region at a given
time, these maps have extracted some most interesting –
if not unanticipated - characteristics of subtropical
frontogenesis.  Conclusions from these maps have
revealed that the subtropical zone in the North Atlantic
shows strong seasonal variation, with significant
differences in this variation from west to east.  Such
results suggest that the processes responsible for frontal
formation west of the 45 degree meridian are likely
different from those frontogenesis processes east of the
meridian [Cornillon and Shan, 2000].  Moreover, these
maps have indicated a time scale of frontogenesis on the
order of one month.   

Still, there is insufficient empirical and observational
data to fully comprehend the forces responsible for
frontal formation and evolution.  An understanding of
these dynamics would enhance frontal studies as applied
to both oceanic processes and fluids applications in
general.  This study seeks to examine the form and
function of such shear flow dynamics – in particular,
those dynamics associated with and responsible for the
development of frontal boundary layers.
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Figure 4. An exaggerated cross section of one possible
manifestation of the theoretically predicted surface
structure, with radius increasing to the right and positive
theta defined into the page.

centripetal force rv/r and lateral and bottom friction, fL

and fB.
Therefore, in the radial direction, equilibrium force

balance yields:   
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Likewise, in the azimuthal direction,
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Note that while the computed velocities are obtained
only from flow in the water column, bottom friction can
be ignored.  Because of azimuthal symmetry, lateral
friction in the radial direction fLr can also be set to zero.
Moreover, since the pressure gradient force depends on
the change in surface elevation – which is azimuthally
constant – rg(dh/dr) = 0.
 Solving the equations of motion under these
assumptions, the azimuthal and radial components of the
velocity inside the disc are found to be, respectively,    

Vq = wr

ur = 0.

Solving for predicted fluid motion outside the disc
edge, however, presents a challenge.  While fluid
velocity away from the disc edge ought to be very
nearly in solid body rotation, the matching of surface
structure boundaries just over the disc edge could
assume one of many possible forms (e.g., Fig. 4).
Another possibility, for example, includes a depression
in surface structure for the entire inner region and a
bulge for the outer region, with no decrease in the
surface height near the disc edge.  It thus becomes
difficult to form an accurate conceptualization of fluid
flow.  Even if reasonable approximations could be
made, independent solution of fluid behavior in each

 region would not elucidate frontal dynamics at the disc
edge.  Accordingly, the complete velocity profile across
all radii, 0cm ≤ r ≤ 50cm, would require identification of
the appropriate boundary conditions.  These include
equality of shear stress at the interface, kinematic
equality (i.e., v_1= v_2 and ur1 = ur2 at the interface), and
asymptotic approach to the two stream velocities [Lock,
1951].  In this realm of shear-driven, rotational viscous
fluid flow, it becomes essential to concede to an
empirical approach.

5. Results

Throughout the study, data were collected for
experimental environments considering flow in both
stable and unstable velocity-driven shear regions.  A
reference to Figures 5 through 8 provides for
quantification of the observed flow phenomena. Steady
state results are presented in Figures 5 and 6; frontal
spin-up analysis and simulation is depicted in Figures 7
and 8.    

The velocity profiles obtained from stable steady
state shear studies are illustrated in Figure 5.  Both
figures plot the results of bin averaging over 7 sets of 25
images, all images taken after 15 hours of the table and
disc rotating in the same sense, i.e., both counter-
clockwise.  Note that this direction is defined as the
direction of positive velocity.   

As seen in Figure 5, the average radial velocity
component plotted as a function of radial distance is
approximately 0.  The azimuthal velocity profile,
however, reveals some interesting properties.  As
expected, the fluid within the disc is in solid body
rotation (blue line, slope w) from 0 to 23 centimeters;
within a centimeter of the disc edge, however, the
velocity of the fluid becomes slower than wdisc.  This
trend continues up through 26 centimeters, where the
fluid motion reverses direction – no longer in direct
correlation with the rotation sense of the table.  In this
band of clockwise rotation, the velocity of the fluid
steadily increases in magnitude from 0cm/sec to 0.025
cm/sec.  By 26.5cm, though, the velocity of the fluid has
again decreased in magnitude, approaching the steady
state velocity of the table (here, 0, since results are
obtained from the rotating frame).

The figure further reveals that the half-maximum of
the velocity profile occurs at the disc radius.  Given that
the profile local maxima and minima occur within 1 cm
on either side of the disc edge, such results suggest the
frontal boundary layer (viscous shear layer) to be of
order 2 centimeters.  Studies of unstable steady state
shear reveal how this spatial extent relates to the relative
direction of fluid velocity.       

Figure 6 plots the average of the v steady state shear
results obtained from the disc rotating in the opposite
sense of the table (i.e., vdisc = W –w ). Note that the
average radial velocity component was again found to
be zero, exhibiting similar characteristics to those
observed in the stable steady state urad profile (see Fig.
5).  As in the stable steady state case, the fluid motion   


