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ABSTRACT

The structure of baroclinic vortices generated by horizontal flow separation
past a sloping headland in deep, stably stratified waters is investigated. The most
distinctive feature of these eddies is that their cores are strongly tilted with re-
spect to the stratification, yet their velocity field remains quasi-horizontal. Field
observations and numerical simulations are used to explore the consequences of
the strong tilt on the eddies’ baroclinic structure. It is found that the back-
ground density field is altered in such a way as to maintain a pressure minimum
in the tilted vortex cores. This adjustment results in a fundamental asymme-
try of the density field. Isopycnals are deflected upwards on the shoreward side,
and downwards on the opposite side of the eddy center. The resulting pattern
closely resembles the asymmetries of azimuthal wavenumber one that develop
when tropical cyclones become tilted by an environmental shear. We provide
a simple analytical model which suggests that this structure is obtained via a
balance between the centrifugal force and the horizontal pressure gradient. As
the eddies release from the boundary, adjust and decay, their tilt, as well as the
associated density perturbation, decreases and loses coherence. It is suggested

that this may lead to a conversion of potential energy into kinetic energy.



1. Introduction

Horizontal flow separation is common in the coastal ocean. Oscillatory as well as quasi-
steady currents flow along rough topography and may lead to separation-induced eddies,
which play a major role in coastal dynamics. These vortices can sometimes create spectacular
patterns as they chaotically advect a tracer field. More importantly, they lead to stirring
of nutrients, biogenic material (Rankin et al. 1994) and pollutants (Wolanski et al. 1984;
Chen et al. 2005), providing a pathway to irreversible mixing of coastal waters (Muller and
Garrett 2003).

Of particular importance is the tidally driven case where oscillating currents encounter
prominent coastal features. Depending on coastline geometry and tidal characteristics, eddies
with horizontal scales of up to several kilometers may occur on both stages of the tidal cycle.
These types of vortices, commonly referred to as tidal eddies, have received considerable
attention in the past few decades (e.g., Zimmerman 1981; Imasato 1983; Wolanski et al.
1984; Black and Gay 1987; Geyer and Signell 1990; Signell and Geyer 1991; Geyer 1993;
Wolanski et al. 1996; Li et al. 2006). Most of the work on tidal eddies has been done for
relatively shallow water, where bottom friction plays a large role in flow evolution. For
example, Signell and Geyer (1991) used the depth-averaged vorticity equation to investigate
eddy formation and evolution. By analyzing the frictional torque term, given by the curl
of the depth-distributed bottom stress, they suggested a vorticity decay time scale due to

bottom friction:

lof = ol (1)



where H is the water depth, Cp is a drag coefficient dependent on seabed roughness, and U
is a characteristic velocity scale. For realistic bottom friction, eddies decayed quickly. For
artificially low bottom friction, however, eddies could last longer and interact with vortical
structures from previous tidal cycles. Imasato (1983) carried out numerical simulations of
tide-induced eddies in a simple basin, and found that for cases with low bottom friction,
vorticity decay due to horizontal eddy diffusivity was more important than that due to
bottom friction.

The dynamics of tidal eddies in cases where the water is relatively deep and stratified are
not well understood. Recent work (Pawlak et al. 2003a) suggests that for deeper, stratified
flows, mechanisms associated with tilted vorticity, such as vertical shear and internal wave
radiation, may play a more important role in vortex decay than energy dissipation due to
bottom friction. Moreover, the structure of these vortices and their effects on the baroclinic
structure of the coastal ocean have remained unknown.

The location of our study is Three Tree Point (TTP), a prominent headland in Puget
Sound’s Main Basin. It is about 2 km wide and its offshore extent is about 1 km. The basin
around TTP is relatively deep (> 200 m) and density stratified. Below the surface, TTP is
a sloping ridge, which presents very sharp isobath curvature and a 1 in 5 bathymetric slope.
Oscillatory tidal currents flow along TTP’s abrupt, sloping bathymetry. This frequently
leads to lee waves and/or headland eddies at both stages of the tidal cycle (Pawlak et al.
2003a; Edwards et al. 2004; McCabe et al. 2006). This simultaneous existence of both wave
and quasi-horizontal vortical motions yields a highly complex flow. In this article we focus
on the eddies formed by horizontal flow separation as tidal currents interact with the slope.

More specifically, we are concerned with the density structure that allows the existence of a



strongly tilted vortex with mostly horizontal motions. In section 2 we provide a description
of the generation of these tilted eddies. In section 3 we describe the methods used in our
field observations and numerical simulations. We present and discuss the results in section
4, provide a simple analytical model, and comment on the dynamical implications of the

proposed density structure. Conclusions are given in section 5.

2. Tilted vortex generation

Figure 1 shows an idealized sketch of stratified flow past a sloping headland. Topographic
scales of the headland include the cross-channel extent, §, and the along-channel scale, L.
The angle of bathymetric inclination with respect to the horizontal is o so that its slope is
tan «. For simplicity, consider a steady, stably stratified flow with upstream velocity U, and

buoyancy frequency:

NG =42 )

where ¢ is the gravitational acceleration and p is the fluid density. As the fluid approaches
the obstacle, it may flow over and/or around the obstacle (Drazin 1961). This can result in
the formation of internal lee waves and/or lee eddies (e.g., Vosper et al. 1999; MacCready
and Pawlak 2001). In general, the main controlling parameter is Fj, = U/Nh, commonly
referred to as a baroclinic Froude number, where U is a velocity scale, h the obstacle height
and N the buoyancy frequency. This parameter can be viewed as the ratio between the

buoyancy length, L, = U/N, and the obstacle height, h. In the limit F), < 1, for example



under very strong stratification, the flow is mostly along isobaths and may lead to horizontal
flow separation (Vosper et al. 1999). Indeed, formation of quasi-horizontal vortices has been
shown to occur up to Fj, < 0.5 (Chomaz et al. 1993). For F}, < 1, internal waves commonly
occur. From these results it is clear that waves and eddies are not mutually exclusive, and
often interact in transitional flow regimes.

The effect of obstacle slope on wave and eddy generation was considered by MacCready
and Pawlak (2001) for the case of zero planetary rotation. In an effort to predict whether
a flow would be more likely to form lee waves or undergo horizontal flow separation, they
extended Thorpe (1992)’s linear theory on internal wave generation on a corrugated slope to
the evanescent flow regimes, and to flow past an isolated ridge. They note the importance

of a “slope Froude number”:

U
LN sin « <3)

Fiope =
where U is the velocity magnitude for a steady current with no vertical shear upstream of the
obstacle, L is an along-channel topographic scale of a Gaussian headland, /N is a constant
buoyancy frequency and « is defined as in figure 1. Within the limits of linear theory they
find that for a flow with Fg,,. < 0.5, lee wave generation is negligible, the linear solution is
evanescent, and the flow is more likely to separate horizontally and form headland eddies.
For Fyope > 0.5, a part of the flow has enough kinetic energy to flow over the ridge and
generate waves. Characteristic topographic values at TTP are L ~ 500 m from a Gaussian

fit to the headland, and a ~ 11.5°. At TTP, U and N vary with time and depth, and

previous studies (Edwards et al. 2004) have found values of Fj,,. from 0 — 1, suggesting a
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