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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.
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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:

tbf =
H

CDU
(1)
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where H is the water depth, CD 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
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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, δ, and the along-channel scale, L.

The angle of bathymetric inclination with respect to the horizontal is α so that its slope is

tanα. For simplicity, consider a steady, stably stratified flow with upstream velocity U , and

buoyancy frequency:

N(z) =

√
−g
ρ

∂ρ

∂z
(2)

where g is the gravitational acceleration and ρ 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 Fh = 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, Lb = U/N , and the obstacle height, h. In the limit Fh � 1, for example
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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 Fh ≤ 0.5 (Chomaz et al. 1993). For Fh ≤ 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”:

Fslope =
U

LN sinα
(3)

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 α is defined as in figure 1. Within the limits of linear theory they

find that for a flow with Fslope < 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 Fslope > 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 α ∼ 11.5o. At TTP, U and N vary with time and depth, and

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

5





REFERENCES

Billant, P. and J. M. Chomaz, 2000a: Experimental evidence for a new instability of a

vertical columnar vortex pair in a strongly stratified fluid. J. Fluid Mech., 418, 167–188.

Billant, P. and J. M. Chomaz, 2000b: Three-dimensional stability of a vertical columnar

vortex pair in a stratified fluid. J. Fluid Mech., 419, 65–91.

Black, K. P. and S. L. Gay, 1987: Eddy formation in unsteady flows. J. Geophys. Res.,

92 (C9), 9514–9522.

Boulanger, N., P. Meunier, and S. LeDizes, 2007: Structure of a stratified tilted vortex. J.

Fluid Mech., 583, 443–458.

Chen, D., F. E. Tang, and C. Chen, 2005: Pollutant trapping at a coastal headland. J.

Wtrwy., Port, Coast., and Oc. Engrg., 131 (3), 98–114.

Chomaz, J. M., P. Bonneton, and E. J. Hopfinger, 1993: The structure of the near wake

moving horizontally in a stratified fluid. J. Fluid Mech., 254, 1–21.

Drazin, P. G., 1961: On the steady flow of a fluid of variable density past an obstacle. Tellus,

13, 239–251.

Edwards, K., P. MacCready, J. N. Moum, G. Pawlak, J. M. Klymak, and A. Perlin, 2004:

Form drag and mixing due to tidal flow past a sharp point. J. Phys. Ocean., 34 (6),

1297–1312.

31



Farmer, D., R. Pawlowicz, and R. Jiang, 2002: Tilting separation flows: a mechanism for

intense vertical mixing in the coastal ocean. Dyn. Atm. Oc., 36, 43–58.

Fincham, A. M., T. Maxworthy, and G. Spedding, 1996: Energy dissipation and vortex

structure in freely decaying, stratified grid turbulence. Dyn. Atm. Oc., 23 (1), 155–169.

Geyer, W. R., 1993: Three-dimensional tidal flow around headlands. J. Geophys. Res.,

98 (C1), 955–966.

Geyer, W. R. and R. Signell, 1990: Measurements of tidal flow around a headland with a

shipboard acoustic doppler current profiler. J. Geophys. Res., 95 (C3), 3189–3197.

Hallberg, R. and P. Rhines, 1996: Buoyancy-driven circulation in an ocean basin with isopy-

cnals intersecting the sloping boundary. J. Phys. Ocean., 26 (6), 913–940.

Imasato, N., 1983: What is tide-induced residual current? J. Phys. Ocean., 13 (7), 1307–

1317.

Jacquin, L., D. Fabre, D. Sippa, V. Theofilis, and H. Vollmers, 2003: Instability and un-

steadiness of aircraft wake vortices. Aerosp. Sci. Technol., 7, 577–593.

Jones, S. C., 1995: The evolution of vortices in vertical shear. I: Initially barotropic vortices.

Q.J.R. Meteorol. Soc., 121 (524), 821–851.

Lavelle, J. W., H. O. Mofjeld, E. Lempriere-Doggett, G. A. Cannon, D. J. Pashinski, E. D.

Cokelet, L. Lytle, and S. Gill, 1988: A multiply-connected channel model of tides and

tidal currents in Puget Sound, Washington and a comparison with updated observations.

Tech. Rep. NOAA Tech. Memo. ERL PMEL-84, PMEL, NOAA.

32



Li, C., S. Armstrong, and D. Williams, 2006: Residual eddies in a tidal channel. Estuaries

and Coasts, 29 (1), 147–158.

MacCready, P. and G. Pawlak, 2001: Stratified flow along a corrugated slope: Separation

drag and wave drag. J. Phys. Ocean., 31 (10), 2824–2839.

Majda, A. J. and M. J. Grote, 1997: Model dynamics and vertical collapse in decaying

strongly stratified flows. Phys. Fluids, 9 (10), 2932–2940.

McCabe, R., P. MacCready, and G. Pawlak, 2006: Form drag due to flow separation at a

headland. J. Phys. Ocean., 36 (11), 2136–2152.

Muller, P. and C. Garrett, 2003: Meeting report: From stirring to mixing in a stratified

ocean. Near-Boundary Processes and their Parameterization. Proc. ‘Aha Huliko’a Hawai-

ian Winter Workshop, P. Muller and D. Henderson, Eds., SOEST.

Pawlak, G., P. MacCready, K. A. Edwards, and R. McCabe, 2003a: Observations on the evo-

lution of tidal vorticity at a stratified deep water headland. Geophys. Res. Lett., 30 (24),

2234.

Pawlak, G., P. MacCready, and R. McCabe, 2003b: Evolution of vortical flow structure in

an ocean boundary process. Near-Boundary Processes and their Parameterization. Proc.

‘Aha Huliko’a Hawaiian Winter Workshop, P. Muller and D. Henderson, Eds., SOEST.

Rankin, K. L., L. S. Mullineaux, and W. R. Geyer, 1994: Transport of juvenile gem clams

(Gemma gemma) in a headland wake. Estuaries, 17 (3), 655–667.

33



Schecter, D. A., M. T. Montgomery, and P. D. Reasor, 2002: A theory for the vertical

alignment of a quasigeostrophic vortex. J. Atm. Sci., 59 (2), 150–168.

Signell, R. P. and W. R. Geyer, 1991: Transient eddy formation around headlands. J. Geo-

phys. Res., 96 (C2), 2561–2575.

Thorpe, S. A., 1992: The generation of internal waves by flow over the rough topography of

a continnetal slope. Proc. R. Soc. Lond. A, 439 (1905), 115–130.

Vandermeirsh, F., Y. Morel, and G. Sutyrin, 2002: Resistance of a coherent vortex to a

vertical shear. J. Phys. Ocean., 32 (11), 3089–3100.

Viera, F., 1994: On the alignment and axisymmetrization of a vertically tilted geostrophic

vortex. J. Fluid Mech., 289, 29–50.

Vosper, S. B., I. P. Castro, W. H. Snyder, and S. D. Mobbs, 1999: Experimental studies of

strongly stratified flow past three-dimensional orography. J. Fluid Mech., 390, 223–249.

Wang, Y. and G. J. Holland, 1996a: The beta drift of baroclinic vortices. Part I: Adiabatic

vortices. J. Atm. Sci., 53 (3), 411–427.

Wang, Y. and G. J. Holland, 1996b: Tropical cyclone motion and evolution in vertical shear.

J. Atm. Sci., 53 (22), 3313–3332.

Wolanski, E., T. Asaeda, A. Tanaka, and E. Deleersnijder, 1996: Three-dimensional is-

land wakes in the field, laboratory experiments and numerical models. Cont. Shelf Res.,

16 (11), 1437–1452.

34



Wolanski, E., J. Imberger, and M. L. Heron, 1984: Island wakes in shallow coastal waters.

J. Geophys. Res., 89 (C14), 10 553–10 569.

Wu, L. and B. Wang, 2000: A potential vorticity tendency diagnostic approach for tropical

cyclone motion. Mon. Wea. Rev., 128 (6), 1899–1911.

Zimmerman, J. T. F., 1981: Dynamics, diffusion and geomorphological significance of tidal

residual eddies. Nature, 290, 549–555.

35




