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Abstract—Results of ficld, laboratory and numerical studies are used to describe the three-
dimensional circulation in a barotropic island wake in shallow waters. Bottom friction generates a
closed circulation characterized by a strong upwelling (typically 10-20 m h™') in the bulk of the
cddy and an even larger downwelling velocity in a narrow zone along the edges of the cddy. This
downwelling exists at the solid boundaries of the island and also all along the separation streamline.
This circulation can be realistically modeled numerically provided the intense turbulence in the
free shear layers is explicitly parameterized. This secondary circulation aggregates buoyant
matcrial along the edges of the eddy even in well-mixed coastal waters. Copyright T, 1996 Elsevier
Science Ltd

INTRODUCTION

Flows past headlands, islands and coral reefs in shallow, well-mixed coastal waters are very
complex. High values of the concentration of suspended sediment and plankton make
apparent, in aerial or satellite pictures, complex surface features comprising eddies, jets
and shear zones (Maxwell, 1968; Wolanski er al., 1984a.b; Ingram and Chu, 1987:
Pattiaratchi er al., 1987; Wolanski. 1994). Detailed field observations of the circulation
have relied either on a large number of moored current meters and radar-tracked drogues
(Wolanski eral., 1984a,b) or on ADCP data (Gever and Signell. 1990: Gever. 1993). Both
methods have advantages and disadvantages. With the former method. 4 synoptic but low
spatial resolution view of the current distribution is obtained throughout 4 tida] cvele. With
the latter method, details of currents are available along ship tracks at the cost of losing
synopticity.

Depth-averaged two-dimensional numerical models are known to vicld eddies behind
islands and headlands (Pingree and Maddock . 1979; Heathershaw and Hammond. 1980;
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Falconer et al., 1986; Ingram and Chu, 1987; Signell and Gever. 1991). These small-scale
models turn out to be reliable when extensive field data are available for open boundary
forcing and model verification in the simple situation where the dominant tidal currents
simply reverse direction by 180° without rotating with the tides (Falconer et al., 1986;
Wolanski et al., 1988). When the far-field currents are rotating with the tides, eddies can
also form behind an island, but either they are periodically ejected with the tides (Hamner
and Hauri, 1977) or they rotate around the island with the tidal currents (Wolanskietal.,
1989). Models are only able to reproduce qualitatively these latter observations, possibly
because of ill-defined open boundary conditions (Oliver et al., 1992}).

Of great interest is the three-dimensional circulation in shallow waters. This circulation
is made apparent by the aggregation of buoyant particles in downwelling zones in patches
or in slick lines. Tidal mixing can generate density fronts near islands (Simpson et al.,
1982), and the resulting baroclinic currents lead to surface aggregation of plankton along
the density fronts, a phenomenon reported over 40 years ago by Boden (1952) and for
which numerous examples exist (Uda and Ishino, 1958; Wolanski and Hamner, 1988:;
Franks, 1992). Aggregation of floating material or upward-swimming organisms, such as
coraleggs, plankton and fish larvae, is not confined to baroclinic situations: it also oceurs in
barotropic situations, in shallow, well-mixed waters near headlands and islands (Fig. 1a;
see also Alldredge and Hamner, 1980; Hamner and Hauri, 1981: Wolanski and Hamner,
1988; Kingsford et al., 1991; Wolanski, 1994). The aerial photographs of Ingram and Chu
(1987), St. John and Fond (1992) and Wolanski (1993, 1994) also show aggregation of
floating matter along separation streamlines.

The aggregation of biological material in turn influences the distribution of benthic
assemblages and of pelagic secondary and tertiary predators. and essentially is akin to
negative diffusion. The secondary, topographically induced circulation also finds geo-
morphic, navigation and engineering applications, since it controls the formation and
movement of shoals and sand banks (Heathershaw and Hammond. 1980) and even the
migration of river meanders (Kikkawa er al., 1976).

Wolanski et al., (1984a) proposed an analytical model of the flow in an eddy in shallow
coastal waters. The flow is qualitatively similar to that in a tea cup. with convergent flow
near the bottom due to rotation, upwelling in the center of the eddyand downwelling along
the edge. Field observation of this secondary flow are few but show steering towards the
eddy center of the near-bottom currents by as much as 10-15% of the surface current.
(Deleersnijder er al., 1992; Gever, 1993). There are no previous measurements of the
vertical flows in eddies in coastal waters.

Three-dimensional numerical model studies of an island wake (Deleersnijder er al.,
1992) were able to predict an upwelling at the center of the eddy and a downwelling at the
solid boundaries of the island, but no downwelling was predicted at the fluid-fluid edges of
the eddy.

The results of field, laboratory and three-dimensional numerical studies of island wakes
are reported here. The laboratory studies confirm the existence of a strong secondary
circulation. Upwelling occurs over the bulk of the eddy and downwelling is restricted to a
narrow ring around the edges of the eddy. A three-dimensional numerical model is able to
reproduce these observations for rotating flow in a closed, circular basin and for an island
wake, provided the model includes the parameterization of the high vertical turbulence
levels in the free shear layer representing the fluid—fluid edges of the eddy. Maximum
vertical velocities of 0.01 m s~ are predicted, in agreement with field observations. The
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Fig. 1. (a)Acrial photograph of an eddy shed by a headland in shallow cll-mived coustal waters
in the Whitsundavs Islands. Australia. The arrow points to a coral slick along the edge of the cddy.
Acrial photographs of Rattray Island. Australia, (b) 2 hinto the flood tide showing the spirals of
muddy water cmanating from the center of the cddy. and (overleaf) (¢ the free shear laver
downstream of the separation point 4 h into the flood tide when the wake was fully developed. (d)
Obligue photograph of dyed streaklines at different depths in the luboratony experiment.
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Fig. 3. (a) Obscrved horizontal velocity field at mid-depth in the lee of Rattray Island 1 h after

peak flood current. interpolated from the data from 26 moored current meters (thick arrows): the

shading corresponds to the current speed. Predicted horizontal {arrows) and vertical {shading)

velocity distribution at mid-depth in the lee of Rattray Island in (b) the absence and (c) in the
presence of a free shear layer. at the same time as in (a).
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(a)

(b)

Fig. 6. Oblique views of predicted three-dimensional streamlines in a wind-foreed rotating flow in
a circular basin showing (a) the upwelling in the bulk of the eddy and (h) the downwelling in a ven
narrow zone along the edges. The basin has solid vertical walls. The graph ixvertically distorted
since the basin is H00 m wide and S m deep. These images were produced using IBM DX programs.
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predicted horizontal velocitics are in close agreement with the observations from 26
moored current meters.

METHODS
Field observations

The field site was Rattray Island. Australia (Fig. 1b). The island is about 1500 m across
in depths of 20-30 m. Data from 26 current meters moored in the lee of Rattray Island
(Wolanskieral., 1984a) are available showing details of the formation of an eddv in the lee
of the island at flood tide. The maximum free stream velocity w was 0.7 ms™'. Time series
of acrial photographs were obtained during the formation of the eddy and were used to
estimate the upwelling velocity as the time it took for fine sediment to reach the surface.
These photographs demonstrated also the presence of a free shear layer shed from the
scparation point at the northern tip of the island. The trajectories of radar-tracked drogues
were available on either side of the free shear layer. High-frequency echo-soundings were
obtained along a transect crossing a free shear layer behind a small headland in shallow .
well-mixed coastal waters (Wolanski. 1993).

Numerical model

The three-dimensional model of Deleersnijder eral. (1992) was used. This model solves
numerically the fully non-linear. o-coordinates three-dimensional equations of motion
using a staggered, finite-difference. vertically implicit scheme which is based on the finite
volume approach (Nihoul eral.. 1989). Because the waters are shallow and well-mixed. the
vertical eddy diffusion coefficient K_is taken to be

K.=auz(1-06:H) (1)

where u.. is the shear velocity. H the depth. « is a constant and z the elevation above the
bed. The constant « can be taken as the Karman constant (« = ().4) but other values are
possible (Fischer e al., 1979). The horizontal eddy diffusion coefficient is set equal to 2.5
oy following field observations at Rattray Island, Australia (Wolanski et al.. 19844).
The numerical mesh comprised 43 x 61 grid lines on the horizontal and five levels in the
vertical direction. The horizontal mesh size is 200 m and the time stepis S s,

Laboratory studies

Experiments were performed with a tlting lume. 19 m long and 0.5 m wide (Fig. 2). The
bottom was smooth. A rectangular island with curved edges was installed at the middle.
Five 1slands were modeled. Their width L (the dimension facing the current) varied
between 0.01 and 0.145 m. The free stream velocity (1) was adjusted to be horizontally
homogencous within less than 1% error in velocity, except for the boundary layer at the
side wall. The experiments were carried out in a range of u values between .02 and 0.0 m

s~!. The Reynolds number (Batchelor. 1967).
R.=ully (2)

U

where v 1s the kinematic viscosity, of the experiments thus varied between 1000 and
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Fig. 2. (a) Oblique, (b) plane view and (c) cross-sectional sketch of the three-dimensional
circulation in the laboratory island wake.
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30.000. Water depth H was typically between 0.005 and 0.02 m. For shallow water flows
dominated by bottom friction. some characteristics of motions, such as laminar or
turbulent flows, depend on local conditions rather than on the entire flow field, Suggesting
that the Reynolds number based on the depth (R, = u H/v) is the governing parameter.
Reys ranged from 100 to 2000. indicating that the flow varied from laminar to fully
turbulent. Correspondingly, the vertical eddy viscosity (K.) varied from the molecular
viscosity of water to the value induced by turbulent motions.

Wolanski et al. (1984a) and Pattiaratchi et al. (1986) suggested that the island wake
dvnamics are controlled by the island wake parameter,

P = (u LIK.) (H/L) (3)
The value of K_ was calculated from empirical formulae of the bottom friction stress (7):
tlp = Cpir® = K.ou/dz = K.u/H (4)
where pis the density and Cp a friction coefficient. Inserting equation (4)in (3),
P=HICy L (5)
where. over a smooth bed (Schlichting, 1979),
Cp = 6/R,y, for R ;; < 100
Cp=8x1077R, 1+ for 700 < R, < 800 (6)
(Co) ™' =4.06 log,(R.,\VCp)  for R.;; > 800

In the present experiments, P varied between 0.3 and 120.

The eddies behind the island were visualized using dye (Fig. 1d). Styrofoam foats were
photographed to obtain the surface velocity distribution. The flow direction near the
bottom was measured from the displacement of a front of dissolved dve. The vertical
velocity distribution along the edge of the wake region was measured using traces of
aluminium particles 10 mm in diameter illuminated by a vertical light sheet and viewed
from the side (Fig. 2).

RESULTS
Field results

An eddy was clearly visible in aerial photographs (Fig. 1b) and in the current meter data
(Fig. 3a). Water was not stagnant in this eddy, indeed /iy ~ 0.5. where v is the
characteristic peak velocity in the eddy and « the free stream velocity.

The aerial photographs (Fig. 1c) reveal that bottom mud can reach the surface within
I-2hinthe eddyin 20 m depth: from there the mud spirals out from the center as a result of
the circular motions in the eddy and the radial velocity driven by the upwelled water
reaches the surface (Fig, 1b). From the time it takes for the mud to reach the surface in an
eddy. it is possible to estimate that the upwelling velocity Wip = 0.002-0.004 ms™!,

Observations on aggregations of coral eggs at the edges of topographically shed eddies
in shallow, well-mixed waters suggest that the edges of the eddies are zones of downwelling
with a maximum downwelling velocity Waown = 0.01 ms™" (Wolanski and Hamner, 1988).
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The trajectories of radar-tracked drogues suggest negligible mixing between water
inside and outside the eddy (Wolanski er al., 1984a), these two water masses being
separated by a thin free shear layer (Fig. 1c). Wolanski (1993, 1994) reported field
observations of a free shear layer behind a small headland in shallow (H < 20 m) well-,
mixed coastal waters. This layer was found to be a vertical curtain of very intense three-
dimensional turbulence extending from the top to bottom of the water column.

Comparison between eddies in the field and in the laboratory

The laboratories eddies resembled those shed by islands in coastal waters. Firstly, both
are characterized by H/W << 1. Secondly, the laboratory eddies were visually similar to
those shown in aerial and satellite photographs of Maxwell (1968), Wolanski et al.
(1984a.b); Wolanski (1994) and Ingram and Chu (1987). The transition from no eddy to
stable eddy and from stable eddy to eddy shedding occurred at the same values of P in the
field and in the laboratory. Indeed, both in the field (Pattiaratchi e al.. 1987; Ingram and
Chu, 1987; Wolanski, 1994) and in the laboratory (Fig. 4), no eddies were found for P < 1;
for P < 8. stable eddies were present; eddy shedding occurred for P > 8.

The laboratory eddy (Fig. 1d) was geometrically similar to that at Rattray Island (i.e.
I/l = 2. where I is the length of the eddy) when P = 3.6. In that case v/u = 0.3 in the
laboratory. Thiscompares favorably with the observation that v/ie = ().5 at Rattray Island.

In the laboratory (Fig. 2) a strong secondary circulation with an upwelling occurring in
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cxperiments.
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the bulk of the eddy was found. A thin downwelling zone was observed occurring all along
the edges of the eddy along the solid boundaries and also along the separation streamlines.
When P = 3.6 (Fig. 5).

Wiown/tt = 0.05 (7)

where Wy, is the downward velocity in the thin downwelling region on the eddy side of
the separation streamline. In the laboratory. the ratio wy,, ./t increases with increasing
values of P, being equal to approximately 0.02 for 2 = 2.0,0.04 for = 3.6 and 0.1 for P =
6.7. At higher values of P the flow started to meander and reliable measurements of w
became impossible; at even higher values of P, eddy shedding occurred. The upward
velocity wy, in the bulk of the eddy was much smaller than Waawn- typically w,, = 0.1-0.3
Wyowas Decause the upwelling zone was correspondingly larger than the downwelling zone.

This analytical model predicts that at Rattray Island where =07 m s7',
Wyp = 0.01-0.003ms ™' or 1030 mh ™' aresultin agreement with the field observations,
and Wioun = 0.0l ms™'. a result also in agreement with observations.

These shallow water eddies are quite different from those found in two-dimensional
(depth-independent; Batchelor. 1967) laboratory experiments where the aspect ratio
H/IL >> 1 in these laboratory studies, eddy water is nearly stagnant_i.e. v/u << 1 (typically
v/te=0.0T). Similar results are obtained from depth-independent two-dimensional models
(Keller and Niewstadt. 1973). Thus. the aspect ratio H/L plays a critical role; when
H/IL <1, v/u is ten times larger than when H/L > 1.

These findings suggest that bottom friction is a controlling parameter in eddies in
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Fig. 5. For the laboratory experiment for P = 3.6. distribution of the downwelling velocity wy,,, -
non-dimensionalized against the free stream velocity . with distance v downstream. v is non-
dimensionalized against the eddy length /.
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shallow coastal waters, in the present experiments and in a Hele-Shaw cell (Von Riegels,
1938).

Numerical results

The three-dimensional model was used to simulate the circulation in a circular basin
5000 m in diameter and 5 m deep. with a flat bottom and vertical solid edges. The mesh size
was 200 m. The domain was forced by a circular wind so as to generate quasi-solid body
rotation, with zero horizontal velocity at the center increasing to 0.3ms™" near the edges.
Friction was calculated assuming a roughness height of 0.002 m. The model successfully
predicted at steady state an upwelling in the bulk of the eddy (Fig. 6a) and a downwelling in
a narrow zone along the outer boundaries (Fig. 6b).

The model was applied then to the case of Rattray Island. The mesh size was 200 m and
the bottom roughness height 0.002 m. The model was able to reproduce well the horizontal
currents as well as an upwelling in the eddy center: however. it was unable to reproduce the
downwelling along the separation streamlines (Fig. 3b). The model predictions were not
changed when the mesh size was halved (not shown). Thus. the absence of a predicted
downwelling along the edge of the eddy was not due to the grid being too coarse, but
instead suggested that the model lacked an important physical process.

Itis proposed that this process is the parameterization of the free shear layer along the
separation streamline. Laboratory studies reveal that, in the free shear layer, the
horizontal and vertical variations of all the components of velocity contribute to the
production of turbulence. This is in contrast with the rest of the flow where turbulence is
mainly generated by the vertical shearing of the horizontal velocity (Nihoul and Djenidi,
1987). The thickness of the free shear layer behind a rocky headland can be very small
(2-20 m), which is sub-grid scale (Wolanski. 1993), and thus needs explicit parameteriza-
tion. The numerical model was modified to explicitly parameterize the presence of a free
shear layer. The free shear layer was positioned at the grid points where maximum
vorticity was calculated: at these points a change of the parameter « in equation (1) was
forced so that in regions of high turbulence « = 1. This value is unknown and arbitrary.
provided the vertical viscosity is not larger than the horizontal viscosity. With these
modifications the model predicted a horizontal velocity distribution (Fig. 3¢) in pleasing
agreement with observations (Fig. 3a). The model also predicted (Fig. 3c) an upwelling
occupying the bulk of the eddies. and a downwelling occurring along the free shear lavers.
These predictions agree with the observations. The model was unable to reproduce a
downwelling if the free shear laver was parameterized by simply varying the local value of
the horizontal eddy diffusion coefficient (not shown),

Depth-averaged two-dimensional numerical models of island/headland wakes in shal-
low coastal waters are unable to reproduce meandering and Karman vortex street at high
values of P for unsteady tidal flows (Davies et al.. 1995). although meandering and
shedding do occur in nature (Wolanski er al.. 1984b; Pattiaratchi et al.. 1987: Bowman,
1986: Wolanski, 1994). The reason for this may be that these models excessively diffuse
headland-shed vorticity into the eddy, through numerical diffusion and eddy diffusion.
These models cannot calculate the instability of the free shear layer, since thisis a sub-grid
scale phenomenon. In the simpler case of a steady far-field flow . these models appear able
to predict the formation of a Karman vortex street if they are started for highly viscous
fluids and the viscosity is slowly decreased in time (Dietrich er al., 1994). a somewhat
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unrealistic assumption in the presence of a tidal current. To remedy this shortcoming,
models may need much smaller grid scales (e.g. see Keller and Niewstadt, 1973) or, more
simply as suggested here, an explicit parameterization of free-shear laver dynamics.

INTERNAL CIRCULATION IN EDDIES IN SHALLOW WATERS

There are fundamental differences between the internal dynamics of eddies in shallow,
coastal waters according to whether they are jet-generated, or in a close basin or shed in
the lee of an island or headland. Jet-generated eddies (Fig. 7a) comprise a core made of a
rotational vortex where v = r, where r is the radius. surrounded by a pressure-induced.
irrotational vortex where r < I/r (Wolanski et al., 1988: Van Senden and Imberger, 1990).
An upwelling has been observed in the irrotational vortex. but no downwelling zone has
been reported in field and laboratory studies. Without a tree shear layer to force a
downwelling, jet-generated eddies are open and ‘leaky” (Fig. 7a). By contrast, a closed
secondary circulation can prevail in an eddy in a shallow basin (Fig. 7b) and in the lee of an
island or headland (Fig. 7c) because of the presence of. respectively, a solid lateral
boundary and a free shear layer.

DISCUSSION

Detailed observations are available on the horizontal velocity field in island wakes in
shallow, well-mixed coastal waters. Water is far from stagnant in such eddies, indeed
viie = 0.5, where v is the peak horizontal velocity v in the eddy and « the free stream
velocity. The dynamics of such eddies are thus different from those in two-dimensional
depth-independent laboratory experiments where H/L >> 1. where H is the depth and L
the obstacle width, and the eddy waters are nearly stagnant since v/u << 1.

Field observations on the fine sediment upwelling to the surface suggest that an
upwelling prevails in the bulk of the eddy with tvpical velocity of about 1020 m h™!. A
larger downwelling velocity occurs in a narrow band along the outer edges of the eddy.

The dynamics of island wakes in shallow coastal waters appear qualitatively similar to
those in laboratory experiments where H/L << 1. In such eddies, the peak velocity v is
considerable, typically v/u = 0.3. Also, both in the field and in the laboratory, the
transition from no eddy to a stable eddy and from a stable eddyv to eddy shedding occurs at
the same value of the island wake parameter. In the laboratorv. an upwelling occurs in the
bulk of the eddy and a downwelling in a narrow region all along the edges of the eddy. In
the laboratory the downwelling velocity is considerable. typically 5-10% of the horizontal
velocity.

A coarse-scale (horizontal grid size = 200 m) three-dimensional numerical model was
used to simulate eddies in a closed basin 5000 m wide and > m deep. The model reproduced
well the laboratory data. However, when applied to island wakes. the model did not
reproduce the downwelling along the edges of the eddy. To remedy this, the observations
of a high vertical turbulence in the sub-grid scale free shear layer were explicitly
parameterized in the model. The free shear layer was modeled as a thin vertical curtain
located along the separation streamline and characterized by a high value of the vertical
eddy diffusion coefficient. The model predicted horizontal currents in close agreements
with observations. The model also predicted a three-dimensional secondary circulation in
agreement with the field observations.
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The parameterization of the free shear layer provides a mechanism for relatively coarse
grid modecls to predict realistic horizontal and vertical currents near a complex topogra-
phy. This parameterization may allow advection—diffusion models to realistically predict
the aggregation of buoyant matter at the surface along the edge of the eddy in well-mixed
waters. This secondary circulation also finds geomorphic. navigation and engineering
applications as it controls the formation and movement of shoals and sand banks and even
the migration of river meanders.

Free shear layers are a common occurrence and are readily visible to the naked eye; they
seemn to play an important role in the oceanography and the biological processes in coastal
waters, yet they have been largely neglected. Detailed studies of free shear layer dynamics
are warranted.
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