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Abstract

Islands have been observed to play a key role in the vertical
and cross-shelf mixing processes occurring in topographically-
complex regions with strong tidal forcing. Satellite observations
of suspended solids and temperature have confirmed the capac-
ity of islands to mix the water column over the depth and de-
liver nutrient-rich deeper water into the photic zone. The stabil-
ity of the island wake establishes the wake form, which in turn
controls the spatial and temporal distribution of mixing zones.
Therefore it is important to understand the physical processes
that govern island wake stability. To date, shallow water island
wake dynamics, stability and the transition to vortex shedding
has predominantly been investigated for steady flows, this study
investigates shallow water island wake structure for the more
general case of unsteady tidal flow.

A laboratory study of shallow islands with circular cross section
subjected to unsteady tidal forcing has been undertaken in the
Shallow Tidal Flow Flume at UWA. Three-dimensional particle
imaging velocimetry has been applied to synthetic aperture im-
ages of the near island flow to resolve the evolution of the wake
horizontal velocity profile and vertical structure. The spatial
and temporal evolution of a vortex shedding wake and unsteady
bubble wake are examined through parametric fitting of an ana-
lytical wake velocity profile. It is demonstrated that increasing
wake stability, through an increasing relative influence of bed
friction, modifies the wake through three key mechanisms: 1)
attenuating the return flow in the wake during the accelerating
stage of the tide 2) damping the growth of the vortex shedding
instability and 3) establishing a return flow jet during the decel-
erating phase. The return flow jet of the unsteady bubble wake
subsequently establishes a stronger separation shear layer ex-
tending from the flank of the island during the early stages of
the subsequent acceleration stage. This highlights a fundamen-
tal link between the wake evolution and flow separation at the
island flanks.

Introduction

The spatial distribution of upwelling depends on the develop-
ment and evolution of primary vortices (with a vertical axis of
rotation) and their associated secondary vortices (those with a
horizontal axis of rotation). The three dimensional spatial dis-
tribution of these flow structures play an important role in the
spatial distribution of upwelling and downwelling [5]. Numer-
ous field studies have noted the importance of the complex flow
features associated with island wakes for aggregating sediments
and plankton [17, 11, 15], which may influence the distribu-
tion of benthic and higher order pelagic organisms [16, 12, 13].
Improved understanding of the physical processes that govern
wake stability is necessary to better predict the role that islands
play in mixing on continental shelves.

Studies of shallow water island wakes have predominantly in-
vestigated the evolution of the wake in a steady external flow

[8, 17, 6]. However, more generally on continental shelves sub-
jected to tidal forcing the external flow is unsteady. The time
scale of flow unsteadiness establishes a vertical structure in hor-
izontal velocity that is dependant on the relative thickness of the
boundary layer compared to the flow depth δ+ ∼

√
νT/h where

h is the flow depth and ν the kinematic viscosity and T is the
tidal period [5]. The vertical structure of the flow field has been
demonstrated to play a key role in the growth of instability both
within shallow vortices [9] and shallow island wakes [5]. When
the tidal excursion is long compared to the island diameter, as
quantified by the Keulegan-Carpenter number KC ∼ U0T/D
(where U0 is the amplitude of the sinusoidally varying tidal ve-
locity, and D is the island diameter), two archetypal wake forms
have been observed: 1) the vortex shedding wake and 2) the
unsteady bubble wake [5].

In steady shallow wake flow, the stability parameter, Ss =
c f D/h where c f is a friction coefficient, predicts well the tran-
sition from the unsteady bubble wake to vortex shedding with
vortex shedding commencing for Ss . 0.2 [6, 10]. From the an-
alytical solution of the laminar, oscillatory boundary layer it can
be shown that c f = 1/ka, where k =

√
Ω/2ν is the wave num-

ber of the oscillatory boundary layer and a = U0/Ω the fluid
excursion above the boundary layer (with Ω = 2π/T ) [1]. Util-
ising this definition of c f , the wake stability parameter for tidal
flow around islands is S =

√
4π

δ+

KC [3].

This paper presents the preliminary results of a laboratory study
of island wake stability for idealised islands with circular cross
section. This study is the first examination of the spatial and
temporal evolution of the unsteady shallow wake through the
parametric fit of an analytical function typically utilised in sta-
bility analysis of the lateral profile of streamwise velocity.

Methods

Experimental setup

Experiments were conducted in the Shallow Tidal Flow Flume
in the Geophysical Fluid Dynamics laboratory at the Univer-
sity of Western Australia. The flume had a working section 185
cm wide, 600 cm long and up to 35 cm deep. The flume was
recirculating and used a software controlled (NI LabView) vari-
able frequency drive and pump able to generate a reciprocat-
ing tidal flow with a near sinusoidal horizontal velocity signal.
Polycarbonate flow straighteners were utilised in each end of
the flume to produce a near uniform transverse velocity profile.
The experimental flow conditions are detailed in table 1. Each
flow was established for 10 cycles, before being sampled for
8 cycles. An array of 9 cameras were used to obtain three di-
mension and three component velocity measurements via three
dimensional particle imaging velocimetry applied to synthetic
aperture images [2]. Further details of the experimental setup,
PIV algorithm, measurement validation and error are presented
in [5, 4]. The error in the instantaneous velocity measurements
for these experiments was estimated as up to 5-10% [4].



Table 1: Conditions of the experimental runs, KC =U0T/D, δ+ =
√

νT/h, ReD =U0D/ν and S =
√

4π
δ+

KC .
Wake type U0 [cm s−1] T [s] h [cm] δ+ KC ReD h/D S
Unsteady Bubble 2.80 85.9 2.3 0.40 24.1 2805 0.23 0.06
Vortex shedding 4.44 60.0 5.3 0.15 26.7 4446 0.53 0.02

In this study x, y and z are the streamwise (u), cross-stream (v)
and vertical (w) directions respectively. The origin is defined
at the bed level in the centre of the island. The peak tidal ve-
locity U0 is estimated from the amplitude of the sinusoidally
varying velocity at the top of the boundary layer zBL = 3

√
π

4 δ+

[1]. To phase-align the results, the time t = 0 is defined at the
u zero-crossing at height zBL. Thus, the phase of each exper-
imental condition is defined as φ = t/T mod 1. The camera
array is observing the downstream wake for 0.5 < φ < 1.0, with
0.5 < φ < 0.75 the accelerating stage of the tidal cycle and
0.75< φ< 1.0 the decelerating stage. The velocity data is phase
averaged over 8 cycles, with the phase average (of, for example,
the streamwise velocity) denoted by ũ.

Parametric Fitting to Analytical Wake Profile

Previous investigations of both unbounded and shallow water
cylinder wakes have demonstrated that a hyperbolic sinusoidal
profile represents the lateral (cross stream) profile of streamwise
velocity in the wake, and for this reason it has been utilised
extensively in stability analysis [14, 7]. The general form of
the normalised streamwise velocity wake profile in the lateral y
direction is given by [14]:

u(ŷ) = 1−R+
2R

1+ sinh(ŷ/l)2N (1)

where R = (Uc−Um)/(Uc +Um) is the velocity ratio with Uc
the minimum velocity and Um the velocity outside the wake, N
is the “shape parameter”, l is the transverse length scale and
ŷ = y/D. For R = −1 the wake has zero minimum velocity,
while for R <−1 a reverse flow (towards the island) is present.
The shape parameter N controls the ratio of the mixing layer
thickness to the wake width [14]. In the steady shallow wake
R gradually increases downstream due to entrainment into the
wake and damping due to bed friction [7]. N decreases down-
stream as the mixing layer thickness grows with an asymptote
of N = 1.

The time-averaged streamwise velocity profile (u(y)) in a wake
with a steady external flow is symmetric about the wake centre-
line with a minimum velocity occurring on the wake centreline.
In contrast for island wakes in tidal flow, the depth and phase
averaged streamwise velocity profile (ũ(y,φ)) may be asymmet-
ric, with the minimum velocity (Uc) not necessarily occurring
along the wake centreline and the velocity outside the wake not
necessarily equal on each flank. To allow for wake asymmetry
the wake profile is fitted to each flank independently. Prior to
calculating the profile fit, Uc and Um are determined for each
flank independently based on the measured data. We define
ŷ = 0 where u = Uc and Um as the maximum streamwise ve-
locity on the given flank. For each flank the data utilised for the
fit is extended by y/D = 0.25 past the location of Uc (towards
the opposite flank) to improve the fit for the shape of the wake
centre. A non-linear least squares algorithm is applied to obtain
the parameter estimates for R, N and l.

Results

An example of two different wake forms is presented in figure

1. Whilst both flow conditions have similar KC, the larger value
of δ+ enhances the wake stability, suppressing vortex shedding
and altering the spatial distribution of up- and downwelling flow
structures. This in turn is expected to alter regions of productiv-
ity and tracer aggregations associated with these different wake
forms, with subsequent ecological implications.
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Figure 1: Comparison of the phase and depth averaged flow
field at φ= 0.875 in the (a) unsteady bubble and (b) vortex shed-
ding wakes with the horizontal flow field shown by stream lines.
The colour indicates the phase-averaged normalised root-mean-
square vertical velocity at φ = 0.875. The spatial distribution of
up- and downwelling is strongly influenced by the wake form.

Beginning of Tidal Acceleration

Wake velocity profile fits have been performed at three different
locations and at three different phases to highlight some of the
key changes that occur in the lateral profile of velocity with in-
creasing wake stability. Wake stability analysis for steady exter-
nal flow has demonstrated that the value of R strongly influences
the overall wake stability. As the unsteady wake develops both
in time and space we contrast the unsteady bubble and vortex
shedding wake profiles for increasing φ at increasing distance
downstream where R is at a minimum.

At the beginning of the tidal acceleration stage (φ = 0.6), close
to the island (x/D = 0.6), the unsteady bubble wake has a jet
that extends from the flow separation point, as demonstrated by
the large velocity overshoot (figure 2, upper left panel). The
analytical profile utilised does not describe this jet, and whilst
the fitted profile follows the shear layer adjacent to the island
reasonably, it overestimates R somewhat. The jet creates a
strong shear layer on both flanks of the island, as indicated by
N > 2. The vortex shedding wake does not exhibit a tidal jet and
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Figure 2: Scatter plot of phase and depth averaged streamwise
velocity at key stages of the tide and locations downstream of
the island for the (left column) unsteady bubble wake and (right
column) vortex shedding wake. The parameteric profile fit is
shown in green with coefficient of determination (r2) and pro-
file parameters inset. Top row: Start of the acceleration stage
(φ = 0.6) close the island (x/D = 0.6). Middle row: End of
the acceleration stage (φ = 0.7) half an island diameter down-
stream (x/D = 1.0). Bottom row: End of the deceleration stage
(φ = 0.9) 0.9 island diameters downstream (x/D = 1.4).

demonstrates significant asymmetry in the strength of the shear
layers with the lower shear layer having a much larger N (figure
2, upper right panel). The profile fit is quite good for both flanks
and a negative return flow (R <−1) is present at this early stage
of the tidal flow.

End of Tidal Acceleration

By the end of the tidal acceleration stage, φ = 0.7 (close to the
peak in horizontal velocity) at x/D = 1.0 the unsteady bubble
wake has developed a small return velocity and the mixing layer
thickness has grown to approximately 0.5D (figure 2 middle
left). The lighter grey points are velocity measurements that are
attenuated due to aggregations of particles on the bed around
y/D ≈ ±0.75. The grey-scale indicates the relative weighting
of the points in the non-linear fitting process, further details of
how the weight is calculated is provided in [4]. The presence
of such particle aggregates in this zone of convergence high-
lights that wake secondary circulations influence the distribu-
tion of tracers within the flow. The vortex shedding wake has
developed a similar strength return flow to the unsteady bubble,
but with a smaller relative mixing layer thickness, indicated by
N ≈ 1.3. The vortex shedding wake also exhibits a peak return
flow that is offset from the island centreline due to the vortex

shedding process.

End of Tidal Deceleration

As the tide proceeds into the deceleration phase, the adverse
pressure gradient (acting to decelerate the external flow) sig-
nificantly alters the evolution of the wake. In contrast to steady
wake flow, where a minimum return velocity ratio of R=−2.07
was observed for both the unsteady bubble wake and vortex
shedding wakes [6], by the end of the deceleration phase the
unsteady bubble wake has obtained a minimum R≈−3.0. It is
this strong return flow that establishes the tidal jet that is present
in the unsteady bubble wake at the beginning of the accelera-
tion stage. By contrast the vortex shedding wake has signifi-
cant asymmetry with the flow deceleration leading on the lower
flank.

Spatial and Temporal Evolution of the Shallow Island Wake

Early in the acceleration stage the vortex shedding wake estab-
lishes a return flow that is not present in the unsteady bubble
wake (figure 3a). The presence of a return flow has been identi-
fied as a key process leading to instability and vortex shedding
[7]. The spatial decay of the velocity deficit in the acceleration
stage occurs over the same distance in both the wake types. By
the end of the acceleration stage, both wakes have developed a
reasonably consistent structure with a minimum velocity ratio
of R≈−1.3 (figure 3b). As the deceleration stage commences,
both the unsteady bubble wake and vortex shedding wake ex-
hibit a reduction in R to−1.5 (figure 3c). In the unsteady bubble
wake the minima in R shifts downstream throughout the decel-
eration stage, reaching R≈−3.0 by the end of the deceleration
stage (figure 3d). This is in stark contrast to the shallow, steady
island wake where increasing friction reduces the downstream
extent of the return flow region.

The relative mixing layer thickness, N, is highly variable ini-
tially in the acceleration stage (figure 3e), however by the end
of the acceleration stage exhibits a rapid increase in thickness
(decreasing N) by x/D = 1.0 with an asymptote of N ≈ 1.25
(figure 3f). This feature is present throughout the remainder of
the tidal cycle (figure 3g-h). Previous studies of shallow, steady
wake flow have utilised N = 1.0 [7], suggesting that the relative
mixing layer thickness is somewhat thinner in unsteady flow
compared to steady flow.

The transverse length scale parameter, l, is highly variable
at φ = 0.6, however exhibits a general increase with distance
downstream (figure 3i). By the end of the acceleration stage the
unsteady bubble wake exhibits a decreasing transverse length
scale with distance downstream whereas the vortex shedding
wake exhibits an increasing transverse length scale (figure 3j).
As the tide progresses through the deceleration stage the trans-
verse length scale of the unsteady bubble wake widens on both
flanks as the reverse flow jet develops (figure 3k-i).

Conclusions

This study demonstrates that the hyperbolic sinusoidal profile
(equation 1) can represent the lateral (cross stream) profile of
streamwise velocity in shallow, unsteady island wake flow rea-
sonably well. The lateral position of the profile must be shifted
to account for the phase variation of the position of the mini-
mum streamwise velocity and each flank of the wake fitted sep-
arately to allow for asymmetry in the external flow velocity. The
vortex shedding and unsteady bubble island wakes were con-
trasted through comparison of the wake profile parameters in
space and time and reveal important differences between shal-
low island wake flow subjected to tidal flow compared to steady
flow.
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Figure 3: Scatter plots of wake profile parameter variation downstream (increasing x/D) through the acceleration (φ = 0.6 and φ = 0.7)
and deceleration (φ = 0.8 and φ = 0.9) stages of the tide. Vortex shedding wake (×) and unsteady bubble wake (•) parameters. Fit
parameters for the upper flank of the island are shown in light green and the lower flank in dark blue. Top row: R velocity ratio. Middle
row: N relative mixing layer thickness. Bottom row: l transverse length scale.
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