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Abstract. Numerical simulations were performed using the ROMS ocean model in a fluid
domain containing an obstacle with the Madeira island contour. Both stratification and
rotation effects were taken into account. The results suggest the existence of an asym-
metric island wake with stronger cyclones than anticyclones. Contrary to the simulations
conducted around a circular island, no values of the dimensionless parameters were found
to lead to symmetric wake dynamics or to a regime with anticyclonic eddy dominance.
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1 INTRODUCTION

This study aims at widening our understanding of deep-water island wakes. Satellite
observations have revealed the formation of spectacular vortex streets in the wakes behind
islands and a great effort has been made to understand this physical process [1, 2, 3, 4,
5, 6, 7] as well has its biological and environmental impact [8, 9, 10, 11, 12, 13].

A classical example of an oscillatory wake pattern behind an obstacle is the periodic
vortex shedding in a uniform flow past a circular cylinder. This regular, periodic shedding,
referred to as the Kármán vortex street, is well characterized by the Reynolds number Re
(the ratio of inertial forces to viscous forces) defined by

Re =
UL

νm
, (1)

where U is the unperturbed upstream velocity, L the horizontal length scale of the obstacle
and νm the kinematic (molecular) viscosity of the fluid.

In geophysics, rotation and stratification distinguish the three-dimensional wakes from
the classical non-rotating, homogeneous wakes and other dimensionless parameters come
into play. The relevant parameters for the analysis of oceanic wakes are the Reynolds
number, the Rossby number Ro (the ratio of inertial forces to Coriolis forces)

Ro =
U

fL
, (2)

and the Froude number Fr (the ratio of inertial forces to buoyancy forces)

Fr =
U

NH
, (3)

Here, H is the vertical scale of the fluid domain, f the Coriolis frequency and

N =

√
− g

ρ0

∂ρ

∂z
, (4)

the Brunt-Väisälä frequency (ρ and ρ0 are the fluid density and the constant mean density,
respectively, and g the acceleration due to gravity). The Burger number Bu is defined as

Bu =

(
Ro

Fr

)2

, (5)

or, equivalently

Bu =

(
NH

fL

)2

=

(
Rd

L

)2

, (6)

where Rd is the baroclinic deformation radius, and the Strouhal number St by

St =
L

UT
. (7)
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In the classical nonrotating, unstratified flow, there is no boundary layer separation
and therefore no wake if Re � 1 or Re → ∞, in the former case because the viscous
forces dissipate any perturbation and in the latter because the flow behaves as if it were
inviscid. The wake does occur in the range 102 < Re < 107, with an average Strouhal
number St ≈ 0.2, cf. White [14], that is, the stronger the velocity of the uniform flow or
the smaller the diameter of the cylinder, the greater the frequency of the eddy shedding.
In geophysical flows, increasing rotation (decreasing Ro) tends to inhibit vortex shedding.
On the other hand, strengthening density stratification (decreasing Fr) suppresses vertical
motion and the vortex shedding tends to occur at lower Reynolds numbers than in more
weakly stratified flows.

Another distinctive feature in oceanic wakes is the centrifugal instability, also known
to as the inertial instability, cf. [15]. The classical wakes are symmetric, with clockwise
and anticlockwise vortices spinning around with more or less same magnitude, but in
geophysical flows the anticyclonic eddies lose their strength (in the Northern Hemisphere)
if |ζ| > f , with ζ = ∂v/∂x− ∂u/∂y denoting the vertical component of the relative vor-
ticity, which is a manifestation of centrifugal instability. This also means that increasing
the Rossby or Reynolds number (within the range where the vortex shedding occurs),
makes the cyclonic eddies more pronounced.

Given that the wake is a highly unstable fluid region, it is necessary to distinguish
between the barotropic and baroclinic instabilities. In general, the problem is purely
baroclinic only when the horizontal scale of the undisturbed flow is large compared to the
baroclinic deformation radius, i.e., when Bu � 1. In this case, the available energy in
the undisturbed flow is mainly potential. The opposite, purely barotropic, limit occurs
when the vertical variations of the velocity can be neglected. In most cases of practical
interest, there exists a mixture of both baroclinic and barotropic effects, cf. [16].

In this paper, we present our recent results on deep-water island wakes, that is, wakes
wherein the dominant boundary stress is associated with the lateral side of the island
rather than the nearshore bottom. The main emphasis lies on the comparison between
a symmetric, circular island, see [7], and a non-symmetric one with the Madeira island
contour. As in [7], the island is assumed to be a vertical cylinder and the ocean bottom
flat.

Madeira archipelago, located at about 33◦N and 17◦W, is a group of deep-sea islands
located in NE Atlantic, consisting of the islands of Madeira, Porto Santo, Desertas and
Selvagens. Our study region is centred in the waters around Madeira, the main island of
the Madeira archipelago. Madeira has a maximum length of about 50 km in the East-West
direction and 20 km in the North-South direction. Its obstruction to the incoming oceanic
and atmospheric flows induces leeward wake instabilities, which have been observed both
by remote sensing and field data [6].
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2 NUMERICAL SETUP

The numerical model Regional Ocean Modeling System (ROMS) is applied in the 300
km wide (East-West direction) and 320 km long (North-South direction) computational
domain, see Fig. 1. The depth is assumed uniform (Hm = 500 m) and the island is placed
in a channel-like configuration with prescribed southward inflow and density profiles (in
thermal wind balance) at the northern upstream boundary. At the southern outflow
boundary, a clamped condition with a sponge layer is used for the velocity and density
fields, whereas at the eastern and western boundaries no normal flow boundary conditions
apply. No-slip boundary conditions are considered through a land-mask algorithm at the
island boundary. At the bottom, the weak horizontal velocities imply a negligible bottom
friction in agreement with the deep-water wake hypothesis. The surface stress, heat
and freshwater fluxes are set to zero. The initial condition for the velocity matches the
upstream boundary condition except at the island points with land masks. The grid
spacing is ∆x = ∆y = 1 km and in the vertical the domain has 20 sigma layers. The total
integration time is 100 days with spin-up period of about 20 days.

Figure 1: Computational domain. The black and red lines correspond to closed and open boundaries,
respectively. The grey area represents the sponge layer.

The incoming meridional velocity profile for −Hm < z < 0 is

v(z) = vm1 − vm2 tanh

(
z + hs
hd

)
, (8)

where vm1 + vm2 and vm1 − vm2 are the constant near-surface and bottom currents, re-
spectively, and hs is the central depth and hd the mean thickness of the shear layer. The
incoming zonal and vertical currents are set to zero. The upstream density and velocity
fields are related through the thermal wind equations. Thus
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ρ(x, z) = ρ0 + ∆ρ tanh

(
z + hc
ht

)
− ρ0f

g

x∫
x0

∂v

∂z
dx , (9)

where x0 = 150 km and ∆ρ, hc and ht are parameters related to the thermocline (the
region with largest density changes); the value of ∆ρ corresponds to about half of the
density change in the thermocline, hc is the central depth of the thermocline and ht is its
thickness, all chosen subject to the assumption of a stable stratification, i.e. ∂ρ/∂z ≤ 0
everywhere in the fluid domain. Considering vm1 = vm2 = − 0.1 m/s , hs = 120 m , hd =
80 m , ∆ρ = 2 kg/m3 , hc = 125 m , ht = 90 m and f = 4.46 · 10−5 s−1 , the vertical
profiles of the density anomaly σ = ρ − 1000 and meridional velocity imposed as inflow
conditions at the northern boundary, are represented in Fig. 2.

 Figure 2: The initial density anomaly at the centre (x = 150 km) of the fluid domain (left). The zonally
uniform meridional velocity profile (right).

Finally, the initial surface elevation is related to the surface velocity via geostrophic
balance

η(x) =
f (x− x0)

g
v(0) , (10)

Given that the flow is southward, from (8), (9) and (10) it follows that the isopycnal
surfaces have a positive slope and the sea level decreases towards the East.
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3 RESULTS

In the numerical simulations, we calculated the Reynolds number using the eddy-
viscosity νe instead of the molecular viscosity νm and considered two different values of
the Reynolds number (Re = 400 and 1600) and three values of the parameter λ = Ro/Bu
(λ = 0.077, 0.154 and 0.308). This resulted to the total number of six simulations.

Figures 3, 4 and 5 represent the normalized relative vorticity ζ/f corresponding to
Re = 400 and λ = 0.077, the parallel lines in Fig. 4 and 5 showing the position of
the eastern and western boundaries of the island. Cyclones and anticyclones are almost
aligned, in contrast to the von Kármán wake theory by which the values h/a = 0.28 and
a/L = 5 predict the ratio h/L = 1.4, h being the lateral eddy spacing and a the axial
eddy spacing.

  Figure 3: Normalized surface vorticity on day 69 (left) and on day 79 (right).

  Figure 4: Normalized vorticity at y=160 km on day 69 (left) and on day 79 (right).
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From Fig. 5 one can estimate the eddy shedding period T to be approximately 18 days
yielding St ≈ 0.18. This Strouhal number is somewhat lower than the values obtained
with a circular cylinder; St ≈ 0.2 (non-rotating, homogeneous fluid) and St ≈ 0.23
(considering rotation and stratification and choosing λ = 0.077 , cf. Dong et al. [7]). The
lower Strouhal number suggests that this particular island contour inhibits eddy shedding,
that is, more time is needed for the vorticity to accumulate in the boundary layer around
the island before being advected in the wake.

  Figure 5: Normalized surface vorticity versus time at y=160km.

To have a quantitative estimate of the wake asymmetry we should look at Fig. 6. This
figure represents the normalized mean vorticity difference ζ = (|ζ−| − ζ+)/f , that is, ζ−
and ζ+ stand for the negative and positive vorticities averaged over the entire fluid domain
during 50 days (from day 50 to day 100). The cyclone predominance is more evident with
the higher Re, because of the centrifugal instability. Figure 6 shows also that increasing
λ = Ro/Bu decreases the wake asymmetry, confirming the results of Perret et al. [17],
in particular for λ < 0.15. This can be explained by the effect of the Burger number Bu,
since the increase of relative vorticity related to larger values of Re or Ro, contributes
to the centrifugal instability. The Burger number is a measure for barotropic/baroclinic
instabilities and from Fig. 6 we conclude that the tendency for the flow to undergo
barotropic instability (high Burger number) is related to centrifugal instability. This is
not surprising since stronger stratification corresponds to a higher Burger number, cf. (6),
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Figure 6: Asymmetry between anticyclonic and cyclonic eddies.

and suppresses vertical motion, more evident when cyclones predominate than in the case
where both cyclones and anticyclones have equal strength and vertical velocity, negative
in anticyclones and positive in cyclones, becomes an important feature of the flow with
major impact on marine life.

4 CONCLUSIONS

This paper presents the results of our simulations of the Madeira island wake obtained
by the ROMS numerical model taking into account both the rotation of the Earth and the
density stratification of the ocean. Several sensitivity studies were performed changing
the values of the Reynolds number Re, the Rossby number Ro and the Burger number
Bu. Together they control the three instabilities that may occur in the wake: centrifugal,
barotropic and baroclinic. Results were compared with similar simulations around an
idealized circular island with the main difference being the predominance of cyclones,
regardless of the value of Re, in our case. Contrary to the expectations, cf. Dong et al. [7],
no regime of anticyclonic eddy dominance, for moderate values of Re and increasing λ =
Ro/Bu, or dynamical symmetry, for small values of λ, could be found, the only explanation
being the particular island contour. As a step closer to reality, future numerical Madeira
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island wake simulations should include the real ocean bathymetry, a time varying incoming
flow, the effect of the bottom drag on the sloping nearshore topography and the interaction
between the oceanic and atmospheric island wakes.
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