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Abstract The ocean response is studied through the implementation of a numerical
(POM, Princeton Ocean Model) with a constant Coriolis force, continuous vertical
stratification, flat bottom and all boundaries closed. We considered four types of
wind to force the model: Normal to the coastline; with Inertial path; in Fan shape
and Realistic (sum of Inertial and Fan). The results of the numerical simulations
show in each case the emergence of two counter rotating eddies in both sides of
maximum wind and a cooling of sea superficial temperature. In the first case, the
inertial wind adds asymmetry to the response, causing significant differences in the
size and intensity of eddies. With the wind from a Fan-shape, the response remains
similar to case one, but with more intense eddies and greater cooling. In the latter
case with Realistic wind field, evident asymmetry is shown; it is used to explain in
general, the dynamics produced by these winds.

1 Introduction

For a long time the effect of wind stress on the circulation in coastal regions has been
studied. It produces upwelling and increased primary biological production and is
responsible for the formation of anticyclonic and cyclonic eddies at the ocean surface
offshore. This phenomenon has been studied in different parts of the world, such as
in the Gulf of Tehuantepec, the Gulf of Papagayo, northwestern Baja California, the
Canary Islands and Cape Verde, to name a few places where winds blow from land
to sea controlling coastal dynamics significantly, (Lavín et al. 1992).

Observations with satellite imagery and in-situ measurements have shown that the
ocean response to these wind jets is not the same on both sides of the wind, taking
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a major component of asymmetry that can be noticed in the size and intensity of
the eddies (Trasviña et al. 1995; Clark 1988; Lavín et al. 1992; Barton et al. 1993;
Willett et al. 2006; Velázquez Muñoz et al. 2011). McCreary et al. (1989) mention
that asymmetry between the eddies is due to the accumulation of cold water on
the side of the cyclonic eddy caused by the difference in current directions (south)
and countercurrent (opposite direction). Furthermore, Clark (1988) mentions that
anticyclonic eddies can be strengthened by the introduction of negative vorticity
by the inertial path, but only shows the antisymmetry in the displacement of the
thermocline and symmetry in the Southern current of the surface layer of the ocean.

This chapter aims to provide new information and an explanation of the physical
parameters involved in the asymmetric response of the ocean by the numerical model
POM (Blumberg 1987) which is three-dimensional and solves the primitive equations
of the ocean obtained from Navier-Stokes.

2 Methodology

2.1 Configuration and Implementation of the Numerical Model

The ocean is considered a flat-bottomed rectangular basin. The computational grid
has a horizontal resolution of 5 km, with walls like closed boundaries, where there is
free sliding, i.e. the sidewalls are simulating the earth. The initial condition is at rest,
with temperature and salinity profiles varying only with depth. It is also assumed
that the Coriolis parameter is constant.

This numerical model POM version 2k, is forced by four different types of wind,
in the land-sea direction and a time period of 6 days. The first (Fig. 1a) is wind Normal
to the boundary, similar to McCreary et al. (1989). In the second case (Fig. 1b); the
wind opens in a Fan shape caused by an atmospheric pressure gradient. In the third
case (Fig. 1c), the normal wind changes direction following an inertial path (curves
to the right). Finally, the fourth type of wind (Fig. 1d), is generated by adding the
two characteristics considered in the previous cases: the Fan shape caused by the
atmospheric pressure gradient (case 2) and the inertial path curvature due to the
Coriolis force (case 3), producing a wind with the same characteristics as shown
by Steenburgh and Schultz (1998). Therefore, in this study the fourth type of wind
was named Realistic wind. For the analysis of the ocean’s response to wind stress
forcing (Normal, Inertial, Fan shape and Realistic), we used the numerical model
output data: surface temperature (Ts), current velocity components integrated in the
vertical; (UA, VA ) and the sea level (η) in 2D layer and along a zonal section at
150 km parallel to the Northern shore. The aim is to identify which of these physical
parameters respond asymmetrically, and to investigate which kind of wind contributes
to a greater asymmetry of the ocean’s response.
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Fig. 1 Wind stress fields for a normal to the boundary, b fan shape, c inertial path and d realistic.
Maximum magnitude for each case is 1.8 N m−2, (domain not complete)

3 Results

3.1 Ocean’s Response

Figures 2 and 3 show the response of the ocean’s surface to the wind stress on the
third and sixth day of simulation, respectively.

In every case there is an asymmetrical surface response when the wind reaches
its maximum intensity on the third day of simulation (Fig. 2). This can be observed
in a cooling along the northern boundary and in the emergence of two eddies: one
anticyclonic to the left and one cyclonic to the right. Both eddies are markedly
different in size and shape. It also shows that the sea level rises in the anticyclonic
and falls into the cyclonic. Similarly, on day 6, Fig. 3 shows that the characteristics
of the ocean response are maintained, but with increasing in intensity. In the normal
wind case (Fig. 2a) there is cooling near to the coast, where the cold water mass is
displaced by the water current in the same direction as the wind jet, i.e. offshore.

Figure 3a, shows the sea level for the case normal wind with an antisymmetric
response because it has a positive displacement (anticyclonic region) and a negative
displacement (cyclonic region) with the same magnitude, on day 6 (Fig. 3a) less
cooling is observed, where cold water is displaced in the wind jet direction and
slightly stretched by the anticyclonic eddy.
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Fig. 2 Ocean’s response to the wind stress a normal to the coast, b fan, c inertial and d realistic.
The color bar indicates the temperature in ◦C, the contours correspond to the sea level (solid
line represents elevation and dotted line, sinking) and the black arrows correspond to vertically
integrated current. (The complete domain is not shown)

Figure 2b shows the ocean response to a fan shaped wind stress. One can observe
the greater mass of cold water near the shore, in contrast with the case of normal
wind. The sea level has a higher displacement in the cyclonic region than in the
anticyclonic eddy.

For inertial wind (Figs. 2c, 3c), the ocean’s response shows a greater difference
from all the other cases with respect to cooling and to the sea level displacements pro-
duced (higher elevation than lowering). It also highlights the difference in the shape
one diameter of the eddies. The anticyclonic eddy is more intense than the cyclonic,
being the cyclonic eddy very weak and not well defined. In the case of realistic wind
(Figs. 2d, 3d) an asymmetrical response is shown, very similar to that obtained in
the cases of normal wind and fan shaped with respect to surface temperature, eddy
size, sea level displacement and vertically integrated current, where there is a slight
weakening of the cyclonic vortex.

The asymmetric response to the realistic wind can be attributed to its inertial com-
ponent. This result is consistent with the mechanism proposed by Clark (1988), who
remarks that anticyclonic vortex strengthening, is caused by the inertial trajectory
of the wind. This allows us to suppose that either the inertiality or the fan shape
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Fig. 3 Ocean response before wind stress a normal to the coast, b fan, c inertial d realistic. The
color bar shows the temperature, the outlines represent sea level and the black arrows the vertically
integrated current. (the domain of the complete model is not shown)

in the realistic wind could be important for the ocean’s response. In this case, the
realistic wind was built with equal contribution of these two features, but apparently,
the shape of the realistic wind is affected more by contribution of the Coriolis force
than the atmospheric pressure gradient.

Finally, with respect to the meridional southern current integrated in the vertical
at 150 km of the coast, it is shown that the wind stress generates a current by dragging
the superficial water mass offshore (Fig. 4). This current produces a vacuum near the
north boundary, which is occupied by the masses of water from both sides of the
wind jet, producing two opposite currents (countercurrent anticyclonic and cyclonic).
It also cooperates with the elevation of the subsurface cold water mass, generating
cooling near the coast. In all four cases studied, the current’s velocity is higher
than the velocity of the countercurrent, and the anticyclonic side countercurrent is
greater than the current on the cyclonic side. The inertial wind contributes more to
the southern velocity (the vertical), than the wind in all others cases.
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Fig. 4 Transect of the southern current integrated in the vertical (va) at 150 km to the coast for each
kind of wind, (the image above shows the location of the transect, which crosses the center of the
cyclonic and anticyclonic vortex)

4 Conclusions

This chapter provides an analysis of the ocean’s response for four different kinds of
offshore normal wind (1. normal, 2. inertial, 3. fan shape and 4. realistic), using a
three-dimensional numerical model.

Model results show, in all cases, an asymmetrical ocean response with respect
to the sides and shape of emergence eddies, with cooling in the sea surface, where
the mass of cold water is stretched with greater intensity by the anticyclonic eddy.
It is also noted that there is higher elevation than sinking at sea level. These results
show that the ocean’s response to normal wind (case 1) is similar to those shown by
McCreary et al. (1989).

The inertial wind in contrast with the cases of normal wind, fan and realistic,
provides greater asymmetry: higher cooling, strong meridional velocity and dis-
placements of the sea level. These physical parameters show a greater change in the
region of anticyclonic eddy than the cyclonic one.
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