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Abstract: The Eastern Tropical and Subtropical Pacific, particularly the coastal region of the western South America, is
affected by the El Niño Southern Oscillation (ENSO) event. In this work ERS-1 and ERS-2 scatterometer data of wind
stress climatology are used to study Ekman pumping/suction and transport in the coastal ocean at 15°S off San Juan, Peru.
The Princeton Ocean Model (POM) was run to study oceanic circulation and Ekman dynamics along the Peruvian coast
when La Niña (1996-1997) and El Niño (1997-1998) events occur. The model is forced by the wind stress and I use the
temperature and salinity are taken from levitus climatology The analysis confirm that when strong El Niño events occur,
the meridional wind stress has a dominant role in the intensity of coastal upwelling, the speed of Ekman pumping was
nearly six (6) times larger than the normal speed of Ekman suction and offshore Ekman transport nearly doubled.
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INTRODUCTION
In the coastal region of the western South America, the
trade winds blow predominantly parallel to the coast making
the upwelling system highly sensitive to variability in the
intensity of the wind stress. The rise of coastal sea
temperatures due to the weakening of coastal upwelling
causes the reduction of important fish stocks and other
coastal resources of economic significance, especially the
sardine and anchovy populations.
The Ekman (or wind drift) layer was less than 25 m thick
and in a direction nearly opposite to the flow beneath. Most
of the biological productivity occurred within the wind-drift
layer and hence tended to move upstream above the
upwelling source water, possibly providing a mechanism for
seeding and conditioning the upwelling water [1-2].
In the Table 3, I show the comparison between the
intensity of Ekman pumping/suction, period 1997-1998, we
observed that speed of Ekman pumping was nearly six (6)
times larger than the normal speed of Ekman suction and
offshore Ekman transport nearly doubled at 15°S and speed
of Ekman pumping.
The coastal upwelling is especially prominent along the
Peruvian coast (5°S to 18°S), where alongshore winds are
permanent, with a maximum in winter. Sea Surface
Temperature (SST) signal of the upwelling is ambiguous at
those latitudes: it is characterized by a negative zonal
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gradient (lowest SST at the coast). The coastal winds are
weak in summer but the SST gradient is great and the
biological productivity is strong [4].
The most consistent and strong upwelling center on the
Peruvian coast occurs near San Juan at 15°S where
alongshore wind stress, which is representative of onshoreoffshore Ekman transport and Ekman pumping during La
Niña event (1996-1997) and the El Niño event (1997-1998).
In the south east Pacific, pumping effect has been locally
investigated by Halpern [5]. He suggests that the strong
negative Ekman pumping may be the source for the
thermocline deepening at 15°S. It has been designed to
represent the ocean physics as realistically as possible
depending on basin size and grid resolution [3].
The study aims to analyze the variability of marine
current in the sea of Peru using data of temperature, salinity,
wind stress with a grid resolution 2. The results are obtained
from the regional numerical model.
METHODOLOGY
I define the curvilinear grids [13], the grid boundary and
the bathymetry (Earth Topography at 2’ Resolution
ETOPO2) on the finished grid. I have compiled climatologic
data of wind stress [6], data of temperature and salinity
climatology [8] with spatial resolution of 1° and interpolated
for 2’.
The principal attributes of the model are as follows [9]:
-

The Model POM is a three-dimensional baroclinic
nonlinear.

-

It contains an imbedded second moment turbulence
closure sub-model to provide vertical mixing
coefficients.
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-

It is a sigma coordinate model in which the vertical
coordinate is scaled on the water column depth.

-

The horizontal grid uses curvilinear orthogonal
coordinates and an "Arakawa C" differencing scheme.

-

The horizontal time differencing is explicit whereas the
vertical differencing is implicit. The latter eliminates time
constraints for the vertical coordinate and permits the use
of fine vertical resolution in the surface and bottom
boundary layers.

-

The model has a free surface and a split time step. The
external mode portion of the model is two-dimensional
and uses a short time step based on the CourantFriedrichs-Lewy (CFL) condition and the external wave
speed. The internal mode is three-dimensional and uses a
long time step based on the CFL condition and the
internal wave speed.

-

A orthogonal curvilinear grid from 5°N to 45°S Latitude
and from 125°W to 65°W longitude. The finites
difference grid, consists of two open borders (north and
west) and two closed (south and east). The data of
temperature, salinity and winds were interpolated each 2
of resolution in each point.

The prognostic variables are the three components of the
velocity field, temperature, salinity, and two quantities which
characterize the turbulence kinetic energy and the turbulence
macro-scale. The governing equations together with their
boundary conditions are solved by finite difference
techniques, a horizontally and vertically staggered lattice of
grid points is used for the computations. An implicit
numerical scheme in the vertical direction and a mode
splitting technique in time have been adopted for
computational efficiency. I compute the Ekman pumping
using the equation (1) [5]:
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WEK=

  τ βτ x
+ 2
ρf
ρf

(1)

where τ and τx are surface wind stress and its east-west
component, respectively, and β is the latitudinal variation of
the Coriolis parameter. I realize a preliminary experiment for
to tune the model, and based on these results, I analyzed the
variability of coastal upwelling, ocean circulation and
Ekman dynamics along the Peruvian coast.
RESULTS
Near to the eastern coastline in the trade wind region, the
wind stress is equator ward along the coast; the Ekman
transport (ET) is pointed offshore at the western edge but
zero at the Peruvian coast. Figs. (1 and 2) shows the sea
surface velocity field and upward vertical velocity in the
month of January during 1997 and 1998 at 15°S (Figs. 1, 2).
The coastal upwelling at 15°S was sustained throughout
January 1997 by alongshore wind stress and Ekman suction
because only the cross-shore component of the wind stress
was reduced.
In January of 1997 (La Niña event) at 15°S, showed the
next conditions: high velocity of sea surface 4 x 10 -2 m/s,
low surface temperature (18,0°C to 20,0°C), strong wind and
intense coastal upwelling.
We also have the following environmental conditions
(Table 1 and Fig. 1), the upward vertical velocity from 0 to
500 m depth with low vertical was 0,0001 m/s and vertical
temperature 14,5°C to 19,0°C.
During January 1998 at 15°S, the wind was consistently
from the southeast and parallel to the coast, with a mean
speed of about 4,1 m/s. At 15°S (Table 1 and Fig. 2) the

Fig. (1). Upward vertical velocity (m/s × 10-2) 0-500 m depth at 15°S January 1997.

Calibration of Princeton Ocean Model During 1991-2000

Table 1.
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El Niño (January, 1998) and La Niña (January, 1997) events.
Mês

Ano

Depth (m)

Temperature (°C)

Horizontal Velocity (m/s)

January

1997

125

19,0

0,04

425

14,5

0,02

90

19,5

0,09

425

14,5

0,04

January

1998

Fig. (2). Upward vertical velocity (m/s × 10-2) 0-500 m depth at 15°S January 1998.

upward vertical velocity from 0 to 500 m depth was 0,0006
m/s and vertical temperature 14,5°C to 19,5°C.
DISCUSSION
The magnitude of offshore Ekman transport component
(x 10-6 m2/s) is considered to be and index of the amount of
water upwelled from the base of the Ekman layer (Fig. 4). In
general, positive values are the result of equatorward wind
stress. Negative values imply downwelling, the onshore
advection of surface waters accompanied by a downward
displacement of water [10].
The latter process may be an equally important
contributor to surface Ekman divergence and upwelling [2].
The upwelling index provides an estimate of the offshore
Ekman transport is computed from the large scale barometric
pressure distributions (Fig. 3 and Table 2).
The sign of the offshore component of the Ekman
transport, is then reversed to reflect that negative (offshore)
Ekman transport leads to positive (upwelling) vertical
transport, and positive (onshore)

Table 2.

Years El Niño and La Niña events.
ANOS

EVENTO

1982-83

El Niño

1986-87

Moderate El Niño

1988-89

Strong La Niña

1991-92

El Niño

1994-95

Moderate El Niño

1997-98

El Niño

1998-99

Moderate El Niño

1999-00

Moderate El Niño

2002-03

Moderate El Niño

35

36

The Open Oceanography Journal, 2015, Volume 8

Enrique H. Aguirre

Fig. (3). Mean Sea Level Pres. (mb) 1981-2005 [7].

Fig. (4). Offshore Ekman transport (metric-tons/sec/100-m coast) 1981-2005.

Ekman transport leads to negative (downwelling) vertical
transport (see Fig. (4) and Table 2)[1].
Upwelling is due to the combined effect of two
processes: coastal upwelling and Ekman pumping or the
spatial variation in the wind at 15°S. I show the variation of
intensity of wind stress curl (Fig. 5) and upward vertical
velocity (Fig. 6) during El Niño and La Niña events (Table
2), from 1981 to 2005 [6-8].

One concludes that the wind-drift layer is apparently less
than 25 meters deep. Below it the mean currents, and also the
occurrence of the events, are essentially independent of
depth and hence quasi-barotropic [11].
Reviewed observations [12] from coastal upwelling
studies off Oregon, Peru, and northwest Africa. In all three
regions, he found that the offshore, surface layer flow
correlated well with the across-shore Ekman transport, he
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Fig. (5). Wind stress curl (dynes/cm2/cm) 1981-2005 [7].

Fig. (6). Upward Vertical Velocity (mm/day), 1981-2005 [7].
Table 3.

Comparison between Ekman transport and Ekman pumping at 15°S for January 1997 and January 1998.
January Event 1997/1998

Pumping Ekman m/s × 10-6 15°S

ET m2/s × 10-6 15°S

La Niña

-35

1,273

El Niño

-220

2,719

concluded that mass balance was influenced by along shelf
bathymetric variations.
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