JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 106, NO. C9, PAGES 19,611-19,623, SEPTEMBER 15, 2001

A numerical study of the upwelling circulation off
central Chile
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Abstract. We present a modeling study of the upwelling ocean circulation off
central Chile (34°-40°S). Using a primitive equation model, we make a numerical
simulation of the ocean circulation for summer of 1993, a year characterized by
moderate but persistent equatorward winds. The results indicate the formation of
an eastern boundary current system that shows classical Ekman and geostrophic
dynamics. A strong equatorward coastal jet develops during intense upwelling
activity, induced by the prevailing equatorward winds. The spatial and temporal
variability of the upwelling-favorable winds strongly controls the variability in the
oceanic circulation. Upwelling activity in the coastal areas occurs during periods of
growth, peak, and decay. The circulation in the region is divided into two distinct
dynamical areas that extend north and south of a prominent cape (Punta Lavapie),
located in the center of the model domain. During the peak upwelling stage, the
equatorward jet separates from the coast at Punta Lavapie and remains separated
in the northern region. This detachment is followed by the formation of cyclonic

eddies and decreased upwelling during periods of wind relaxation. The northern
area is affected by advection processes and weaker local winds. In contrast, the
equatorward flows in the southern region are persistently attached to the coastline
and are more coherent with the stronger local winds.

1. Introduction

The ocean currents along the central Chilean coast
(34°-40°8, Figure 1) form part of the Peru-Chile Cur-
rent System, whose main features are (1) the surface
Chile Coastal Current (CCC), which is found in the
upper 100 m of the ocean in the limit between the con-
tinental slope and shelf, flows equatorward during the
summer, and reverses during the winter; (2) the (Gun-
ther) Poleward Undercurrent (PUC), which flows be-
low the CCC at depths of 150-400 m [Nunez, 1996] and
has unknown seasonality; and (3) the poleward surface
Peru-Chile Countercurrent (PCCC), which flows 100-
300 km offshore in the upper 100 m between ~6° and
40°S and has maximum velocities in austral spring and
minima in fall [Strub et al., 1995, 1998]. Although the
southward extension of the PCCC current into the Gulf
of Arauco area (37°S) is not certain [Strub et al., 1995;
Nugiez, 1996], we include it for completeness. Figure la
shows a cartoon illustration of the summer circulation
in the region, depicting a limited southward intrusion
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of the PCCC and oceanic and coastal branches of the
CCC current.
The winds along the central Chilean coast are influ-

enced by the seasonal displacement of the Subtropical
Anticyclone of the southeast Pacific (atmospheric high-
pressure system) and the passing of synoptic distur-
bances [Djurdfeldt, 1989; Rutllant, 1993]. During sum-
mer they are predominantly equatorward, inducing in-
tense and persistent upwelling activity from 35° to 38°S,
which is characterized by the offshore extension (up to
150 km) of plumes of cold water. The intensity of the
upwelling fluctuates during episodes of wind relaxation
or strong southward bursts [Caceres and Arcos, 1991).
Estimations of Ekman transport indices indicate that
cold waters are upwelled from 150 to 200 m depth, with
timescales of the order of 2-7 days [4rcos and Navarro,
1986]. Observations show that the alongshore compo-
nent of the currents correlates well with the wind speed,
at a time lag of 18-36 hours, which is comparable to the
20 hour local inertial period [Ahumada, 1989]. During
some years the intensity of the local winds is affected
by a weakening of the atmospheric high-pressure system
(centered around Eastern Island) and by a strenghthen-
ing of a low-pressure cell centered near Australia [Rem-
age, 1986]. These Southern Oscillation events are typ-
ical of the development of El Nifio at midlatitudes off
South America [Rutllant, 1993].

The upwelling regime along the central Chilean coast
was studied by Vergara [1991, 1993], using a two-layer
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Figure 1. (a) Cartoon of observed large-scale coastal currents in the region during austral
summer: the Chile Coastal Current (CCC), the Peru-Chile Countercurrent (PCCC), and the
Poleward Undercurrent (PUC). (b) Bottom topography (in m) of the model domain.

shallow water model. These model experiments found
that the geometry of the coastline (around the Gulf of
Arauco) leads to enhanced upwelling activity. Shaffer et
al. [1995, 1997] found that locally generated upwelling
at 30°S is modulated by distantly forced coastal trapped
waves with periods of ~50 days, originating along the
equator. Clark and Ahmed [1999] modeled the south-
ward propagation of equatorial oscillations with periods
of 1-2 months and speeds of 250 km d~!. Their model
predicted the presence of a coastal subsurface equator-
ward current that is trapped along the upper continen-
tal slope. These predictions are partially in agreement
with current meter observations at 30°S [Shaffer et al.,
1995, 1997]. Other numerical efforts to study the cir-
culation off the Chilean coast have not focused on the
region of our interest [Batteen et al., 1995] or have used
outputs of larger-scale circulation models without ex-
amining the dynamics of coastal upwelling itself [ Nuriez,
1996].

The objective of this study is to investigate the up-
welling regime in the region centered around the Gulf
of Arauco. In particular, we would like to character-
ize (1) the summertime ocean circulation, (2) the ef-
fects of the bottom topography and coastline geometry
on the upwelling regime, and (3) the oceanic variabil-
ity caused by differences between years with weak and
strong atmospheric wind forcing. To address these is-
sues, we conduct a series of numerical experiments us-
ing the Princeton Ocean Model (POM). The model in-
cludes a realistic coastline and bottom topography and

is forced with daily wind stress fields corresponding to
the austral summer of 1993. These stresses are derived
from data sets of the European Centre for Medium-
Range Weather Forecasts. The experiments are initial-
ized with annual climatological temperature and salin-
ity fields [Levitus and Gelfeld, 1992]. Heat and salt
surface fluxes are simulated by restoring the surface
layer to monthly climatological values of temperature
and salinity.

In this article we analyze the results of a benchmark
simulation forced with the 1993 wind fields. This year
of moderate wind intensity is chosen to characterize the
average summertime circulation along the Chilean coast
and to identify effects of the bottom topography and
coastline geometry on the upwelling dynamics. Further
analyses on (1) the flow dynamics for this benchmark
experiment, using its momentum and vorticity balances,
and (2) the effects of interannual changes in wind forc-
ing, using experiments with weaker (1992) and stronger
winds (1994), will be described in a future article.

In section 2 we offer a brief description of the numer-
ical model and surface atmospheric forcing fields. In
section 3 we present the results of our benchmark ex-
periment. In section 4 we summarize and discuss the
results.

2. Model and Experiments

POM is a three-dimensional, nonlinear primitive equa-
tion coastal ocean circulation model. It includes a
free surface and uses a ¢ coordinate transformation
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Figure 2. (a) Horizontal model grid (shaded crosses). Dark lines correspond to sections used
for the analysis of the model outputs. (b) Vertical model grid (shaded crosses) at cross- section
S36. Note the change in scale at -1750 m. Solid dots indicate the depth (in m) of the o levels
K=1,5,9, and 13 used during the analyses of the model outputs.

that scales the size of each vertical level to the wa-
ter depth. The coefficients of horizontal mixing are
calculated using Smagorinski’s formulation [Smagorin-
ski, 1963], while the coefficients of vertical mixing fol-
low a second-order turbulence closure scheme [Mellor
and Yamada, 1982]. POM uses a split mode time step
that solves the vertically integrated equations (external
mode) separately from the equations for deviations from
the external mode at each of the model levels (internal
mode). A detailed description of the model is given by
Blumberg and Mellor [1987).

Figure 1b shows the domain of our experiment. The
bottom topography was smoothed to comply with the
constraints introduced by the use of the o coordinates
[Mellor et al., 1994]. The two main topographical fea-
tures in the region are (1) the Gulf of Arauco and the

Punta Lavapie cape, which mark an inflexion of the
coastline, and (2) the Peru-Chile Trench, which rapidly
deepens as the continental slope drops from 500 to
~5500 m depth. The trench is deeper in the north.
The model was initialized with climatological tempera-
ture and salinity values [Levitus and Gelfeld, 1992]. The
horizontal resolution ranges from 3.5 km near the coast
to 13 km farther offshore (Figure 2a), while the vertical
axis is discretized in 15 & levels with higher resolution

in the upper ocean (Figure 2b). Tests with 30 o lev-
els produced small differences and greatly increased run
time.

2.1. Boundary Conditions

The northern, southern, and western borders of our
model region are open. At those boundaries we imple-
ment different open boundary conditions (OBC) for the
external and internal modes. For the external mode,
the northern and southern boundary conditions are a
combination of radiation and continuity conditions plus
a “local solution approach.” The sea surface height
is updated with a gravity wave radiation condition,
while the barotropic normal velocities are calculated as
U=U,++/g/H(n—mn,). U, and 7, are prescribed val-
ues determined by solving a linearized set of the model
equations that do not include normal derivatives and
do not need an OBC. A detailed account of the OBC
conditions for the external mode is given by Palma and
Matano [1998].

For the internal mode, baroclinic normal velocity,
temperature, and salinity variables at the northern and
southern boundaries are specified using a combination
of advection plus Orlanski’s radiation conditions: ¢ +
(C + u)¢, = 0, where ¢ represents any of the inter-
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Figure 3. Evolution of area-averaged wind stress components and wind stress curl fields during
the benchmark experiment (summer of 1993). Positive values indicate winds toward the north

and east and anticyclonic curl.

nal variables, C is the phase speed of the propagating
waves, and u is the internal normal velocity. Tangen-
tial barotropic and baroclinic velocities are determined
using a zero gradient condition.

At the western border, all the external and inter-
nal fields are clamped in combination with a relaxation
scheme that ensures a continuous change toward the
interior domain. The “clamping” of western variables
is supported by the fact that the transport of physi-
cal properties into the region from the west is negligi-
ble compared with those at the northern and southern
boundaries. The combined OBC conditions for the ex-
ternal and internal fields have been succesfully used in
a variety of idealized and realistic tests, including the
domain of the central part of the Chilean coast [Matano
et al., 1998].
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Figure 4. Mean wind stress field of the benchmark
experiment.

2.2. Surface Forcing

The model is forced with wind stress fields corre-
sponding to the summer of 1993. These stresses are
derived from twice-daily wind speeds calculated at the
European Centre for Medium-Range Weather Forecasts
(ECMWF) on a global 2.5°x2.5° grid [Lonnberg et
al., 1989]. The eastward (7,) and northward (r,) wind
stress components are calculated using a bulk aerody-
namic formula with drag coefficients estimated accord-
ing to Trenberth et al. [1989]. The computed daily wind
stress fields are then interpolated onto the horizontal
model grid and linearly interpolated at each external
time step during the numerical experiments.

The surface heat and salt fluxes are simulated by a re-
laxation of the temperature and salinity values to their
monthly climatology [Levitus and Gelfeld, 1992], using
the formula Tn*! = T™ — (6t/a)(T™ — T™.). Here
T'" represents the model surface temperature or salinity
variable at time n, 7™, is the corresponding temporally
interpolated Levitus variable at time n, 6t is the time
interval, and « is the restoring timescale, which is 30
days.

3. Benchmark Experiment

The experiment is started from rest on January 1
of 1993 and run for a period of 100 days. To avoid
the forcing of inertial oscillations, we ramp the winds
during a 20 hour local inertial period. The time steps
used in our experiment are of 6.4 and 192.5 s for the
external and internal modes, calculated accordingly to
the Courant-Friedrichs-Levy (CFL) stability conditions.

In Figures 3 and 4 we show the temporal evolution
and the spatial pattern of the summertime mean wind
stress forcing. Intense events of equatorward (positive)
winds, with cyclonic (negative) curl, dominate the sum-
mer period, reaching a maximum during February when
the Subtropical Anticyclone is at its southernmost lo-
cation. The periods of these events range from 3 to
15 days, alternating with short episodes (1-4 days) of
weakened or reversed (southward) winds that become
more frequent as the autumn season approaches.
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Figure 5. Volume-averaged barotropic kinetic energy (BKE) for the benchmark experiment.

Although the stress field shown in Figure 4 is mostly
dominated by an equatorward wind component, there
are marked regional differences in wind strength. Over
the coastal areas, for example, the winds are weaker
than over the offshore regions. South of Punta Lava-
pie the coastal winds are stronger and fluctuate (in
time) more than in the northern coastal areas (not
shown). In the north the coastal equatorward winds

are not as strong but tend to persist during the entire
summer. The corresponding summertime wind stress
curl map (not shown) indicates that negative (cyclonic)
wind stress curl dominates over the entire area, being
particularly strong near Punta Lavapie.

To illustrate the oceanic adjustment to the atmo-
spheric forcing, Figure 5 shows the temporal evolution
of the domain-averaged barotropic kinetic energy. Dur-
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Figure 6. Maps of time-averaged (last 50 simulation days) model fields from the benchmark
experiment. Depicted fields are (a) surface velocity, (b) velocity at 350 m depth, (c) depth-
averaged velocity, (d) surface temperature, (e) surface salinity, and (f) surface height. Darker
shading corresponds to water that is colder, saltier, and lower in height.
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Figure 7. Zonal sections at (top) 36°S and (bottom) 38°S of time-averaged (last 50 simulation
days) model fields from the benchmark experiment. From left to right are depicted fields of cross-
shore velocity V;, alongshore velocity V,, temperature T', and salinity S. The contour intervals
for V, and V, are 0.05 m s~!. Dark shading indicates westward velocities, southward velocities,
and northward velocities <0.2 m s~!, colder water, and saltier water, respectively.

ing the first 15 days of the spin up process the kinetic
energy increases steadily, as the flow adjusts its density
structure to the wind stress forcing and bottom topog-
raphy. After day 25, the model fields are largely affected
by energy inputs from the wind stress and heat /salt sur-
face fluxes. The largest energy inputs occur during pe-
riods of intense equatorward wind events, which reach
their peak by day 50. After that, the kinetic energy
remains relatively constant.

3.1. Mean Fields

The climatological averages of the model variables are
presented in Figures 6 and 7. These averages are calcu-
lated over the last 50 simulation days. The circulation
shows a system of currents that is qualitatively similar
to the cartoon in Figure 1a. The model ocean currents
consist of (1) a strong surface coastal jet (Figure 6a),
identifiable with the known CCC current, flowing above
100 m over the continental shelf and slope (Figures 7b

and 7f), which lie north and south of the Gulf of Arauco
and Concepcion Bay areas; (2) a weak poleward subsur-
face current (Figures 7b and 7d), identifiable with the
known PUC countercurrent, flowing over the shelf and
upper slope and below the CCC at depths of 200-500
m; (3) an offshore surface equatorward current (Fig-
ures 6a and 6b, west of ~75°W), identifiable as the
oceanic branch of the CCC, with a deep and broad core
at 300-600 m depth (Figures 7b and 7f) which is sep-
arated from the coastal branch by a narrow region of
weak surface flows located along the axis of the Peru-
Chile trench; (4) a strong subsurface equatorward cur-
rent, similar to previously observed flows, whose core is
located over the upper slope at ~1000 m depth (Fig-
ures 7b and 7f) and dominates the depth-integrated
currents (Figure 6c, along the 74°-73°W meridians) and
which has been called the Subsurface Chile Coastal Cur-
rent (SCCC); (5) a deep and strong poleward current
(bottom insert of Figures 7b and 7f), not previously
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Figure 8. Snapshots every 20 days of surface density o; and surface velocity (U, V) fields of
the benchmark experiment. Offshore distances of thickened isopycnals 25.2 and 25.4 kg m~3 are
dynamically related to the coastal jet. Dark shading indicates denser water.

named, flowing on the inshore side of the PCT trench,
below the region of weak surface flows, which is referred
to as the Deep Poleward Current (DPC).

The area separating the oceanic and coastal branches
of the surface CCC current roughly corresponds to the
location of the PCCC countercurrent [Strub et al., 1995,
1998; Nusiez, 1996], which is not observed here. How-
ever, this region of weak surface flows (seemingly in-
duced by the presence of the deep Peru-Chile Trench)
could eventually facilitate the southward intrusion of
the PCCC countercurrent that forms farther north.
The SCCC current is similar to that predicted by Clark
and Ahmed [1999], and its existence has been partially
confirmed by current meter observations made at 30°S
by Shaffer et al. [1995, 1997], although with lower
strengths. Our predicted DPC current has been ob-
served by Shaffer et al. [1995], but they suggested
that it extends downward only to 3400 m deep, flow-
ing over an abyssal equatorward current originating
through deep internal mixing activity. In contrast, the

model DPC countercurrent here extends well inside the
Peru-Chile Trench. There are no observations to check
the existence of the SCCC and DPC currents in the
Gulf of Arauco region. However, the apparent realism
of the upper circulation suggests that they are plausible
components of the deep ocean circulation in the area.
The mean surface fields in Figures 6d-6f show the
persistence of cold and salty waters along the coast and
a steep downward tilting of the ocean surface toward
the coast in response to the formation of a geostrophic
coastal equatorward (CCC) jet (Figures 7b and 7f).
The coastal upwelling activity is forced by the offshore
Ekman transport (see Figures 7a and 7f) generated by
the prevailing equatorward winds; it is also enhanced
in its offshore extension by the dominant cyclonic wind
stress curl via “Ekman pumping” [Enriquez and Friehe,
1995]. The vertical sections of temperature and salin-
ity in Figures 7c, 7d, 7g and 7h indicate that these
denser waters upwell onto the continental shelf from
~200 to 500 m depths. In the coastal areas the up-
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Figure 9. Zonal sections of alongshore velocity (in m s=') at latitudes 36° and 38°S for days 30,
50, and 70 of the benchmark experiment. The contour interval is 0.05 m s~!, and darker shading

denotes poleward alongshore flows.

welling of colder waters causes the ocean to gain much
more heat than it would without upwelling (through
latent, sensible, and infrared heat fluxes). The inclu-
sion of heat/salt fluxes (simulated with the Newtonian
restoring) decreases the offshore extent of lower sea sur-
face temperature (SST) values and makes the ocean
more stratified than if heating were not included.

3.2. Upwelling

In this section we analyze the temporal and spatial
variability of the upwelling activity that results from
the evolving wind stress forcing. To illustrate the time
evolution of the upwelling regime we selected snapshots
of days that characterize the periods of growth (day 30),
peak (day 50), and decay (day 70). The snapshots are
complemented by spectral analysis of local time series
at different locations.

3.2.1. Growth. The midpoint of the growth stage
is reached after two episodes of moderate equatorward

winds occurred centered at days 15 and 25 (Figure 3).
This stage lasts until approximately day 35 when the
upwelling-favorable winds strongly increase (Figure 3).
Figure 8a shows the development of an upwelling front
whose offshore extension varies along the coast, as in-
dicated by the location of the 25.2 and 25.4 kg m—3
isopycnals. These isopycnals coincide with the 14° and
13°C isotherms.

South of Punta Lavapie the surface velocity field cor-
responding to day 30 shows a coastal jet that reaches a
maximum speed of ~0.2 m s~! and closely follows the
coastline geometry with small-scale meanderings (Fig-
ure 8d). Below this surface coastal jet, which extends
downward up to 100 m (Figure 9d), there is a poleward
countercurrent with speeds <0.05 m s~!. Immediately
after passing Punta Lavapie, the equatorward coastal
jet forms a cyclonic eddy in the Gulf of Arauco of ~30
km diameter, approximately the crosshore width of the

gulf (Figure 8d).
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Figure 10. Snapshots at days 85 and 95 of surface density o; and surface velocity (U, V) fields

of the benchmark experiment.

In the northern areas the surface coastal jet reaches a
maximum speed of ~0.3 m s™! (Figure 9a), larger than
in the southern areas, flowing over a weaker poleward
countercurrent. On the offshore side of the continental
shelf the coastal equatorward jet decreases in intensity
over the slope, especially in the northernmost region
where the Peru-Chile Trench significantly and rapidly
deepens by 1000 m.

3.2.2. Peak. The upwelling activity reaches its
peak at approximately day 50, which corresponds to
the end of the longest and strongest episode of equa-
torward winds (Figure 3a). The location of the 25.2
kg m~? isopycnal in Figure 8b shows the displacement
of the front to ~50 km at Punta Lavapie and over
~100 km offshore north of 36°S. Owing to the influ-
ence of the coastline [ Vergara, 1993] and the strong local
alongshore winds (see Figure 4) the front becomes par-
ticularly strong south of Punta Lavapie, where deeper
waters are carried upward. In this region the surface
coastal jet (Figures 8¢ and 9e) is very strong (up to
~0.4 m s~!) and broad (reaching ~50-80 km width),
closely following the coastline as it moves northward
until Punta Lavapie, where it separates from the coast.

In the region around 38°S (Figure 9¢) the poleward sub-
surface countercurrent is relatively weak (<0.05 m s™!)
and separates into an upper part that flows over the 250
m isobath and a deeper part flowing between the 600
and 1000 m isobaths over the slope.

North of Punta Lavapie the frontal zone is more dif-
fuse until the jet passes Concepcion Bay and returns to
the coast approximately at 36°S (Figures 8b and 8e).
North of Concepcion Bay the equatorward coastal jet
(Figure 9b) reaches a maximum speed of ~0.5 m s~
and extends downward to ~200 m. Flowing below
and onshore of the jet, the poleward countercurrent is
stronger with a maximum speed of ~0.05 m s~! and
extends over most of the continental shelf and upper
slope.

3.2.3. Decay. The transition to downwelling con-
ditions is favored by the relaxation of the equatorward
winds and the passage of weak or moderate cyclonic
atmospheric disturbances of ~4 day periods. At day
70, Figure 8c shows a decrease of the upwelling activity
characterized by movement of the 25.4 kg m~3 isopycnal
toward the coast in the southern region and by an on-
shore and southward intrusion of lighter water over the
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Figure 11. Coherence between series of alongshore
components of local wind stress and surface velocity
fields. Ocean fields are from “coastal” locations, and
calculations were made with six degrees of freedom.

inshore northern region (along ~73°W between 37° and
35.5°8). This southward intrusion signals the presence
of a cyclonic eddy that initially forms inside the Gulf
of Arauco (37°S) and extends north to latitude 35.5°S
(Figure 8f). During the formation of the cyclonic eddy
its northern edge moves northward at a rate of ~10 km
d~!. North of 35.5°S the eddy growth is arrested by
persistently equatorward winds. By day 70, Figures 8f
and 9c show the development of a narrow equator-
ward surface current between the coastline and the cy-
clonic eddy, whose poleward branch extends downward
over the entire continental shelf. The narrow equator-
ward current forms from a retroflection of the poleward
flow of the cyclonic eddy after encountering the Gulf of
Arauco (Figure 8f), a process favored by the westward
displacement of the eddy itself and a period of moderate
equatorward wind that occurs between days 55 and 65.
Inside the Gulf of Arauco and Concepcion Bay the cur-
rent retroflection appears as anticyclonic eddies filling
the Gulf and the Bay.

The eddy activity in the northern coastal region gen-
erates a complex system of alternating equatorward and
poleward currents that extend from surface to bottom
(Figure 9c). These currents strongly interact, as they
are affected by alternating equatorward and poleward
winds. The zonal sections in Figure 9 shows that the
alongshore currents at day 70 are more intense than
those at day 50, a difference that extends all along the
coast and can also be observed in the plots of surface
currents shown in Figure 8. The progressive intensifi-
cation of the ocean currents is a result of the overall
dominance of the equatorward winds during the entire
summertime period (Figure 3a).

At day 70 the zonal sections of alongshore flow in
Figure 9 also show a subsurface equatorward current
with its core centered at ~1000 m depth and over the
slope. This fluctuating subsurface current is trapped
along the upper continental slope during the entire sim-
ulation, similar to that predieted in the study by Clark
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and Ahmed [1999] at 35°S (see their Figure 14). At
day 70 the trapped current reaches a maximum speed
of 0.35 m s~!, much more intense than their predicted
0.15 m s~! amplitude. Unlike the predictions of Clark
and Ahmed, the vertical structure of the alongshore cur-
rents in Figure 9 shows a persistent intensification of the
alongshore component over the upper continental shelf,
with a tendency to extend upward and connect with the
surface equatorward jet, all along the coast.

After day 70, the mesoscale cyclonic eddy slowly
starts to weaken in strength and extension. By day
85 it almost dissappears from the northern region (Fig-
ures 10a and 10c). There is also a weak northward
current that strictly follows the coastline, driven by the
wind. This partition of the equatorward jet seems to
lasts until day 95 (Figures 10b and 10d), when the eddy
dissapears and the jet returns to its initial nearshore po-
sition. The upwelling activity in the north is stronger
than in the south, owing to the fact that there are in-
creasingly strong wind reversals in the south. South of
Punta Lavapie the coastal jet gets closer to the coast,
and the alongshore current develops subsurface anticy-
clonic eddies on its offshore side (not shown). These
eddies interact with the surface flows, as indicated by
intense horizontal density gradients and strong vertical
shear of the flows (not shown). Sporadically, anticy-
clonic eddies are also formed in the offshore side of the
jet at the northern regions, along and over the deeper
part of the continental slope and over the Peru-Chile
Trench.

3.2.4. Cobherence Between Winds and Cur-
rents. The previous analyses indicate the existence of
two distinct dynamical regions, located south and north
of Punta Lavapie. To further investigate the mechanism
responsible for the differences between those regions, we
computed the spectral coherences of time series of “lo-
cal” winds and alongshore currents. These time series
are obtained by averaging the fields over small regions
of 50 kmx50 km. In these analyses we discriminate
among “coastal,” “slope,” and “trench” regions north
and south of Punta Lavapie (thick solid lines in Fig-
ure 2). Figure 11 shows that south of Punta Lavapie
(at 38°S), alongshore currents and local winds are co-
herent at the 90% level at periods of ~4 and 9 days.
In contrast, there is only weak coherence (<70%) be-
tween local winds and coastal currents in the north-
ern region (at 36°S), indicating that this area is more

strongly affected by signals of remote origin. Spectral
calculations for slope locations, however, indicate that
in the offshore regions the currents and winds are highly
coherent, independent of the latitude.

To illustrate the regional differences in the strength
of the upwelling activity and its dependence on the lo-
cal winds, Figure 12 shows the time evolution of lo-
cal alongshore winds and “middepths” vertical veloc-
ities from coastal locations at latitudes 36° and 38°S,
smoothed with a second-order low-pass filter (half power
cutoff for periods <10 days). The vertical velocities are
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Figure 12. Evolution of local wind stress and “middepths” vertical velocity fields, averaged over
regions of 50 km x 50 km centered at coastal locations from latitudes: (a) 36°S and (b) 38°S.
The time series have been smoothed with a second-order low-pass filter with a cutoff frequency

of 0.1 cpd.

averaged over depths selected to represent the upwelling
of subsurface waters. Figure 12 shows that the southern
coastal winds and vertical currents (upwelling activity)
are stronger and show a general similarity in changes
in strength at low frequencies. This is less apparent in
the northern locations. Typical “maximum” values of
vertical velocity in the southern and northern regions
are of ~15 and ~6 m d~', respectively.

3.2.5. Regional Variability and Wind Forcing.
A large part of the variability of the modeled circula-
tion is induced by spatial changes of the wind stress
forcing. The southern region is dominated by stronger
winds than in the north (Figure 12). To clarify the role
played by the variable wind forcing in establishing the

Latitude (° S)

regional variability of the ocean fields, we conducted
an aditional experiment forced with a uniform and con-
stant wind. The comparison with the the benchmark
case is illustrated in Figure 13, where we show surface
density maps corresponding to day 100 for both exper-
iments (at this day the observed density differences are
the largest, but they are qualitatively valid at any pe-
riod of the experiments).

The surface density map corresponding to the bench-
mark case (Figure 13a) shows that the upwelling activ-
ity at day 100 has recovered to similar levels of intensity
from day 50 (Figure 8b), with dense surface waters ex-
tending farther offshore in the north than in the south.
This occurs after a strong increase of the upwelling-

Longitude (* W)
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Waest-East (km)

Figure 13. Maps of surface density o, at day 100 for experiments (a) benchmark and (b)
constant wind=0.1 (Pa). Contour interval is 0.2 kg m~2.
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favorable winds (between days 90 and 100). The den-
sity map corresponding to a uniform and constant wind
(Figure 13b) shows an intensified upwelling activity that
reaches farther offshore. In contrast with Figure 13a,
the differences between northern and southern coastal
density fields are very small, showing the cross-shore
variability of the density field as almost uniform along
the coast. The barotropic kinetic energy and wind en-
ergy inputs of this experiment (not shown) almost dou-
ble that of the benchmark simulation.

The role of the spatial and temporal variability of the
wind forcing is further clarified by comparisons with a
numerical simulation made with spatially uniform but
time-varying winds. The comparison with the bench-
mark experiment shows that in the southern regions the
model ocean fields caused by spatially uniform, tempo-
rally varying winds have characteristics similar to the
benchmark. In the northern region, however, the eddy
activity during the experiment with spatially uniform
winds is significantly weaker (not shown). These re-
sults indicate that the regional differences and synoptic
fluctuations in the ocean circulation are due to both
the spatial and temporal variability of the local wind
forcings.

4. Summary and Conclusions

We have presented a numerical study of the upwelling
circulation along the central region of the Chilean coast
(approximately between 35° and 39°S). The experiment
was forced with ECMWF-derived wind stress fields cor-
responding to the summer of 1993 and heat and salt sur-
face inputs fluxes using a Newtonian damping scheme.
Our benchmark results show the formation of an east-
ern boundary current system that consists of (1) a
strong surface equatorward jet (CCC), with oceanic
and coastal branches; (2) a weak poleward undercurrent
(PUC), below the coastal CCC branch; (3) a strong sub-
surface equatorward current (SCCC), centered at 1000
m depths over the upper slope; and (4) a deep pole-
ward current (DPC), flowing over the inshore side of
the PCT trench. The SCCC and DPC currents are
similar to those predicted by Clark and Ahmed [1999]
and observed by Shaffer et al. [1995, 1997], but their
existences have not been observationally confirmed for
the Gulf of Arauco area. The predicted current system
is the result of a wind forcing field that is mostly equa-
torward and has a dominant cyclonic curl. This wind
forcing shows a summer pattern similar to that found
by Bekun and Nelson [1991], which is determined by
changes in the atmospheric Subtropical Anticyclone of
the South Pacific.

The coastal areas show strong upwelling activity, in-
duced by offshore Ekman transport, with periods of
growth, peak, and decay. These upwelling stages are
directly associated with events of intensification or re-
laxation of the equatorward winds. The changes in the
winds and coastline geometry divides the ocean circula-
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tion into two distinct dynamical areas that extend north
and south of the Punta Lavapie cape, located in the cen-
ter of the model domain. North of Punta Lavapie the
equatorward current separates from the coastline dur-
ing periods of intensification of the upwelling-favorable
winds. During periods of wind relaxation, cyclonic ed-

dies form due to advection from the north. The forma-
tion of cyclonic eddies in the northern areas is a recur-
rent feature that generates strong cross-shelf transport.
The topographic mechanism of jet separation is similar
to that observed by Barth et al. [2000] in the vicinity of
Cape Blanco, Oregon. Spectral calculations and sensi-
tivity experiments show that the northern coastal areas
are affected more by remote forcing events and less by
relatively weaker local winds. In the southern areas,
in contrast, the equatorward flows remain persistently
attached to the coastline and are highly coherent with
relatively stronger local winds.

The analysis of the model fields above indicate that
the adjustment by the sea level and currents show a
classical Ekman-geostrophic dynamics. At the surface
the balance is primarily Ekman dynamics, as the coastal
sea level drops due to wind stress and Coriolis forcings.
The drop in the coastal sea level results in an across-
shelf pressure gradient and an alongshore equatorward
coastal jet, as the dynamics of the flows tend to be dom-
inated by geostrophy (with the currents following con-
tours of f/D). Further analysis of the flow adjustment
dynamics will be presented in a future article.
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