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The summer upwelling circulation off Central Chile between 34°-40°S is stud-

ied using the Princeton Ocean Circulation numerical model, implemented with re-

alistic atmospheric forcings and bottom topography. The simulations are made for

summers of years 1992, 1993, and 1994. Sea surface temperature (SST) from the

model results and satellite sensors (derived from NASA/NOAA Pathfinder Project

datasets) are compared to determine regions where the numerical simulations more

realistically represent the oceanic fields. The summer local winds are predominantly

equatorward and fluctuate affected by the seasonal displacement of the Subtropical

Anticyclone of the Southeast Pacific.

The model ocean circulation shows the presence of a surface coastal equa-

torward jet flowing over a poleward undercurrent that spreads over the continen-

tal shelf and slope break. These currents resemble those historically observed off

Central Chile, following a classical Ekman-geostrophy dynamics. The oceanic vari-

ability is strongly related to the variability of the local wind forcing, botttom re-

lief, and coastline geometry. Strong wind fluctuations induce the formation of cy-

clonic/anticyclonic mesoscale eddies, favored by the separation of the equatorward
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jet from the coast, downstream of a prominent mid-domain cape. The flow variabil-

ity between regions depends on the spatial variability of the wind forcing. The wind

relaxation is larger in the southern regions, where the upwelling tends to dissappear.

In the northern areas, the separation of the jet and the formation of eddies induce

a strong cross-shelf transport activity.

Comparisons among SST fields for all years indicate that the model and

satellite fields vary in similar patterns, especially in the northern coastal areas, and

suggest that oceanic fields are largely affected by changes in local winds during El

Niflo events. During El Niño periods, the upwelling activity weakens due to a rapid

decreases of the equatorward winds, and the passage of atmospheric storms that

favours water downwelling and eddy formation processes.
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A Numerical Study of the Upwelling Circulation
off Central Chile

1. General Introduction

This is a study of the upwelling circulation off Central Chile, in the vicinity

of the Gulf of Arauco area, between 34°-40°S. The ocean currents in the region

are part of the Peru-Chile Current system. The Central Chile region is one of the

largest wind-driven upwelling areas of the Chilean coast (Strub et al., 1998). In

this region, the strong coastal upwelling activity has been associated with intense

biological productivity. Regional fish landings are approximately one third of the

15% Chilean contribution to the world records. Studies of the oceanic circulation off

western South America have contributed to better understanding of the upwelling

dynamics in eastern boundary current systems. Recent studies of wave propagation

along the South American western coast have shown that coastally trapped waves

of equatorial origin and with periods of 50 days (Shaffer et al., 1995 and 1997)

propagate southward, along the South American coast. These coastal trapped waves

could reach up to 400S, our area of interest, and are strongly related to El Niño-

Southern Oscillation (ENSO) interannual variability (Shaffer et al., 1997). Their

impact on the upwelling dynamics in the region, however, is completely unknown.

Furthermore, the area has been historically under-sampled and long time series of

observations are not available to analyze the long-term oceanic variability with a

good degree of certainty (Strub et al., 1998).

Satellite images of sea surface temperature (SST) of the Central Chilean

coast show high levels of upwelling activity. As an illustration, Figure 1.1 shows two



images of SST corresponding to the upwelling season (summer) of 1993. Overlaid

on these images are contours of sea surface heights (SSH) obtained from satellite

altimeter data sets. The combined SST and SSH fields in Figure 1.1 clearly show

the variability of the upwelling activity (the offshore extension of cold water) and

the complex jet aild structure that develops in the area as winds weaken and the

coastal jet breaks up. These structures are similar to those observed in the Northern

California region. The oceanic variability off the Chilean coast has been attributed

to the variability of the wind forcings and coastline geometry. There, the predomi-

nantly equatorward summer winds are affected by the seasonal displacement of the

Subtropical Anticyclone of the Southeast Pacific (SASP), and the passing of synop-

tic atmospheric storms (Rutilant, 1993). This basin-scale atmospheric system is, in

turn, affected by El Niño Southern Oscillation (ENSO) variability (Ramage, 1986).

The goal of this study is to investigate the dynamics of the upwelling circula-

tion in the region off Central Chile and its relation to surface forcing and changes in

the bottom topography and coastline geometry. The specific goals are to determine:

(1) the oceanic circulation during upwelling (summer) seasons; (2) the effects on the

upwelling circulation by the bottom topography and coastline geometry; and, (3)

the oceanic variability associated with El Niño events. To achieve these goals, sev-

eral procedures were implemented along this study: (1) development of an inverse

method to calculate surface oceanic velocity fields from multiple satellite altimeter

datasets; (2) implementation of numerical simulations of the ocean circulation in the

region, using a high resolution regional model; (3) testing of open boundary con-

ditions for this model domain; and (4) examination (comparison) of satellite SST

fields with outputs of the high resolution model.

The development of the inverse altimeter method was successfully imple-

mented and its description and evaluation (using oceanic datasets for the California
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Figure 1.1. Contours of sea level height off Central Chile for (a) February 12 and
(b) March 14, 1993, overlaid on weekly composites of satellite SST data with 9 km
resolution (NASA/NOAA Pathfinder Project).
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Current region) is presented in Chapter 2. This paper has been published in the

Journal of Oceanic and Atmospheric Technology (Mesias and Strub, 1995). The

main conclusion is that the inverse method permits us to obtain surface veloc-

ity fields that could (optimally) represent oceanic features with spatial-scales just

greater than 100 km, when Topex-Poseidon and ERS-1 altimeter datasets are com-

bined. The results, however, also indicate that the application of the method to

coastal regions is strongly affected by the commonly large amount of missing al-

timeter data. In our region of interest off Central Chile, the method produces,

eventually, uncertain fields and so is not used in the comparisons to model results.

The numerical simulations of the summertime ocean circulation was made

using the Princeton Ocean Model (POM). The model, including realistic coastline

and true bottom topography of the area, was forced with ECMWF-derived daily-

wind stress fields for the austral summer periods of years 1992, 1993 and 1994.

The model was implemented with open boundary conditions that were partially

developed and tested during this study. The method and dynamical analyses of

the numerical simulations are presented in Chapter 3 (and will be submitted to

the Journal of Geophysical Research). In appendix A is also included the vorticity

balance equations used during the analyses. The model simulations confirm that the

oceanic variability is strongly related to fluctuations of the wind forcing and changes

in the bottom topography and coastline geometry. The results also indicate that the

surface flows are dynamically differentiated from the subsurface flows, which show a

strong topographic steering and tendency to be in geostrophic balance. Furthermore,

the ocean fields present regional variability that depends on the spatial variability

of the winds, and show large differences between years with weak (El Niflo 1992)

and strong (1994) wind stress forcing fields.



The comparisons between results of the numerical simulations -for years 1992,

1993, and 1994- and satellite observations of SST fields are presented in Chapter

4. This investigation focuses on the smaller scale circulation in and north of the

Gulf of Arauco. The satellite SST fields have some features different from the full

model outputs. Subsampling the model SST fields with the satellite sampling pat-

tern shows that the irregular sampling distorts the fields obtained by the satellites.

The subsampled model fields, however, do produce temporal changes in the SST

in the coastal region north of Punta Lavapie, our primary region of interest (in-

cluding the Gulf of Arauco and farther north). SST fields in this region are largely

affected by strong fluctuations in the wind forcing, which induce the formation of

cyclonic/anticyclonic mesoscale eddies of 50-200 km in diameter.



2. An Inversion Method to Determine Ocean Surface Currents Using
Irregularly Sampled Satellite Altimetry Data

Jorge M. Mesias and P. Ted Strub

College of Oceanic and Atmospheric Sciences

Oregon State University, Corvallis, OR 97331
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2.1. Abstract

An inversion method is presented that determines mesoscale sea surface cur-

rents using satellite altimeter data. The method directly uses geostrophic cross-

track velocity components, expands the unknown velocity components with spline

functions and includes weighted constraints for divergence and kinetic energy. The

success of this method is measured by the misfit between input and output velocities

and depends on the weights of the constraints, the irregular space/time data distri-

bution of the altimeter data, and the non-stationary character of mesoscale oceanic

features. Negative effects of the irregular spatial distribution of the altimeter data

are overcome by partitioning the larger regions of interest into smaller subareas

to make independent inversions. The relatively weak effects of subtrack tempo-

ral separations in the presence of slowly evolving fields are addressed by temporal

interpolations, which provide the more important benefit of filling in missing data.

The procedure is evaluated for the Geosat, Topex-Poseidon and ERS-1 satel-

lite altimeter sampling geometries, determining their "oceanic" resolutions, by using

simulated stationary and non-stationary velocity fields. As expected, for stationary

fields the best spatial resolutions correspond to altimeters with the densest data

distributions, that is, the longest repeat periods. The smallest scale resolved is ap-

proximately 100 km for Geosat (17 day repeat) and ERS-1 (35 day repeat) and is ap-

proximately 150 km for Topex (10 day repeat). Tests with simulated non-stationary

"eddies", show that the propagation at typical Rossby-wave phase speeds (<0.04

i-n s1) degrades the solutions oniy slightly if scales are greater than approximately

200 km for Topex-Poseidon and 150 km for Geosat and ERS-1 17-day periods, even

without temporal interpolation. Combination of Topex-Poseidon and ERS-1 data



over 17 days provides the best resolution, allowing eddy spatial scales of 100 km to

be resolved at the same propagation speeds.

Applications of the inverse method to the Geosat and Topex-Poseidon mis-

sions indicate that application of the method results in spatial resolution similar

to the synthetic experiments. Qualitative comparisons to acoustic Doppler current

profilers, satellite surface temperature, and dynamic height fields show that appli-

cation of the method to Geosat data resolves the larger mesoscale structures of a

meandering jet in the California Current. Use of temporal interpolation provides

little benefit, due to the slow propagation times of the 100-200-km scale features

resolved by the method, but it does help fill in missing data for Geosat. Applica-

tion of the method to Topex-Poseidon data is not as successful but still resolves the

large-scale structure. The results of application to the synthetic data suggest that it

is possible to achieve greater resolution by combining two or more satellite altimeter

datasets such as Topex-Poseidon and ERS-1.

2.2. Introduction

The attempt to determine the temporal variability in the large and mesoscale

surface ocean circulation has led to the design of, altimetric missions with differ-

ent sampling characteristics. Altimeter height data have been used to quantify

mesoscale variability (Cheney et at., 1989; Le Traon et at., 1990), to determine the

transport and statistics of the Gulf Stream (Kelly and Gille, 1990; Vazquez et al.,

1990); to determine the propagation of fields of eddies (White et at., 1990; Forbes

et al., 1993), and to track individual eddies (Gordon and Haxby, 1990; Didden and

Schott, 1993) and equatorial waves (Fu et at., 1993). These data have also been as-

similated into dynamical models to simulate specific circulation features (Fukumori



et al., 1993). Other studies have estimated the inherent errors in relation to the

space/time satellite sampling features (Holland and Malanotte-Rizzoli, 1989; Chel-

ton and Schiax, 1994). Finally, several studies have made space/time interpolations

following either optimal objective mappings (De Mey and Robinson, 1987) or succe-

sive corrections (Vazquez et al., 1990) techniques. Although much has been learned

from altimetry, there is still a need to develop methods to estimate mesoscale circu-

lation at the smallest possible scales. This is especially true in Eastern Boundary

Currents (EBCs), where energetic jets may have widths of 20-50 km and the scales

of eddies and meanders may only be 50-300 km. One approach is to simply inter-

polate the height data from the tracks to a regular grid and calculate geostrophic

velocities. This procedure depends critically on the ability to remove residual errors

from the tracks. Attempts to contour single cycles of altimeter height data are ham-

pered by errors in individual tracks of 5-30 cm, which obscure the 5-20 cm signature

of the mesoscale features of interest. The use of spatial and temporal averaging to

eliminate the residual errors results in minimum spatial scales of 100 km or more

and minimum temporal scales of a month (Chelton and Schlax, 1994) masking the

energetic mesoscale features of interest.

An alternate approach taken here is to calculate cross-track geostrophic ye-

locities directly from along-track height gradients. The gradient calculation acts as a

high pass filter, eliminating much of the large-scale residual orbit and environmental

errors. The mean gradient associated with the marine geoid must still be removed,

also eliminating the overall mean velocity. Others have taken this approach at cross-

over points, where both components of velocity can be estimated, providing a grid

of time varying velocity estimates with grid spacing of several hundred kilometers

(Morrow et al., 1993). This procedure discards the information in the cross-track

velocity between grid points, which contains most of the structure and a significant



10

amount of the energy in EBCs (see below and also White et al., 1990). In this paper

we describe an inversion scheme that uses all of the cross-track velocity information

to form fields of two-dimensional velocities.

Several inversion methods to infer velocity fields have been used in oceano-

graphic studies. Some inversions involve dynamical models with hydrographic or al-

tiinetric data (e.g. Wunsch, 1978; Gaspar and Wunsch, 1989), while others consider

a heat equation model and sea surface temperature data (SST) from the Advance

Very High Resolution Radiometer (AVHRR) (Vastano and Borders, 1984; Kelly,

1989). Numerically, the inversion method presented here closely follows the inverse

procedure used by Kelly (1989) to invert a mixed-layer version of the heat equa-

tion, although expanding the unknown velocity components with biharmonic spline

functions as suggested by Kelly and Strub (1992). Using the inverse model of Kelly

(1989) with additional synthetic Geosat cross-track velocity data used as physical

constraints, Taggart (1991) obtained solutions that were much improved compared

with those given by the application of the inverse model alone. However, the sim-

ulated Geosat subtracks had an unrealistic separation of only 25 km. Altimeter

data gathered with the Geosat sampling track geometry have approximately 7- and

130-km resolution for the along- and cross-track directions, respectively.

The method presented here exclusively uses the irregular space/time distri-

butions of geostrophic cross-track velocities. The (unknown) surface ocean velocities

and the (known) satellite cross-track geostrophic velocities are related to each other

through a rotation equation, which has a null space whose elements are along-track

velocity vectors. The irregular data distribution and the null space of the rota-

tion equation generate large errors in the inverse solutions, which must be properly

addressed. To overcome the errors introduced by the null space solutions, the hori-

zontal divergence and kinetic energy are constrained, as in Kelly (1989). However,
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the irregular spatial distribution of the altimeter data, the temporal interval between

subtracks and the non-stationary character of real surface oceanic fields introduce

other errors in the solution. The main purpose of this study is to assess and over-

come the effects of the irregular space/time altimeter data distribution on the inverse

method. Using both idealized and more realistic velocity fields from the California

Current, the ability of different satellite altimeters to resolve surface oceanic features

of diverse space/time scales is assessed. Thus, the method is tested for sampling

patterns characteristic of Geosat, Topex-Poseidon and ERS-1 altimeters, as well as

a combination of Topex-Poseidon and ERS-1. Finally, applications to the Geosat

and Topex-Poseidon altimeter data from the California Current region are made to

illustrate the practical use of the method.

Usually, altimetric space/time interpolations have been made with other ro-

bust techniques, such as optimal interpolations (De Mey and Robinson, 1987) or

successive aproximations (Vazquez et al., 1990). These can also be used to interpo-

late the cross-track velocity data into a new regular grid. However, the introduction

of physical constraints in the inverse procedure permits us to guide the interpolations

and construct two-dimensional velocity fields that are more dynamically consistent

than simple interpolation produces. At the other extreme our fields are not guided

by as much physics as those constructed by assimilating the data into complete dy-

namical models (Holland and Malanotte-Rizzoli, 1989). Our approach is to extract

most of the velocity information from the altimeter data in the most straightforward

way. Comparing hypothetical altimeter sampling, Holland and Malanotte-Rizzoli

(1989) found spatial resolution to be somewhat more important than temporal res-

olution for midlatitude eddies. When more realistic altimeter sampling was used,

however, there was not clear advantage of 10- or 20-day sampling, considering global

rms statistics. They note that this last conclusion depends "on the space and time
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scales of motion in the region to be studied." This provides one motivation for our

detailed investigation on the ability of the inverse method to resolve space scales

and time scales typical of the California Current. Our results support the conclu-

sion that spatial resolution is critical for resolving the mesoscale motions in eastern

boundary currents.

The inversion method is described in Section 2.3, along with the error statis-

tics used to evaluate its performance. In Section 2.4, we discuss initial tests, re-

finement of the method, and the spatial resolution of the method, using stationary

synthetic fields. Effects of temporal sampling are evaluated with moving ideal-

ized synthetic fields in Section 2.5. Application of the method to real Geosat and

Topex-Poseidon data is demonstrated in Section 2,6, and conclusions can be found

in Section 2.7.

2.3. The inversion method and its evaluation

For any velocity vector at a given location j on a satellite subtrack, the vj

(eastward) and (northward) components are related with the v (cross-track)

component through the equation:

vjcosO3 + v3sinO3 = (2.1)

where is the local anticlockwise rotation angle of the subtrack tangent relative to

the north (see Figure 2.1). The v and v3- components are unknowns while O and

v are estimated using the known altimeter track geometry and sea level heights,

computing the vj component with the geostrophic relationship. In reality the gra-

dient associated with the marine geoid must be eliminated. In our calculations, the

v is the deviation from the long term mean. For N locations, Eq.(1) results in an
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underdetermined problem with 2N unknowns. However, by expanding vj and vj

in terms of M/2 local biharmonic spline functions (Sandwell, 1987) in the forms:

M/2

v(x) = cçx1 x1(), (2.2a)

M/2

v(x) = /3cb(ix3 xf), (2.2b)

where the subscript i runs on an arbitrarily chosen rectangular grid, the problem

becomes overdetermined with M unknown coefficients o and /3, provided N > M.

The spline functions are defined as 4(r) = r2[log(r) 1] with spatial scales deter-

mined by the size of the spacing in the rectangular grid, S. The spline spatial scale is

one of the "method parameters" tested, and it affects the smoothness of the inverse

fields.

The problem resulting from merging Eqs. (2a,b) into Eq.(1), written in matrix

form is:

Ab=c, (3)

where the N x M matrix A depends only on the known angles 0 and spatial spline

functions ; the M x 1 vector b contains the unknown spline coefficients and /3;

and the N x 1 vector c contains the known v components. This overdetermined

problem could be solved by minimizing the penalty function:

which has the solution:

J1 = (Ab_c)*(Ab_c), (2.4a)

b = [A*A] A*c, (2.4b)

where the superscript * represents the transpose. However, the symmetric M x M

matrix AA* is singular and, therefore, Eq.(4b) is only a formal solution. This is
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Figure 2.1. The velocity vector v and its components on the local coordinate axes
X (east), Y (north), and altimeter track axes A (along-track) and C (cross-track).

because the matrix A has a null space whose inverse velocity solutions are arbi-

trary along-track vectors. Inverse velocity fields obtained by minimizing J1 alone

tend to have large levels of kinetic energy (due to large velocities in the along-track

directions) and unrealistic regions of strongly convergent or divergent flow. Further-

more, the spline functions overfit the data, allowing errors in the satellite derived

cross-track velocities to overly influence the fields.

To find a unique solution with physically reasonable characteristics, weak

constraints for kinetic energy and horizontal divergence are appended to Ji. The

final minimization process (in a least-square sense) uses the penalty function:

= (Ab c)*(Ab c) + Wi(Db)*(Db) + )/V2(Kb)*(Kb), (2.5a)

where W1 and W2 are non-negative weights and the N x M matrices D and K stand

for the divergence and the kinetic energy constraints, respectively. The matrix
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K depends directly on the spline functions while D depends on their partial

derivatives, and The solution that minimizes J2 is:

bz= [A*A+W1D*D+W2K*K]1A*c, (2.5b)

which is unique if at least one of the weights, Wi or W2, is positive. If both weights

Wi and 342 are zero, the singular formal solution (4b) is recovered. The weights,

)'V1 and W2, are the other "method parameters" tested, along with the spline scale,

S. Explicitly, the penalty function J2 can be rewritten as:

N M/2

{
{c(ixj xi)(acosOj + /3sinO) v]

M/2
2

+'vvi{(a(Ixj xii) +fi(ix xii))]

M/2
2

+W2[(a +/3)(1x _xJ)] }, (2.6)

where the subscripts x and y denote partial derivatives of the spline functions.

The inversion method and weak constraints described here closely follow

the numerical inverse procedure used by Kelly (1989) and Kelly and Strub (1992).

Geometrically, the basic difference in the application of this inverse method lies in

the fact that in Kelly (1989) the data are distributed on a regular rectangular grid,

while here they are on the altimeter's irregular sampling tracks. In addition, the

roles played here by the physical constraints on kinetic energy and divergence differ

from their roles in the inversion of the heat equation (Kelly, 1989; Kelly and Strub,

1992). In the heat equation, the constraint on horizontal divergence solves the

problem caused by the null space of the equation, which consists of arbitrary along-

isotherm velocities, while the constraint on kinetic energy eliminates large cross-

isobar velocities, caused by errors in the data. In the inversion of the cross-track
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altimeter velocities, the kinetic energy constraint alone is a necessary and sufficient

condition to solve the problem caused by the null space of matrix A (arbitrary along-

track velocities). Thus, the kinetic energy levels of solutions obtained by minimizing

J2 are inversely proportional to W2. The divergeilce constraint is less important in

reducing the magnitudes of along-track velocities. This may be partially due to the

fact that geostrophic velocities are, by definition, nondivergent and the complete

field of geostrophic velocities that would be calculated from the height fields by an

altimeter that sampled the entire region instantaneously at high-spatial resolution

would have zero divergence. The divergence in the cross-track velocities comes only

from the sampling characteristics.

To test the success of the inversion method, idealized "synthetic" velocity

fields are constructed and then sampled along altimeter tracks, representing the

Geosat, Topex and ERS-1 sampling. The success of each inversion is estimated by

computing misfits generically defined by:

M(%) = 100=i(i
j)2

(2.7)

where 83 and I are the values for any component of the synthetic (or real) input ve-

locity fields and the inverse-solution velocity fields, respectively. For each inversion

with synthetic data, misfits are computed for v, Va and v [hereafter identified as

M (va), M (Va) and M (v)] estimated at the sampling locations along the subtracks,

where v and v4, are the cross-track and along-track components of the vector ve-

locity, v. Besides the misfits, the difference between the mean kinetic energy (,

in percent) of the synthetic (or real) and inverse fields are computed. The misfits

are affected by the method parameters (spline scales and constraint weights), the

irregular spatial data distribution and the non-stationary character of the sampled

fields combined with the temporal separation of the satellite sampling subtracks.
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When the method is applied to real altimeter data (Section 6) only estimates of the

cross-track velocities are available to evaluate the success of the inversion.

2.4. Method refinement, best solutions and spatial resolution of station-
ary features.

Several tests are made to isolate the effects of the spatial distribution of

the altimeter data on the inversions, to demonstrate the characteristics of the best

inverse solutions and to assess the ability of different satellite sampling patterns

to resolve stationary circulation features. The subtrack geometries correspond to

the Geosat, Topex-Poseidon and ERS-1 altimeters. A merged track geometry for

the last two altimeters (hereafter identified as TopERS) is also considered. Three

subtrack geometries covering sampling periods of 10, 17 and 35 days are tested for

each altimeter. The sampling resolution along the subtracks is considered uniform at

7 km for all altimeters. To identify any combination of altimeter orbit and sampling

period coverage, the notation used is "altimeter-period", that is, Geosat-17, for a

17-day period of Geosat data, Topex-lO, ERS-1-10, etc. For stationary features,

increasing the period only increases the data coverage until the exact repeat period

is reached. After that, data is duplicated along repeat tracks. For moving features,

however (see below), increasing the period beyond the exact repeat period causes

additional, inconsistent cross-track velocities at the same location to be used in the

inversion, degrading the solution.

Three stationary synthetic velocity fields are used during the tests: ide-

alized nondivergent and divergent structures, and a previously derived divergent

field for the California Current Region. The cross-track velocity components are

defined on each altimeter subtrack geometry for a 100 latitude by 100 longitude

region. The idealized nondivergent fields consist of stationary circular eddies



with velocity components defined by: v = U(x/A) exp[(x2 + y2)/2A2] and

= +U(y/A) exp[(x2 + y2)/2A2], where U is an arbitrary velocity constant,

fixed at 0.4 m s1, and 2A is the eddy "field spatial scale" (hereafter identified as

E). This eddy scale is varied from 50 to 250 kin, in 50-km steps. For each eddy scale

(S), the tests are applied to three independent eddies centered at different locations

relative to the subtracks in order to average their overall misfits. For the divergent

stationary synthetic fields, the velocity components are defined to be: v = U and
= U[1 sin(27r/A)(y yo)], where A is the divergent "field spatial scale" and U

is the maximum velocity magnitude, fixed at 0.1 m s1. The wavelength A varies

from 100 to 500 km, in 100-km steps. Left panels in Figure 2.2 show a nondivergent

circular eddy with e = 250 kin, a divergent synthetic field with A = 200 km and

the previously derived field for the California Current Region, which was calculated

by automated feature tracking as described by Kelly and Strub (1992). This field

is purposefully left noisy and divergent, in order to test the method with a field

containing a wide variety of scales.

2.4.1. Initial tests, method refinement and general character of the solutions

The effects of the spatial distribution of the altimeter data on the inversions

were evaluated with several initial tests using a synthetic, nondivergent, stationary

synthetic eddy field of 250 kin in scale (Figure 2.2, upper left). The cross-track

velocities are defined on satellite subtrack geometries for the Geosat-1 7 and Topex-

Poseidon-lO altimeters (Figure 2.2, right inserts). The ERS-1-10 case, limited to

those tracks occurring within a 10-day Topex repeat cycle, was also tested to study

the effects of irregular data distribution including data gaps.
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Figure 2.2. Nondivergent (upper left panel), divergent (center left panel), and Cal-
ifornia Current (lower left panel) synthetic fields sampled with the altimeters. The
eddy and divergent velocity fields have spatial scales of e=250 km and )¼=200 km,

respectively. Right panels show the simulated cross-track velocity components for
the Geosat-17 (upper) and Topex-lO (lower). Dots correspond to velocity vectors
with both components smaller than iOm s but also considered for inversions.
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The "irregularity" of the altimeter grids arises from both the geometry of

the tracks and the large difference between the along- and cross-track sampling. As

described by Sandwell (1987), these irregular data distributions affect the stability

and increase the noise of the solutions, proportionally to the amount of data points.

(For a one-dimensional spline scheme, the solution is stable if there are no more

than 40 data points). In applications to GEOS-3 data to determine the sea-bottom

topography, Sandwell (1987) solved these problems by breaking the larger region into

smaller subareas, and using only a subset of the data points and splined coefficients.

The subsets were overlapped to ensure the continuity of the slope fields.

For the cross-track velocity data sets, the larger 10° x 10° region is partitioned

into smaller subsets of equal size to make independent inversions, all with the same

values of spline scales and weights. The size of the subareas are chosen to be as

small as possible, while still including portions of both ascending and descending

subtracks. The selected sizes of the subset areas are smaller than those in Sandwell

(1987), with fewer data points, and are "inverted" without skipping measurements or

spline coefficients. The "inversions" of these relative smaller datasets resolve shorter

spatial scales than resolved by Sandwell (1987). To reduce abrupt changes among

the local inverse fields, the subsets were also overlapped during the inversions. The

initial tests give us the opportunity to select the optimum sizes of the subsets and

their overlapping.

A family of inverse solutions for the large region was found for each sam-

pling case, by varying the method parameters (spline scales and constraint weights)

within reasonable ranges. Overall misfits for the entire region were computed by ac-

cumulating the misfits from each subset, which form misfit matrices showing which

parts of the solutions are better resolved than others. For the inversions made with

overlapped subsets, the misfits were only calculated within the original subset areas.
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The best inverse fields for the large region are selected as those with the smallest

overall M (va) from each family of inverse solutions. All the inversions of the syn-

thetic velocity fields, presented hereafter, are made following this procedure. For

applications to Geosat and Topex-Poseidon altimetry data, the procedure to obtain

the best solution is slightly modified (see Section 5).

The best solutions were obtained when the large region was divided in sub-

areas of 1°xl° for the Geosat-17 and 1.7°xl.7° for the Topex-lO and ERS-1-10.

We also found that overlapping the subsets can affect the misfits and L on either

a positive or a negative way. As an illustration, Figure 2.3 shows a best inverse

solution and the subset-misfits for the Topex-lO sampling case. The subsets were

overlapped by increasing their sides by 20%. Generally, once the method parameters

are fixed, the subset-misfits depend most on two factors: the local spatial distribu-

tion and uniformity of the data (misfit increases with small-scale spatial variability)

and the relative level of kinetic energy (misfit increases with decreasing kinetic en-

ergy). Inversions with data gaps in the ERS-1-10 sampling geometry, shown that

the subsets must include data from both ascending and descending subtracks, to

obtain the right velocity direction. Otherwise they tend either to reproduce the

direction of the cross-track velocity data alone or to give velocity solutions lying

along the subtracks.

2.4.2. Selecting the best solutions

In this section, we use the synthetic field from the California Current Region

(Figure 2.2, left bottom) to test the relation between overall misfit and method

parameters on a complex, "realistic" field with multiple spatial scales. The actual

resolution of the method is quantified using more idealized fields in the following
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Figure 2.3. Best inverse velocity fields and misfit matrices for a Topex-lO case. The
field inverted with overlapped subsets has M(v), M(Va), M(v) and of 3.1, 15.4,
9.7 and 17.3%, respectively. The spline scale S used is 100 km while weights W1
and W2 are 0.1 and 0.015, respectively. The upper and lower numbers in the small
bottom panels are the local M (va) and M (v) values, respectively.
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section. During initial tests, the minimum overall misfits (which determine the

best inverse solutions) were obtained within narrower subsets of wide ranges of the

method parameters. Based on these tests, the ranges of parameters used for each

combination of simulated fields and altimeters were as follows: spline scales S (grid

spacing) ranged from 50 to 150 km, in 10-km steps; the weight for divergence )'V1

ranged from 0.0 to 0.25, in steps of 0.05; and the weight for kinetic energyW2 ranged

from 0.0 to 0.10, in steps of 0.005.

Overall misfits are presented in Figure 2.4, as functions of spline scale S, from

tests made with synthetic data for the California Current Region. At each insert,

the M(v), M(v) and are plotted for four different W2 values, with W1 held

constant at 0.05. These results correspond to the Geosat-17, Topex-lO, ERS-1-10,

and TopERS-lO cases (other subtrack geometries as summarized below). For the

same tests, Figure 2.5 shows the overall M (va), M (v) and as functions of W2

for three spline scales. As expected, the .M (va) are always smaller than the M (v),

since vt,, is used in the least squares minimization. The M (v) and L statistics are

the more independent tests of these inversions, although the behavior of the M (va)

is important, since it is all that is available to choose the best solutions when using

real altimeter data. In Figure 2.4, the overall misfits and L decrease with increasing

spline scales, reaching a minimum at intermediate scales of 60-90 km in some cases

or approximately leveling off for larger scales than 90 km. The smallestM (va) and

L values generally correspond to the smallest W2 weights. As W2 approaches zero

(see Figure 2.5), the M (va) converge to small values determined by inversions with

null )'V2 which, in turn, have the largest M (v) and L values (not plotted but greater

than 100%).

For all these altimeters, Figure 2.5 shows that L and M(v) have minimum

values in a region of W2 weights between 0.005 and 0.05. As W2 is increased above
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tests made with some altimeters (identified at the top) and the synthetic California
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)'V1=O.05 in all tests.
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0.05, the velocities and kinetic energy of the solutions decrease, causing L to in-

crease (when the solution KE drops below half the inputs KE, z rises above 50%).

At the other extreme, when )'V2 goes to zero, M(v) remains small, while M(v)

and values become very large due to the large values of the null solution. This

demonstrates the difficulty of evaluating the "best" solution using just the cross-

track misfits, which are all that are available with real altimeter data. If W2 and

the S are constrained to lie above minimum values, however, the M (va) are rea-

sonable indicators of the quality of the solution. When using real altimeter data,

we also use an approximate estimate of L to aid in the evaluation. Also, notice

that in the regions of minimum values from Figures 2.4 and 2.5, the M(v) and

M (v) for the TopERS-lO case are smaller than those of the Topex-lO and ERS-lO

cases. This indicates the benefit of combining data from two altimeters. Finally,

we note that the behavior of the misfits and were only slightly affected when the

horizontal divergence was constrained with different weights, W1. This indicates

that constraining the horizontal divergence is much less critical than constraining

the kinetic energy, in overcoming the errors introduced by velocity solutions from

the null space.

The overall misfits and L values obtained for the other sampling patterns

show similar behavior to those described above. The best inverse solutions from each

altimeter for the California Current field were chosen as those having the minimum

M(v). In Figure 2.6, the best inverse fields are shown for the Topex-lO, Geosat-17,

ERS-1-35 (left inserts) and all TopERS (right inserts) cases. The misfits and param-

eter values corresponding to all the best inverse solutions are presented in Table 2.1.

The smallest structures of the synthetic stationary field (see Figure 2.2) seem to be

well recognized in the solutions with M(v) smaller than 42% (or M(v)<30% or

z35%). In a increasing M(v) order, these solutions correspond to: TopERS-35,
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ERS-1-35, Geosat-35, TopERS-17, Geosat-17 and TopERS-lO. Clearly, the worst

solutions correspond to the Topex-Poseidon only cases, which shows the critical ef-

fects of the spatial data distribution (larger subtracks separation) on the success of

the inversions. The benefit of combining two altimeters can be seen again by com-

paring the M(v) misfits for TopERS-lO, TopERS-17 and TopERS-35 day solutions

(Table 2.1) to any of the other M(v) misfits for the 10-, 17-, or 35-day solutions,

respectively.

2.4.3. Spatial resolution of the satellite altimeters

The synthetic California Current field has many spatial scales. Here we use

idealized nondivergent eddies and divergent fields to quantify the spatial resolution of

stationary features. The misfits' dependence on spline scales and weight constraints

using these idealized divergent and nondivergent synthetic fields are similar to those

obtained with inversions made using the California Current synthetic field. The

main differences are the change in the relative levels of the overall misfits, which

depend on the spatial "field scales" of the features and the "character" of the flow

structure (divergent or not). As with the California Current field, the best inverse

solutions are selected as those with the minimum M (v).

Since overall misfits for the nondivergent fields also depend on features' loca-

tions, mean values [.A1 (va), )1 (va) and M (v)] were computed using overall misfits

from best inverse solutions for three differently located eddies but with the same

spatial scale. In Table 2.2 we present minima, maxima and means of some overall

misfits and method parameters from inversions made with these differently located

eddies. Compared with the values presented in Table 2.1 (valid for the synthetic

California Current field), the spline scales and weigths roughly fall between the cor-
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Table 2.1. Misfit M(v) and M(v) values, difference of mean kinetic energy L
(%), and method parameters from best inverse solutions obtained with simulated
California Current altimeter data. The column S (km) shows the spatial scales of
the spline functions, while the weights W1 and W2 apply to the horizontal divergence
and kinetic energy constraints, respectively. The last column 0 corresponds to the
increase (%) of each dimension of the overlapped subsets used in the inversions.

Altimeter Jv((v M(v) z S W1 W2 0
Geosat-lO 37.7 59.9 32.1 140 0.20 0.050 0

Topex-lO 40.6 59.2 45.7 120 0.15 0.050 20

ERS-1 -10 38.7 60.4 37.6 120 0.05 0.025 0

TopERS-lO 25.5 41.8 34.9 90 0.10 0.010 20

Geosat-17 16.2 31.9 17.4 80 0.05 0.020 20

Topex -17 37.9 59.3 50.2 110 0.05 0.045 20

ERS-1 -17 20.0 53.0 8.9 80 0.00 0.045 0

TopERS-17 18.7 31.0 16.7 90 0.25 0.050 0

Geosat-35 16.0 30.6 23.5 80 0.15 0.045 20

Topex -35 38.4 58.5 44.2 110 0.10 0.050 20

ERS-1 -35 20.0 25.1 15.6 80 0.10 0.020 0

TopERS-35 17.0 23.3 11.9 90 0.10 0.015 0
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responding minima and maxima values shown in Table 2.2. In addition, the results

for the California Current field show the levels of overall M (v) to fail between the

mean overall )(v) for the 50 and 100 km eddy field scales (see Table 2.2). These

results are valid for any altimeter-period case, somewhat suggesting the California

Current field as having energetic signals with small spatial scales lying between 50

and 100 km.

For each eddy size S in Table 2.2, the optimum spline scale S used is approx-

imately half of the cross-track sampling altimeter resolution (120 km for Topex-lO,

65 km for Geosat-17, and 60 km for ERS-1-35). In the TopERS cases, the opti-

mum S used for inversions are similar in magnitude to those for the ERS-1-35 cases.

The optimum W1 weights considered for inversions with the Geosat-17 and ERS-

1-35 cases are slightly smaller than those selected for the Topex-lO cases, which

are similar in magnitude to those for the TopERS cases. For most altimeter cases,

the optimum W1 weights seem to be independent of 5, the eddy spatial scales. In

contrast, the optimum W2 weights tend to be large for small S and viceversa. The

behavior of the spline scales suggests that when data sets from different altimeters

are combined for inversions, there is an "effective cross-track sampling resolution"

corresponding to that of the altimeter with the smallest cross-track sampling resolu-

tion (i.e. ERS-1 for the TopERS cases). The results for the Wi and W2 weights show

that inverting altimeter data with large cross-track separations tends to require a

large horizontal divergence constraint and vice versa, while inverting altimeter data

sampled from ocean features with a small (large) spatial scale tends to require a

large (small) kinetic energy constraint.

For each case in Table 2.2, the overall misfits decrease with increasing S. This

result is also valid for the differences between the maximum and minimum overall

misfits. Generally, these differences are smaller than 10%, except for some Topex-lO,
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Table 2.2. Minimum and maximum values for M(v) and M(v), and method pa-
rameters (spline scale S and weights W1 and W2) from best inverse solutions ob-
tained with three differently located eddies for each of five sizes, S (km). The central
column M (v) corresponds to the mean M (v) from the three eddies. Other units
are defined as in Table 2.1.

Altimeter S M(v M(v) .A(v) S W1 W2

Topex-lO 50 60.1-85.8 70.4-89.9 78.8 60-120 0.00-0.10 0.010-0.035

100 12.1-33.4 35.6-60.2 45.2 110-120 0.00-0.20 0.005-0.040

150 9.7-18.0 22.5-28.6 25.7 120-130 0.20-0.25 0.010-0.040

200 6.1-10.4 12.3-22.0 17.8 110-140 0.10-0.25 0.015-0.050

250 3.2-5.6 9.2-16.0 12.5 110-140 0.15-0.25 0.020-0.025

Geosat-17 50 32.3-60.9 43.3-69.8 58.9 80-90 0.00-0.10 0.005-0.050

100 8.0-23.7 21.5-27.2 23.7 70-80 0.00-0.10 0.015-0.100

150 1.8-3.6 8.7-13.4 11.3 70-80 0.05-0.10 0.010-0.010

200 0.8-1.3 6.0-7.5 6.6 70-90 0.00-0.10 0.005-0.010

250 0.4-0.6 3.3-4.3 3.9 70-90 0.00-0.10 0.005-0.010

ERS-1 -35 50 35.6-64.6 48.7-55.6 53.2 80-90 0.10-0.25 0.030-0.100

100 10.8-15.9 16.0-16.6 16.2 60-90 0.05-0.15 0.005-0.045

150 2.5-3.5 4.9-5.9 5.2 60-90 0.05-0.15 0.005-0.020

200 1.1-1.1 1.8-2.2 2.0 90-90 0.00-0.10 0.005-0.010

250 0.5-0.5 0.8-0.9 0.9 90-90 0.00-0.10 0.005-0.010
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Table 2.2. (Continued)

Altimeter S M(v { Jvf(v) At(v) $ W2

TopERS-lO 50 38.2-60.4 50.4-52.5 51.5 80-90 0.00-0.25 0.010-0.100

100 12.1-21.7 10.1-28.9 18.3 70-90 0.10-0.25 0.015-0.100

150 1.7-3.4 5.1-7.7 6.0 80-90 0.15-0.25 0.005-0.010

200 0.9-1.0 4.1-6.5 5.0 90-90 0.05-0.10 0.005-0.010

250 0.4-0.7 2.5-8.9 5.9 90-90 0.05-0.15 0.010-0.010

TopERS-17 50 26.6-56.3 36.0-45.7 42.1 60-90 0.00-0.25 0.005-0.035

100 7.9-9.5 6.4-14.8 11.2 80-90 0.05-0.20 0.020-0.035

150 1.4-2.5 3.3-7.0 5.0 70-80 0.15-0.25 0.005-0.015

200 0.7-0.8 2.3-2.9 2.5 80-90 0.25-0.25 0.010-0.015

250 0.3-0.4 1.3-1.6 1.4 80-90 0.15-0.25 0.010-0.010

TopERS-35 50 37.2-77.7 43.3-83.0 59.4 70-80 0.05-0.25 0.040-0.050

100 8.9-18.8 12.5-17.5 14.9 70-90 0.10-0.25 0.005-0.050

150 2.2-2.9 4.3-5.8 4.8 90-90 0.05-0.25 0.015-0.025

200 0.9-1.0 1.7-2.1 1.9 90-90 0.20-0.25 0.015-0.025

250 0.4-0.5 0.8-0.9 0.8 60-90 0.20-0.25 0.005-0.020
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Geosat-17, TopERS-lO and TopERS-35 cases, when sampling eddies of 50 or 100

km in size. Therefore, these results show that the influence of feature's locations on

overall misfits decrease with increasing field spatial scale, and that the mean M (v)

is a good representer of any individual nondivergent eddy. This is especially true

with large E. Table 2.2 shows the TopERS-17 case to have the best resolution of

scales of 50 and 100 km.

Considering both divergent and nondivergent synthetic fields, Figure 2.7

shows the overall M (va) and M (v) (bottom eight panels) as functions of X for

the divergent fields and .A1 (va) and .A1 (v) (upper eight panels), as functions of

for the nondivergent eddies. As before, the misfits for the nondivergent fields corre-

spond to mean overall misfits from best inverse solutions for three differently located

eddies but with the same S size. For both kinds of fields, while the M (va) [or the

Jt (va)] are smaller than the M (v) [or the )1 (v)], both decrease with increasing

spatial scales and decreasing cross-track separations (increasing sampling periods),

except for the Topex-Poseidon case. Topex-Poseidon remains invariant for the dif-

ferent periods, since increasing the period beyond 10 days does not add new data.

As expected, changes in the misfits' dependence on the field spatial scale are directly

related to the spatial data distribution.

For the nondivergent fields (shown in upper panels), we define a subjective

scale of resolution (the ability of each altimeter to resolve oceanic structure at that

scale) as the spatial scale of the inverted fields with mean overall .A (v) smaller

than 30%. These "oceanic resolutions" are summarized in Table 2.3. Table 2.3 and

Figure 2.7 clearly show the differences in the ability of the altimeters to resolve

stationary oceanic structures of different scales. For the Geosat and ERS-1, the

resolutiolls for the 10 day sampling period cases are larger than those for the 17

and 35 day period cases, which are approximately 100 km (or less). For the Topex-
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Figure 2.7. The upper eight panels show the mean overall M (vs) and .A1 (v) from

the best inverse solutions for three differently located and nondivergent synthetic

eddy fields. The lower eight panels show overall M (va) and .A1 (v) as functions of

A, the field spatial scale, from best inverse solutions for the divergent synthetic

fields. Simulated altimeters are identified at the top. Lines correspond to the

1O-(continuous), 17-(dashed) and 35-day (crosses) sampling periods.
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Table 2.3. Resolution of altimeters defined by the smallest S field spatial scales
(km) of inverse solutions with M(v) lower than 30%. Columns designated 10, 17
and 35 correspond to satellite sampling periods (days) of the simulated datasets.

Altimeter 10 17 35

Geosat 150 100 100

Topex 150 150 150

ERS-1 200 100 100

TopERS 100 100 100

Poseidon altimeter, however, since changes in the sampling period do not affect

the data distribution, the resolution of approximately 150 km remains invariant.

Finally, Figure 2.6 shows a substantial improvement (in .A1 (v)) in the solutions

using 10 and 17 days of the combined Topex-Poseidon and ERS-1 data (compared

to 10 or 17 days of data from a single altimeter). The greater success at shorter

periods for the TopERS combination suggests that these combinations of altimeter

data may also be more successful in resolving moving features.

Although the altimeters' resolution levels are different for the divergent fields

(notice the change in the scale of the misfit- and field-axes at the bottom panels),

their variability and dependence on the data distribution are similar. With the

exception of the ERS-1-10 case, the best inverse solutions for the divergent fields

always have misfits smaller than 30%. These low misfits for the divergent fields are,

however, somewhat misleading, because they are due to a more even distribution of

structure and kinetic energy through the subsets, and thus to larger spatial scales



of the synthetic fields than defined by ) (see Figure 2.2). Inspection of the solutions

(not shown) finds that for synthetic fields of spatial scale smaller than 200 km the

inverted fields are sometimes too uniform, despite their relative lower misfit levels.

However, the small differences between the synthetic and inverted fields for scales

larger than 200 km show the ability of the inverse method with all altimeters to

resolve these scales.

2.5. Temporal effects of satellite sampling

To assess the effects of the displacement of non-stationary features combined

with the temporal separation of the subtracks, several tests were made using the

Geosat, ERS-1, Topex-Poseidon and TopERS subtrack geometries. The goal of these

tests is to quantify, in terms of eddy size and translation velocity, the degradation of

the solutions made by assuming the fields to be stationary for each of the altimeter

sampling schemes. The use of temporal interpolation to improve the solutions is

discussed below when the method is applied to real altimeter data. In general,

however, temporal interpolation only improves the solution somewhat forthe cases

where it already does reasonably well, since for those cases where the method fails

(small eddies moving quickly), temporal interpolation also does a poor job. Thus,

the goal here is to identify the scales and translation speeds for which the method

can be expected to work at all.

For each case, sampling periods and large area partitions were defined as

in Section 3. Typical oceanic mesoscale features in the California Current region

are expected to propagate westward at Rossby-wave phase speeds of 0.86 to 3.36

km day' with wavelengths of 100 to 300 km (White et al., 1990). Direct tracking

of eddies off northern California also indicates that translation speeds are of order
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2-4 km day1 for 100-km eddies in the offshore region, although speeds of up to

10 km day' have been found for smaller (50-km diameter) eddies close to shore

(J. Paduan 1994, personal communication). Based on this information, inversions

were made with non-stationary synthetic eddies with scales of 100-250 km, moving

westward with speeds from 0 to 10 km day1. The initial position of the synthetic

eddies was the same for all inversions. For each eddy, the inversions the optimum

values of the method parameters based on the stationary inversion of eddies of the

same size for each altimeter, which were kept constant for all westward speeds.

The parameters that give the absolute best solution at different westward velocities

may differ slightly from this set of parameters but the important issue is to assess

how inverse solutions are modified by the combination of temporal sampling and

westward propagation of non-stationary features.

For the most interesting altimeter cases, Figure 2.8 shows the overall M (va),

M (Va) and M (v) as functions of eddy speed, for each of four eddy spatial scales. As

expected for all altimeters and eddy scales, the M (Va) are smaller than the lvi (va)

and M (v), showing a tendency to be invariant with eddy speeds. At zero speed

(the stationary case), the overall misfits are usually within the range of minima

and maxima found in the previous tests three independently located eddies but are

slightly larger than the mean overall misfits presented in Figure 2.7. For each eddy

spatial scale in Figure 2.8, the Topex-lO misfits show relatively small changes (<

10%) with eddy speeds. OverallM (v) are large for eddy spatial scales less than

200 km. For Geosat-17 and ERS-1-35, the M(Va) and M(v) increase rapidly with

increasing eddy speeds, more so for smaller eddy spatial scales. However, for the

more reasonable speeds (< 4 km day1), the M(v) for the Geosat-17 shows small

changes (< 10%) for eddy spatial scales greater than 200 km and are probably

acceptable (< 30%) for scales as small as 150 km.
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Figure 2.8. Misfits M (va) (dashed lines), M (Va) (crosses), and M (v) (continuous

lines) as functions of eddy speed. Tests were made with synthetic eddies for known

satellite track geometries (see right labels) and with constant parameters (spline

scale S and weights W1 and W2). The four columns from left to right correspond

to eddies with spatial scales of S=100, 150, 200 and 250 km (identified at the top).

Values greater than 100% has been plotted as 100.



39

For the TopERS-lO, -17 and -35 cases (only the TopERS-17 case is shown in

Figure 2.8), the M (va) are smaller than the M (Va) and M(v), but the tendency

to be invariant with eddy speeds is valid only for TopERS-lO. For periods greater

than 10 days, the combination of Topex and ERS-1 data suffers a special problem,

since Topex resamples the tracks, resulting in multiple, different values of the cross-

track velocity (for moving features) along some tracks. These result in large values

of M (va), which increase with the propagation speed of the feature (unlike the

single altimeter M (va) for periods at or less than the repeat period). Even with

this additional problem, however, the TopERS-lO, -17 and -35 overall M(v) are

improved by the combination of data; that is, the overall misfit does not grow as

rapidly with propagation speed for the combinations as for the single altimeters.

The advantage of the TopERS combinations is especially evident for propagating

eddies with spatial scales of 150 km or less. Also note that for single altimeters,

Topex-Poseidon provides the best coverage for features with spatial scales of 200

km or more and rapid propagation speeds of greater than 5 km day1.

These results indicate that the effect of the temporal separation of satellite

subtracks on the resolution of oceanic structures, propagating at typical Rossby-

wave phase speeds, depends on the length of the sampling period and the spatial

scale of the propagating eddies. If an acceptable level of overall misfit is 30% or less,

then for eddies propagating at speeds of 4 km day1 or less, individual altimeters

(using their full repeat periods) are unaffected by the propagation for eddy spatial

scales of larger than approximately 200 km (possibly 150 km for Geosat or ERS-1-

17). The combination of Topex and ERS-1 data, with any sampling period, improves

the resolution of moving features with smaller eddy spatial scales (100 km for the

10- and 17-day periods and 150 km for the 35-day period).
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2.6. Applications to Geosat and Topex-Poseidon data

In this section, the inverse procedure is applied to actual altimeter data

from the Geosat and Topex-Poseidon missions, for the California Current region.

The datasets correspond to Geosat cycles 12, 13 and 14 (14 May-4 July 1987) and

Topex-Poseidon cycles 33 and 34 (8-26 August 1993). The altimeters' irregular

sampling track geometries have spatial resolutions of approximately 7 and 6 km

in the along-track direction and 130 and 250 km in the cross-track direction for

the Geosat and Topex-Poseidon altimeters, respectively. The Geosat data were

regridded and corrected for standard environmental variables (Chelton, 1988) at

the Jet Propulsion Laboratory (Ziotnicki et al., 1990). The Topex-Poseidon were

regridded and corrected for standard errors using fields from the GDR and the

Cartwright-Ray tidal model at Oregon State University. Orbit errors were removed

by fitting multiple orbits to a once per revolution harmonic (Chelton and Schiax,

1994). Centered differences of 56 and 60 kin were used to calculate the height

gradients in the geostrophic computation of cross-track velocities for the Geosat

and Topex-Poseidon data, respectively. The mean cross-track velocities, computed

over the period of available data (2 years and 340 days for the Geosat and Topex-

Poseidon records, respectively), were subtracted from each point, eliminating the

gradient associated with both the "marine geoid" and the overall mean velocity

field. A four-point running mean was used to initially remove high-wavenumber

noise caused by the gradient operator.

To determine whether temporal interpolations allowed moving features in

these real fields to be better resolved, the Geosat and Topex-Poseidon cross-track

velocities for each cycle were linearly interpolated in time to June 16 of 1987 and

August 16 of 1993, respectively. These dates correspond to dates when clear SST
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fields were available for comparison. The inversions were performed on the inter-

polated data, as well as the non-interpolated cycle 13 of Geosat (31 May- 17 June

1987) and Topex-Poseidon cycle 33 (8-16 August 1993). The results for Geosat

were evaluated by comparison to satellite SST from 16-18 June and ADCP-velocity

fields from 9-18 June. During the Topex-Poseidon period, satellite SST data from

16 August and dynamic heights from a field survey during 16-31 August were used

for comparisons.

The best inverse solutions for the real Geosat and Topex-Poseidon data were

found with the method used for the synthetic data but slightly modified. In applica-

tions to real altimeter data, only the M (va) can be computed exactly. One approach

would be to apply the method using the parameters that were most successful in

the synthetic experiments with the "realistic" California Current field. The success

of the inversion, however, depends on the combination of spatial scales present in

the field and the degree of non-stationarity of mesoscale features in the field, not

just the sampling pattern of the particular satellite. Since these circulation charac-

teristics differ with changing season and location, a general method of choosing the

best solution for real altimeter data in an automated, objective manner is desired

(allowing the solution parameters to vary).

Two modifications were introduced to the procedure to select the best inverse

fields. First, independent families of solutions were obtained for all subsets. From

each family, the best local inverse field (or method parameter set) was selected.

Thus, the best inverse field for the entire region was reconstructed by following an

"optimization procedure" based on subset misfits rather than on overall misfits. As

before, the overall misfits (average over all subsets) were computed by accumulating

the "best" M(v) subset misfits. Second, to avoid overfitting the data a "con-

straint" for the kinetic energy level for each subset was also introduced. To do this,
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an approximation to L, the difference of mean kinetic energy between the inverse

and input velocity fields, was formed by assuming that the unknown along-track

components have the same magnitude as the geostrophically calculated cross-track

velocities: = 100[(u2 + v2)3 2v](2v)1, where the subscript s refers to the

solution velocities. The estimation of z values allows an objective discrimination

between inverse solutions with the same level ofM (va). Since the synthetic tests

show that M (va) alone is a weak indicator for a best solution, the best inverse fields

for each subset were selected as those with minimum M (va) but constrained

to values smaller than some upperbound. A maximum value of 80-90% for subset

values of z was found to work well. Although this upperbound for L is large in com-

parison to values found previously for the overall field, the values of z for individual

subsets in the previous solutions range to approximately 900% (see below).

The final procedure in the modified method is as follows. Based on the

tests with synthetic data, the larger areas of interest were partitioned into subsets

of 1°xl° for Geosat and 1.6°xl.6° for Topex-Poseidon data. The subsets were

overlapped on each side by 20% for Geosat and 50% for Topex-Poseidon. The spline

scale was allowed to vary as in the synthetic experiments over the range of 50-150

km, but the weight ranges were increased to 0.00-0.50 for W2, and to 0.001-0.50 for

W1. For each subregion, the family of all solutions was found for the full ranges of

S, W1, and W2. Of those with L below the slected upperbound, the solutions with

the minimum values for M (va) was the final solution.

2.6.1. The Geosat inverse solution

The geostrophic velocity calculation, using centered differences, followed by

the four-point running mean, produces cross-track velocities we refer as the "raw"
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data. Figure 2.9 shows the ensemble average spectrum (thin solid line at upper

panel) for 13 cycles of "raw" cross-track velocity data from Geosat track 344 (the

ascending track closest to the coast, indicated at the top of Figure 2.10). The

ensemble average spectra of other tracks were similar to that from track 344, but for

wavelengths greater than approximately 100 km the energy decreases with increasing

distance from shore, decreasing by factors of 2 to 3 by 900 km offshore. The middle

panel of Figure 2.9 shows the individual spectrum for cycle 13 (thin solid line).

Inspection of the ensemble and cycle 13 spectra in Figure 9 indicates that most of

the energy is concentrated at wavelengths greater than approximately 75 km. For

smaller wavelengths, all spectra of raw data show relative peaks that are simple

artifacts of the gradient and four-point operators. To reduce the noise at the high

wavenumbers, the cross-track velocities were smoothed with a digital bess low-pass

filter (Chelton and Schlax, 1994) with a half power point of 50 km. The ensemble

and individual cycle 13 spectra of the "smoothed" velocity data sets, are shown in

the upper and middle panels of Figure 2.9 as thick solid lines. The digital filter

eliminates the high-wavenumber noise, with only a slight loss of energy at scales

greater than 100 km.

Using smoothed datasets from Geosat cycles 12, 13 and 14, a smoothed cross-

track velocity set for 16 June 1987 was constructed by linear temporal interpolation

at each location. A spectrum for the interpolated (16 June) track 344 was also

calculated (not shown) and displayed no significant differences from that from cycle

13 dataset (middle panel of Figure 2.9). The temporally interpolated 16 June Geosat

velocity set is shown in the upper left panel of Figure 2.10, overlaid on the SST field

from 16 to 18 June. These spectral analyses and a visual comparison between

the Geosat velocity sets for 16 June and cycle 13 indicate only minor differences

between these two datasets at locations where data exists in cycle 13. However,
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Figure 2.9. Solid lines represent spectral energy density of cross-track velocities from
Geosat ascending track 344: ensemble averaged of 13 cycles (upper panel) using raw
(thin) and smoothed (thick) cross-track velocities from cycle 13 (middle panel);
and, band-averaged reconstructed cross-track velocities from the inverse solutions
obtained using cycle 13 (thin line) and data interpolated to 16 June 1987 (thick
line, bottom panel). The dashed lines in the bottom panel repeats the smoothed
spectrum from cycle 13 (thick line, middle panel).
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the temporal interpolation provides the benefit of filling several large gaps in cycle

13. This is important in regions close to the coast, where the signals are strong but

where data are often missing due to various problems with altimeter tracking, tidal

contamination, etc.

Three inversions of the Geosat data demonstrate the effects of the temporal

interpolations and modified inversion procedure (finding the best solution for each

subset). The initial procedure (finding a single set of method parameters for the

entire region) was applied to the smoothed cycle 13 and temporally interpolated 16

June cross-track velocity datasets, with cross-track misfits of 21.7% and 24.8% and

overall z values of 7.3% and -6.0%, respectively. These solutions were essentially

identical, except where data gaps were filled by the temporal interpolation. In those

regions, the velocity fields were smoother and less energetic. This test of temporal

interpolation demonstrates two points. First, mesoscale features with scales of 100

km or greater evolve slowly enough that temporal interpolation within cycles of 17

days or less results in oniy small differences in the datasets used in the inversion.

Second, because the fields evolve slowly, temporal interpolation can be used to fill

in missing data, resulting in more complete fields. Linear Interpolation is used here

for the demonstration purposes only. In practice, more sophisticated methods of

temporal interpolation should be tailored to specific applications.

A third inverse solution was computed for the interpolated 16 June data,

using the modified procedure described above. This inverse field is shown in the

bottom right panel of Figure 2.10, overlaid on the same SST fields. The small

bottom left panels show the local M(v) (upper numbers) and values (lower

numbers) from all subset inversions. As compared with the inverse fields described

above, this solution has a smaller overall M(v) (18.5%) but a greater (absolute)

overall (-35.5%). Although the upperbound selected for each subset Lx (90%)
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Figure 2J0. Application of the method to altimetry data from Geosat. Cross-track
velocity components correspond to 16 june 1987 obtained by interpolating data
from cycles 12, 13, and 14. Upper panels show (left) the interpolated smoothed
cross-track velocity field and (right) an absolute velocity field obtained from ADCP
measurements over the period 9-18 June 1987. Bottom panels show (right) the best
inverse solution and (left) the M (va) (upper number) and z (lower number) values
for each subset. Both left panels also show the subset boundaries. The velocities are
overlaid on the satellite SST field from 16-18 June, in which colder water is depicted
in lighter shades of gray.
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seems large, it leads to local fields with realistic levels of kinetic energy, while the

maximum subset M (va) is 86.7%. In contrast, the subset inverse fields selected by

collstraining the overall L have subset z values as large as 904.9% and maximum

subset M (va) values of 219.9%. This is critical at subsets with a few data points

or very small input cross-track velocities, which produce inverse fields with large

spurious structures. Therefore, the inverse velocity field presented in Figure 2.10

is a much smoother field with more realistic magnitudes of the velocity vectors

everywhere. Note also that this third inverse solution has an overall M (va) more

closer to that obtained using the California Current synthetic field (16% for Geosat-

17 in Table 2.1) than those of the other solutions.

The upper right panel in Figure 2.10 shows absolute velocity vectors at 25-rn

depth obtained with shipboard ADCP (acoustic Doppler current profiler) measure-

ments during 9-19 June 1987 (Smith, 1992), overlaid on the same SST field from 16

to 18 June. These velocities follow the pattern generally seen 1987-88 Coastal Tran-

sition Zone surveys, with a meandering equatorward jet located along the offshore

side of the scalloped cold water found in the 100-300 km next to the coast (Strub

et al., 1991). The inverse solution also resolves this meandering jet, with meander

scales of 100-200 km. The pattern is clearest in both ADCP and inverse fields douth

of approximately 42°N and the jet is strongest around 40°N. The "coastal" subsets

generally show smallM (va) values and velocities that are similar to those of the

smooth input fields but are approximately one-half to one-third the value of the

ADCP velocity vectors (notice the difference in the velocity scales). Using the solu-

tions for cycle 13 and 16 June (shown in Figure 2.10), the cross-track velocity spectra

for track 344 were reconstructed and plotted as the thin (cycle 13) and thick (16

June) solid lines in the bottom panel of Figure 2.9. For wavelengths greater than 100

km (our primary scales of interest) the spectrum of the reconstructed and smooth



cycle 13 field is similar to that of the smooth cycle 13 input data (dashed line in

bottom panel), with somewhat less energy at scales greater than 100 km. Thus, the

decreased velocity in Figure 2.10 is consistent with the loss of energy caused both by

smoothing and by the inversion process. With regard to absolute values, the mean

kinetic energy of the third solution, shown in Figure 2.10, is 1.3x102m2s2, at the

low end of the range values of 100-200 km2day2 found by Kelly (1989) for inver-

sions of the heat equation. The mean divergence of this velocity field is 5x108s',

two orders of magnitude less than values obtained by Kelly, who quoted values of

3 x 106s' as reasonable. This demonstrate the degree to which the solution retains

the nearly nondivergent property of geostrophic velocities.

2.6.2. The Topex-Poseidon inverse solution

The inverse method was applied to cycles 33 and 34 from the Topex-Poseidon

mission. Cross-track velocities were smoothed following the same procedure as for

Geosat data and interpolated to create a smoothed cross-track velocity set for 16

August 1993. (There were not missing data in these cycles.) Three inverse solutions

were obtained for the cycle 33 and interpolated 16 August datasets, using the same

procedure as for the Geosat data (the first two using the initial method on cycle 13

and interpolated 16 August datasets, the third using the modified procedure on the

interpolated 16 August data).

The top left panel in Figure 2.11 shows the 16 August interpolated cross-track

velocity data and subset boundaries, overlayed on an AVHRR image from 16 August

1993. Overlaid on the same AVHRR image, the right panel of Figure 2.11 shows

the third inverse velocity field (optimizing subsets) for 16 August. The bottom left

panel shows the local M (va) (upper) and z (lower) values and the overall M (va)
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Figure 2.11. Application of the modified method to altimetry data from
Topex-Poseidon. Cross-track velocity components correspond to 16 August 1993,
obtained by interpolating data from cycles 33 and 34. The smoothed cross-track ve-
locities (upper left panel) and best inverse solution (upper right panel) are overlaid
on a satellite SST image from the same day. The dynamic height field (25 db relative
to 199 db) from a cruise during 16-31 August 1993 is shown in the lower right panel,
with the cross-track altimeter velocities overlaid. Lighter shades of gray correspond
to colder temperatures in the satellite images and lower dynamic heights.



and z values (32.9% and -53.3%, respectively). The inverse fields (not shown) for

the smoothed cycle 33 and 16 August velocity datasets, obtained with common

method parameters for all subsets, have overall M (va) of 42.6 and 42.2% and L of

8.6 and 32.7%, respectively. The overall M(v) from these first two inverse solutions

are greater than that obtained using the California Current synthetic field (40.6%

for Topex-lO in Table 2.1), while the value for the solution shown in Figure 2.11

is smaller. Although z values are larger for the modified method (as with Geosat

data), some of the subset M (va) and values for the first two solutions (origi-

nal method) are very large (144.5% and 548.6%, respectively). Thus, we feel that

the modified procedure produces smoother inverse fields, avoiding problems with

discontinuous velocities in subsets with less data. The mean kinetic energy of the

third solution, shown in Figure 2.11, is 2.6x 102m2s2, larger than the value for the

Geosat solution and at the upper end of the range of values of 100-200 km2day2

found by Kelly (1989). The mean divergence of this velocity field is 2 x 107s', still

an order of magnitude less than those obtained by Kelly.

The satellite SST image and cross-track velocities presented in Figure 2.11 are

consistent with the presence of a southward jet meandering along the offshore side of

colder water, although the spatial sampling of these altimeter tracks is poor. Data

from a field survey in August 1993 (Smith, 1995) confirm this picture between 37°and

39°N and indicate eddies inshore of the jet with scales of 100 km or less (Figure 2.11,

bottom right panel). These eddies moved with translation velocities of 2-4 km da[1,

as determined from surface drifters (J. Paduan, personal communication). Given

the complexity of this field, the inverse solution in Figure 2.11 does a relatively good

job of representing the largest scales of the meandering jet, with meanders on the

scale of 150-200 km. The spatial scales of the eddies, however, are smaller than

the Topex-Poseidon sampling can resolve, as indicated by the synthetic tests. The



51

solution is best where the data distribution is densest, such as the meander or eddy

like structure centered at latitude 39°N, 126°W, near a crossover point, and the

offshore flows between 40°-41°N and 37.5°-38.5°N, where several tracks contribute

to the solution. The solution entirely misses the eddies with scales of 100 km,

as expected. Our synthetic experiments suggest that a combined Topex-Poseidon

and ERS-1 dataset, with 17-day sampling, would have resolved more of the 100-

km eddies, since their translation velocities are only 2-4 km da[' (Figure 2.8).

Finally, we note that none of the mesoscale structure in Figure 2.11 would have

been resolved by using only the data from the crossover points. Thus, despite its

difficulty in resolving the smaller mesoscale structures, the inverse method recovers

much more structure in the two-dimensional field than possible with traditional uses

of crossover data alone.

2.7. Summary and conclusions

An inverse method of determining the surface circulation of the ocean using

geostrophic cross-track velocities from satellite altimeters is presented and evalu-

ated, using synthetic and real altimeter data. The method represents the unknown

velocity components with spline functions and introduces weighted constraints for

kinetic energy and horizontal divergence. The success of the method is affected by

the irregular distribution of the altimeter data and by the temporal separation of

the altimeter subtracks. The irregular distribution of altimeter data causes the solu-

tions to be unstable unless the relatively large area of interest (10° x 10° in latitude

and longitude) is partitioned into smaller subareas to make independent inversions.

The subarea needs to be just large enough to include both ascending and descending

subtracks (smaller than 2° x 2° for the altimeters considered here). Misfits between
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the input data and the solutions are used to choose the optimum solutions, which

show that the minimum values in the local misfit matrices generally corresponded

to areas with the greatest kinetic energy levels (strongest velocities) and/or with the

most uniform local cross-track velocity fields. Overall misfits depend strongly on

the spatial scale of the spline functions and the weight constraint for kinetic energy.

The dependence on the weight constraint for horizontal divergence is weak.

For stationary fields the finest resolution corresponds to altimeters with the

most dense data (the longest repeat periods). For the 10-day repeat period of Topex-

Poseidon, scales of200 km and larger are well resolved. For the 17- and 35-day repeat

periods (Geosat and ERS-1), scales above 100 km were well resolved. Combining

data from two or more altimeters improves the altimeter resolution by increasing the

data density. The inclusion of nondivergent fields propagating westward with speeds

between 0 and 10 km day1 shows that the altimeters resolve 150-200 km eddies

traveling with typical speeds of 2-5 km day1, even without temporal interpolation.

The application of the inverse method to real Geosat and Topex-Poseidon

data resulted in several modifications to the method. Smoothing of the cross-track

velocity data to remove scales less than 50 km increases the stability of the solu-

tions. Including an estimate of the misfit in local kinetic energy, L, along with the

misfit in the cross-track velocity, 1t4 (va), improves the choice of the best solution.

Using the optimum values for the solution parameters (spline scale and constraint

weights) for each local subset region (1°-1.6° squares) resulted in lower overall misfit,

lower maxima in local energy misfit, and smoother fields, capturing the continuous

meandering jet revealed by satellite SST data and field studies roughly coincident

with the altimeter data. Temporal interpolation of cross-track velocities to a com-

mon time was not critical to the resolution of evolving features, since features of

100-200 km and larger evolve slowly enough to be relatively well represented on 10-
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to 17-day periods in the California Current. Temporal interpolation did help fill in

missing data in Geosat fields. The application of the method to Topex-Poseidon

data shows that only the largest circulation features are well resolved, with spatial

scales greater than 150 km. These results from real altimeter data agree with those

obtained during the synthetic experiments, which also suggest that the use of com-

bined Topex-Poseidon and ERS-1 altimeter datasets will provide better resolution.
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3.1. Abstract

We present a modeling study of the iipwelling ocean circulation off the central

Chilean coast (34°-40°S). Using a primitive equation model, we make numerical sim-

ulations for summers of years 1992, 1993 and 1994. The results indicate the forma-

tion of an eastern boundary current system that show a classical Ekman-geostrophic

dynamics, with a strong equatorward coastal jet and intense upwelling activity, in-

duced by persistent equatorward winds. The surface equatorward coastal jet and

the subsurface poleward countercurrent over the shelf are qualitatively similar to

those inferred from historical observations. The spatial and temporal variability of

the prevailing equatorward winds strongly dominate the variability in the oceanic

circulation.

The coastal areas show strong upwelling activity with periods of growth,

peak and decay. The upwelling 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 during periods of wind relaxation and upwelling decay. This northern area

is affected by advection processes and weaker local winds. In the southern region,

in contrast, the equatorward flows are persistently attached to the coastline, being

more coherent with the stronger local winds. Simulations for summers of different

years show that the ocean circulation is strongly affected by changes of the strength

of summer wind stress fields, such as occur between years with El Niño and La Nifla

atmospheric conditions. The topographically induced separation of the equatorward
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coastal jet is a recurrent feature that generate strong cross-shelf transport in the

northern areas.

We also analyze the vorticity balance for the external and internal modes.

The results show that: 1) the vorticity of the depth-integrated flows are dominated

by contributions of the bottom pressure and Coriolis torques; and, 2) the vorticity

of the surface flows are controlled by mixed effects from Coriolis, inertia and verti-

cal advection plus diffusion of wind stress curl torques. The main balance between

the pressure and Coriolis torques is altered by changes in the wind stress, modu-

lated by effects of the coastline geometry and bottom relief and strongly effected

by non-linear terms. Vorticity is mainly created along the axes of the subsurface

currents, particularly near Punta Lavapie, and transported into the Gulf of Arauco

and Concepcion areas and the Peru-Chile Trench, where it is dissipated.

3.2. Introduction

The ocean currents along the central Chilean coast (34°-40°S, Figure 3.1)

form part of the Peru-Chile Current System, whose main features are: (1) the

surface Chile Coastal Current (CCC), which lies above 100 m over the continental

slope and shelf, flows equatorward during summer, and reverses to poleward during

winter; (2) the (Gunther) Poleward Undercurrent (PUC), which flows below the

CCC at depths of 150-400 in (NufIez, 1996) and has unknown seasonality; and (3)

the poleward surface Peru-Chile Countercurrent (PCCC), which flows 100-300 km

offshore at the upper 100 m depths between ,-60400S, and has maximum velocities

in austral spring and minima in fall (Strub et al., 1995 and 1998). Although the

southward extension of the PCCC current into the Gulf of Arauco area (37°S) is not

certain (Strub et at., 1995; Nufiez, 1996) we include it for completeness. Figure 3.la
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shows a cartoon illustration of the summer circulation in the region, depicting a

limited southward intrusion of the PCCC and oceanic and coastal branches of the

CCC current.

The winds along the central Chilean coast are influenced by the seasonal

displacement of the Subtropical Anticyclone of the Southeast Pacific (atmospheric

high-pressure system) and the passing of synoptic disturbances (Djurdfeldt, 1989;

Rutilant, 1993). During summer the winds are predominantly equatorward, induc-

ing intense and persistent upwelling activity from 35°to 38°S. In this area, plumes

of cold water extend offshore up to 150 km, but the intensity of the upwelling fluc-

tuates during episodes of wind relaxation or strong southward winds (Caceres and

Arcos, 1991). Estimations of Ekman transport indices indicate that cold waters are

upwelled from 150-200 m depth, with time scales of the order of 2-7 days (Arcos and

Navarro, 1986). Observations show that the alongshore component of the currents

correlates well with the wind speed, with a time lag of 18-36 hours that is com-

parable to the 20-hour local inertial period (Ahumada, 1989). During some years,

the intensity of the local winds is also affected by a weakening of the atmospheric

high-pressure system (centered around Eastern Island) and by a strenghthening of

a low-pressure cell centered near Australia (Ramage, 1986). These southern oscil-

lation events are typical of the development of El Nifio at mid latitudes off South

America (Rutllant, 1993).

The upwelling regime along the central Chilean coast was studied by Vergara

(1991, 1993), using a two-layer shallow water model, who found that the geometry

of the coastline (around the Gulf of Arauco) leads to enhanced upwelling activity.

Shaffer et al. (1995, 1997) found current oscillations with periods of -'50 days,

originating along the equator. These distantly forced oscillations modulate locally

generated upwelling. Clark and Ahmed (1999) modelled the southward propagation



of equatorial oscillations with periods of 1-2 months and speeds of 250 kin day1.

Their model predicted the presence of a coastal subsurface equatorward current

that is trapped along the upper continental slope. These predictions are partially in

agreement with current meter observations at 30°S (Shaffer et al., 1995 and 1997).

The objective of this study is to investigate the coastal upwefling regime in

the region centered around the Gulf of Arauco. In particular, we would like to

characterize: (1) the summertime ocean circulation; (2) the effects of the bottom

topography and coastline geometry on the upwelling regime; and, (3) the oceanic

variability caused by differences between years with weak and strong atmospheric

wind forcing. To address these issues, we conducted a series of numerical exper-

iments using the Princeton Ocean Model (POM). The model, including realistic

coastline and bottom topography, was forced with daily-wind stress fields for the

austral summer periods of years 1992, 1993 and 1994, derived from data sets of

the European Centre for Medium-Range Weather Forecasts. The experiments were

initialized with annual climatological temperature and salinity fields (Levitus and

Gelfeld, 1992). Heat and salt surface fluxes were simulated by restoring the surface

layer to monthly climatological values of temperature and salinity.

This article is organized as follows. In Section 3.3 we offer a brief description

of the numerical model, surface atmospheric forcing fields, and experiments. In Sec-

tion 3.4 we discuss our benchmark experiment (for 1993, moderate winds case) and

its sensitivity to the atmospheric forcing. In Section 3.5 we discuss the results of the

experiments for the cases with weak and strong winds (1992 and 1994, respectively)

and in Section 3.6 we summarize and discuss all the results.
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Figure 3.1. (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 meters)
of the model domain.



3.3. Model and experiments

POM is a three-dimensional, nonlinear primitive equation coastal ocean cir-

culation model. It includes a free surface and uses a a-coordinate transformation

that scales the size of each vertical level to the water depth. The coefficients of hori-

zontal mixing in POM are calculated using Smagorinski's formulation (Smagoriuski,

1963), while the coefficients of vertical mixing are calculated using a second-order

turbulence closure scheme (Mellor and Yamada 1982). The model uses a split mode

time step that solves the vertically integrated equations (external mode) separately

from the equations for each of the model levels (internal mode). A detailed descrip-

tion of the POM model can be found in Blumberg and Mellor (1987). Figure 3.lb

shows the model domain. The bottom topography has been smoothed to comply

with the constraints introduced by the use of the sigma coordinates (Mellor et al.,

1994). The two main topographical features in the region are the Gulf of Arauco

(Punta Lavapie cape) and the Peru-Chile Trench, which rapidly deepens as the con-

tinental slope drops off from 500 m to 5500 m depth. The trench is deeper in the

north. The model was initialized with climatological temperature and salinity val-

ues (Levitus and Gelfeld, 1992). The horizontal model grid resolution ranges from

a minimum of 3.5 km to a maximum of 13 km (Figure 3.2a), while the vertical axis

is discretized in 15 a-levels with higher resolution in the upper ocean (Figure 3.2b).

Tests with 30 a-levels produced small differences but greatly increased run time.

3.3.1. Boundary conditions

The north, south and west borders of our model region are open. At those

boundaries we implement open boundary conditions (OBC) that differ for the ex-

ternal and internal modes. For the external modes, the north and south boundary
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Figure 3.2. (a) Horizontal model grid (gray crosses). Dark lines correspond to
sections used for the analysis of the model outputs; (b) Vertical model grid (gray
crosses) at cross-section S36. Note the change in scale at -1750 m. Dark dots
indicate the depth (in iii) of the o--levels K=1,5,9 and 13, used during the analyses
of the model outputs.
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conditions are a combination of radiation and continuity conditions plus a local solu-

tion approach. While the sea surface height is updated with a gravity wave radiation

condition, the barotropic normal velocities are calculated as U = Uo+s./.jii(ririo),

where U0 and ij, are prescribed values 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 can be found in

Palma and Matano (1998).

For the baroclinic normal velocity, temperature, and salinity variables, we

implemented a combination of advection plus Orlanski's radiation conditions: q't +

(C + u) = 0, where represents any of the internal variables, C is the phase speed

of the propagating waves and u is the internal normal velocity. Tangential barotropic

and baroclinic velocities were determined using a zero gradient condition. At the

western border, all the external and internal 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 physical properties through the west is negligible compared with those at the

northern and southern boundaries. The combined OBC conditions for the external

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).

3.3.2. Surface forcings

The model was forced with wind stress fields corresponding to the summers

of 1992, 1993 and 1994. These stresses were derived from twice-daily wind speeds

calculated at the European Centre for Medium-Range Weather Forecasts (ECMWF)
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on a global 2.5° x 2.5° grid (Lonnberg et al., 1992). The eastward (r) and northward

(i-u) wind stress components were calculated using a bulk aerodynamic formula with

drag coefficients estimated according to Trenberth et al. (1989). The computed

daily wind stress fields were then interpolated onto the horizontal model grid, and

linearly interpolated at each external time step during the numerical experiments.

Finally, we approximated surface heat and salt fluxes with a Newtonian damping of

surface values to the monthly temperature and salinity climatological fields (Levitus

and Gelfeld, 1992), using the formula T1 = T' (8t/a) x (T TL). Here, T

represents the model surface temperature or salinity variable at time n; TL is the

corresponding temporally interpolated Levitus-variable at time n; öt is the time

interval; and a is the restoring time scale, which was selected to be 30 days.

3.3.3. Experiments

In the following sections we will describe the results of three numerical ex-

periments focusing on the upwelling summer seasons of years 1992, 1993 and 1994.

Of these three years, the strongest summer wind forcing occurred in 1994 and the

weakest in 1992. The weak winds during 1992 were characteristics of El Niflo con-

ditions (e.g. Nuñez et aL, 1998). We will compare the results of the 1992 and

1994 simulations to discuss the differences in oceanic variability associated to years

dominated by weaker (1992) and stronger (1994) winds. These comparisons will be

used to discuss the possible effects of El Niflo on the local circulation. The 1993

experiment, characterized by moderate winds, will be used as a benchmark of the

average summertime circulation along the Chilean coast.

All the experiments were started from rest on January 1 of each year, and

run for a period of 100 days each. To avoid the forcing of inertial oscillations,



20

10

2

-10

Days

0 20 40 60 80 100

1 5 10 15 20 25 30 5 10 15 20 25 1 5 10 15 20 25 30 5 10

Jan Feb Mar Apr

:;i

-10

64

Figure 3.3. Evolution of area-averaged wind stress components and wind stress curl
fields during the benchmark experiment (summer of 1993).

we ramped the winds during a 20-hour local inertial period. The time steps used

in our experiments were of 6.4 s and 192.5 s for the external and internal modes,

calculated accordingly to the Courant-Friedrichs-Levy (CFL) stability conditions.

The benchmark simulation will be analyzed in Section 3.4, and the simulations

corresponding to the years 1992 and 1994 in Section 3.5.

3.4. Benchmark experiment

In Figures 3.3 and 3.4 we show the temporal evolution and the spatial pat-

tern of the summertime mean wind stress forcing used in the benchmark (1993)

experiment. Figure 3.3 shows that intense events of equatorward winds, with cy-

clonic curl, dominate the summer period, reaching a maximum during February

when the Subtropical Anticyclone is at its southernmost location. The periods of
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these events ranges from 15 to 3 days, alternated with short episodes (1 to 4 days) of

weakened or reversed (southward) winds that became more frequent as the autumn

season approaches. The summer-averaged wind-stress field (Figure 3.4), show that

the dominance of the equatorward winds extend complete over the model domain,

although there are marked regional differences. Over the coastal areas, for example,

the winds are weaker than over the offshore regions. South of Punta Lavapie the

coastal winds are stronger, and fluctuate more than in the northern coastal areas.

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) indicate that negative (cyclonic) wind stress curl dominates over the

entire area, being particularly strong near Punta Lavapie.

To illustrate the oceanic adjustment to the atmospheric forcing, Figure 3.5

shows the temporal evolution of the basin-averaged barotropic kinetic energy (BKE).

During the first 15 days of the spin up process, the BKE increases steadily, as the

flow adjusts its density structure to the wind stress forcing and bottom topography.

After day 25, the model fields are largely affected by energy inputs from the wind

stress and heat/salt surface fluxes. Expectedly, the largest energy inputs occur

during periods of intense equatorward wind events, which reach their peak by day

50. After that, the BKE slightly fluctuates following the seasonal transition from

summer to fall.

The climatological averages from the benchmark experiment are presented

in Figures 3.6 and 3.7. These averages are calculated over the last 50 simulation

days. The model ocean circulation shows a system of currents that is qualitatively

similar to the cartoon in Figure 3.la. The model ocean currents consist of: (1) a

strong surface coastal jet (Figure 3.6a), identifiable with the known CCC current,

flowing above 100 rn over the continental shelf and slope (Figures 3.7b,f, and which
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Figure 3.6. Maps of time-averaged (last 50 simulation days) model fields from the
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and (f) surface height.



circumvents the Gulf of Arauco and Concepcion Bay areas; (2) a weak poleward

sub-surface current (Figures 3.6b and 3.7b,d), 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 (Figures 3.6a,b, west of

'75°W), identifiable as the oceanic branch of the CCC, with a deep and broad

core at 300-600 m depth (Figure 3.7b,f), which is separated 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 current, similar, but not identical, to

previously observed flows, whose core is located over the upper slope at 1000 m

depth (Figures 3.7b,f), and dominates the depth-integrated currents (Figure 3.6c,

along the 74-73°W meridians), and which has been called the Sub-Surface Chile

Coastal Current (SCCC); (5) a deep and strong poleward current (bottom insert

of Figures 3.7b,f), not previously named, flowing on the inshore side of the PCT

trench, below the region of weak surface flows, and which is referred to as the Deep

Poleward Current (DPC).

The area that separates the oceanic and coastal branches of the surface CCC

current roughly corresponds to the location of the PCCC countercurrent (Strub et

aL, 1995 and 1998; Nuñez, 1996), which is not observed here. However, this region

of weak surface flows (seemingly induced by the presence of the deep Peru-Chile

Trench) could eventually facilitates the southward intrusion of the PCCC counter-

current 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 cur-

rent meter observations made at 30°S by Shaffer et al. (1995 and 1997) although

with lower strengths. Our predicted DPC current has been observed by Shaffer et

al. (1995), but they suggested that it extends downward only up to 3400 m deep,

flowing over an abyssal equatorward current originating on deep internal mixing



activity. In contrast, the model DPC countercurrent here extends well inside the

Peru-Chile Trench. The existence of these SCCC and DPC currents have not been

verified in the Gulf of Arauco region due to the lack of adequate observations, but

as the dynamics of the upper flows (while realistic) depend on them it suggests that

they are plausible features of the deeep ocean circulation in the area.

As a result of the oceanic adjustment to the atmospheric forcing and bottom

topography, and compared to initial fields, the mean surface fields in the bottom

panels of Figures 3.6 show persistent colder and saltier waters along the coast, in

unison with a steep tilting of the ocean surface toward the coast and the formation

of a geostrophic coastal equatorward (CCC) jet (Figures 3.7b,f) in response to the

crossshore pressure gradient force. The mean coastal colder and saltier waters indi-

cate the persistence of upwelling activity during the entire simulation period. This

upwelling activity is due to extensive offshore Ekman transport (see Figures 3.7a,f)

generated by the prevailing equatorward winds, and enhanced in its offshore exten-

sion by the dominant cyclonic wind stress curl -via "Ekipan pumping". The vertical

sections of temperature and salinity in Figures 3.7c,d,g,h indicate that these denser

waters upwell onto the continental shelf from -'2OO-5OO in depths. In the coastal

areas, the upwelling of colder waters causes the ocean to gain much more heat than

it would without upwelling. The inclusion of heat/salt fluxes (simulated with the

Newtonian restoring), however, decreases the intensity of the upwelling activity (e.g.

extending a shorter distance offshore), and makes the ocean more stratified than if

heating were not included.
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ment. From left to right are depicted fields of: cross-shore velocity (Va); alongshore
velocity (Va); temperature (T); and salinity (S).



71

3.4.1. Upwelling

The results described above, using the temporal-mean fields, show that the

model spin-up represent a realistic oceanic seasonal spin-up of the upwelling activ-

ity, as the winds become persistently favorable (equatorward) during the simulated

summer period. Although the model spin-up continues during the entire simulation

period (none stationary state is reached) the analysis of the upwelling dynamics

here presented is not obscured as we are interested in showing the characteristics of

transient processes associated with upwelling activity.

In this section we will analyze the temporal and spatial variability of the

upwelling activity that result from the evolving wind stress forcing. To illustrate

the time evolution of the upwelling regime we selected snapshots of days that char-

acterize the periods of growth (day 30), peak (day 50), and decay (day 70). The

illustration was complemented with spectral analysis of local time series at different

locations.

3.4.1.1. Growth

The mid-point of the growth stage is reached at approximately day 30, after

two episodes of moderate equatorward winds occurred centered at days 15 and

25 (Figure 3.3). This stage lasts until approximately day 35 when the upwelling

favorable winds strongly increase (Figure 3.3). Figure 3.8a shows the development

of an upwelling front whose offshore extension varies along the coast, as indicated by

the location of the 25.2 and 25.4 kg m3 isopycnals. These isopycnals coincide with

the 14°and 13°C isotherms, signaling the strong dependence of the surface density

field on temperatures.
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of the benchmark experiment. Offshore distances of thickened isopycnals 25.2 and

25.4 kg m3 are dynamically related to the coastal jet.
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South of Punta Lavapie, the surface velocity field corresponding to day 30

shows a coastal jet that reaches a maximum speed of 0.2 rn and which closely

follows the coastline geometry with small-scale meanderings that give places to the

formation of small pools of warmer and fresher waters (Figure 3.9a). Below this

surface coastal jet, which extends downward up to 100 m (Figure 3.9d), there is

a poleward countercurrent with speeds less than 0.05 m s. Inmediately after

passing Punta Lavapie, the equatorward coastal jet forms a cyclonic eddy in the

Gulf of Arauco of -'30 kin diameter, approximately the crosshore width of the gulf.

In the northern areas, the surface coastal jet reaches to a maximum speed of

m s1 (Figure 3.9a), larger than in the southern areas, flowing over a weaker

poleward countercurrent. On the offshore side of the continental slope the coastal

equatorward jet decreases in intensity, especially in the northernmost region where

the Peru-Chile Trench significantly and rapidly deepens by 1000 m.

3.4.1.2. Peak

The upwelling activity reaches its peak at approximately day 50, which cor-

responds to the end of the longest and strongest episode of equatorward winds

(Figure 3.3a). The location of the 25.2 kg m3 isopycnal in Figure 3.8b shows the

displacement of the front to --'50 km at Punta Lavapie and over '.'lOO km offshore

north of 36°S. Due to the influence of the coastline (Vergara, 1993) and the strong

local alongshore winds (see Figure 3.4), the front becomes particularly strong south

of Punta Lavapie, where deeper waters are carried upward. In this region, the sur-

face coastal jet (Figures 3.8e and 3.9e) is very strong (up to t.i0.4 m s1) 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
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(Figure 3.9e) the poleward subsurface countercurrent is weak (less than 0.05 m s1)

and separated into an upper part that flows over the 250 m isobath and a deeper

part flowing between the 600 to 1000 in isobaths over the slope.

North of Punta Lavapie the upwelling activity is less intense and the frontal

zone is more diffuse until the jet passes Concepcion Bay and returns to the coast

approximately at 36°S (Figures 3.8b,e). North of Concepcion Bay, the equatorward

coastal jet (Figure 3.9b) reaches a maximum speed of m s1 and extends down-

ward to 200 m. Flowing below and onshore of the jet, the poleward countercurrent

is stronger with a maximum speed of 0.05 in s and extends over most of the

continental shelf.

3.4.1.3. Decay

The transition to dowuwelling conditions is favored by the relaxation of the

equatorward winds and the passage of weak or moderate eastward atmospheric dis-

turbances of approximately 4 days periods. At day 70, Figure 3.8c shows a decrease

of the upwelling activity characterized by the receding of the 25.4 kg m3 isopycnal

in the southern region, and by an onshore and southward intrusion of lighter water

over the inshore northern region (along 73°W and between 37° and 35.5°S). This

southward intrusion signals the presence of a cyclonic eddy that initially formed in-

side the Gulf of Arauco (37°S) and extended up to latitude 35.5°S (Figure 3.8f).

During the formation of the cyclonic eddy, its northern edge has moved northward

at a rate of approximately 10 km day1. North of 35.5°S, the eddy growth is ar-

rested by persistently equatorward winds. By day 70, Figures 3.8f and 3.9c show

the development of a narrow equatorward current between the coastline and the cy-

clonic eddy, whose poleward branch extends downward over the entire continental
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shelf. The narrow equatorward current is formed as a retroflection of the poleward

flow of the cyclonic eddy after encountering the Gulf of Arauco, a process favored by

the westward displacement of the eddy itself and episodes of moderate equatorward

wind that occurs between days 55 and 65. Inside the Gulf of Arauco and Concepcion

Bay, this current retroflection appears as small anticyclonic eddies.

The eddy activity in the northern coastal region generates a complex sys-

tern of alternating equatorward and poleward currents that extend from surface to

bottom (Figure 3.9c). These currents strongly interact, as they are affected by al-

ternating equatorward and poleward winds. The zonal sections in Figure 3.9 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 3.8. The progressive intensification of the ocean

currents is a result of the overall dominance of the equatorward winds during the

entire summertime period (Figure 3.3a).

At day 70, the zonal sections of alongshore flows in Figure 3.9 also show

a subsurface equatorward current with its core centered at -'1000 m depth and

over the slope. This fluctuating subsurface current is permanently trapped to the

upper continental slope during the entire simulation, similarly to that predicted

in the study made by Clark and Ahmed (1999) for a latitude of 35°S (see their

Figure 3.15). At day 70, this trapped current reachs a maximum speed of 0.35

m s1, much more intense than their predicted 0.15 m s amplitude. Unlike the

predictions of Clark and Ahmed, the vertical structure of the alongshore currents in

Figure 3.9 shows a persistent intensification of the alongshore component over the

upper continental shelf, with a tendency to extends upward and connect with the

surface equatorward jet, all along the coast.
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After day 70, the mesoscale cyclonic eddy slowly starts to weaken in strength

and extension, to almost dissappear by day 85 from the northern region (Fig-

ures 3.lOa,c). Before the eddy completely dissipates the equatorward jet does not

inmediately return to its initial coastal location, and keeps flowing over the shelf

break. There is also a weak northward branch that strictly follows the coastline,

driven by the wind. This partition of the equatorward jet seems to lasts until day

95 (Figures 3.lOb,d), when the eddy dissapears and the jet relocates to its initial

position along the coastline. The upwelling activity in the northern region revives

more strongly than in the south, due to the fact that there are increasingly strong

wind reversals in the south. South of Punta Lavapie the coastal jet gets closer to

the coast and the alongshore currents develops subsurface anticyclonic eddies on its

offshore side. These eddies interact with the surface flows, as indicated by intense

horizontal density gradients and strong vertical shear of the flows (not shown). Spo-

radically, anticyclonic eddies are also formed in the offshore side of the jet at the

ilorthern regions, along and over the deeper part of the continental slope and over

the Peru-Chile Trench.

3.4.1.4. Coherence between winds and currents

Our analyses indicate the existence of two distinct dynamical regions, located

south and north of Punta Lavapie. Further differences between the northern and

southern circulation were identified by cross-spectral comparisons between time se-

ries of "local" winds and alongshore currents. These time series were obtained by

averaging the fields over small regions of 50km x 50km. In these analyses we dis-

criminate among "coastal", "slope" and "trench" regions north and south of Punta

Lavapie (dark lines in Figure 3.2). Figure 3.11 shows that, south of Punta Lavapie
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(at 38°S), alongshore currents and local winds are significantly coherent at periods of

approximately 4 and 9 days. In contrast, there is not significant coherence between

local winds and coastal currents in the northern 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 independently of the latitude.

To illustrate the regional differences in the strength of the upwelling activity

and its dependence on the local winds, Figure 3.12 shows the time evolution of

local alongshore winds and "mid-depths" vertical velocities from coastal locations

at latitudes 36°and 38°S, smoothed with a second order low-pass filter. The vertical

velocities are averaged over depths selected to represent the upwelling of subsurface

waters. Figure 3.12 shows that the southern coastal winds and vertical currents
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(upwelling activity) are stronger and show a general similarity in changes in strength

at low frequencies. This is not apparent in the northern locations.

3.4.1.5. Regional variability and wind forcing

A large part of the variability of the modeled circulation is induced by spatial

changes of the wind stress forcing. The southern region is dominated by stronger

winds than in the north (Figure 3.12). To clarify the role played by the variable

wind forcing in establishing the regional variability of the ocean fields, we compare

the results of the benchmark simulation with those of an experiment made using a

uniform and constant wind. This comparison is illustrated in Figure 3.13, where we

show surface density maps corresponding to day 100 for both experiments (at this
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day the observed density differences are the largest, but they are qualitatively valid

at any period of the experiments).

The benchmark density map (Figure 3.13a) shows that the upwelling activity

at day 100 has recovered to similar levels of intensity from day 50 (Figure 3.8b),

with dense surface waters extending farther offshore in the north than in the south.

This occurs after a strong increase of the upwelling favorable winds (between days

90-100). The density field map (Figure 3.13b) of the experiment made with a uni-

form and constant wind shows an intensified upwelling activity that reachs farther

offshore. In contrast with Figure 3.13a, the differences between northern and south-

ern 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-energy inputs of this experiment (not shown) almost double that of the bench-

mark 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 comparisons with the benchmark experiment show

that in the southern regions the model ocean fields have similar characteristics. In

the northern region, however, the eddy activity during the experiment with spatially

uniform winds is significantly weaker (not shown). These results indicate that the

regional differences and synoptic fluctuations in the ocean circulation are strongly

dominated by the spatial and temporal variability of the local wind forcings.

3.4.2. Vorticity balance

The analysis of the model fields above indicate that the adjustment by the

sea level and currents show a conventional Ekman-geostrophic dynamics. At the

surface, the balance is primarily Ekman dynamics, as the coastal sea level drops in-

duced by strong offshore transport of mass due to wind stress and Coriolis forcings.

The drops in sea level results in an across-shelf pressure gradient and an along-

shore equatorward coastal jet, as the dynamics of the flows tend to be dominated

by geostrophy. To move beyond these symple dynamics, we analyse the vorticity

equation, which can be written as:

= divj, (3.1)

where ( is the rate of change (tendency) of the vertical vorticity component, and

the vector field T is the net horizontal vorticity-flux (see Appendix) defined as

J=-[fv]-[V(gij)+]xk-[.A]xk-[VJxk
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Here, k is the fixed vertical direction and the right four terms are identified as:

Coriolis, pressure gradient, horizontal advection plus diffusion (the non-linear iner-

tial terms), and surface stress plus bottom stress (for the external mode) or vertical

advection plus diffusion (for the internal mode) torques. The net horizontal vorticity

flux and momentum vectors (or their corresponding partial terms) differ in that one

is rotated with respect to the other. Conceptually, the balance of horizontal mo-

mentum and of horizontal transport of vertical vorticity are directly related. The

partial pressure flux term V(gij) x k and the geostrophic flux part of the Coriolis

term have null divergences. Thus, the contributions of the pressure plus Coriolis

terms to changes and transport of vorticity are just reduced to those determined

by the baroclinic pressure flux part ([} xk) plus the ageostrophic Coriolis flux

part (1 vag). A complete description of the vorticity balance equation is given in the

Appendix. Since diffusion represents unresolved advection, we refer to horizontal

advection plus diffusion as the inertial term. In the external mode, the presure term

is only bottom presssure. In the internal mode near the surface, the vertical advec-

tion plus diffusion is dominated by diffusion -i.e. the downward mixing of vorticity

generated at the surface by the wind stress.

Using daily outputs of the model fields, we calculated the divergence of each

flux vector term using Stoke's theorem as in Ezer and Mellor (1994), although in our

case the momentum equations have been divided by the bottom depth (D) before

taking their curl. The contributions of the surface stress and bottom stress torques

for the external mode were independently calculated. For analyses purposes, the

torque components at each location were temporally-averaged over the 50-100 days

simulation period. The time-mean torques for the external mode and for the upper

50 m portion of the internal mode, area-averaged over the entire model domain, are

shown in Table 3.1. Spatial patterns of the time-mean torques for the external mode



Table 3.1. Minimum, area-average and maximum values of time-mean torques from
the benchmark experiment, for the external mode and the surface (upper 50 m)
part of the internal mode. Units are 1011(s2).

EXTERNAL Mirnimurn Area - average Maximum

Coriolis 25.740 -1.124 26.100

Pressure 33.360 1.351 30.330

Inertia (A+D) 24.140 -0.084 16.470

Bottom Stress 5.029 0.012 3.677

Surface Stress 0.263 0.051 0.317

Tendency 9.723 -0.206 13.970

SURFACE Mirnirnum Area - average Maximum

Coriolis 68.640 -1.573 116.100

Pressure 23.100 0.150 26.230

Horizontal A+D -364.100 -1.037 190.500

Vertical A+D 23.150 4.460 27.880

Tendency -302.200 2.000 168.500

are presented in Figures 3.14 and 3.15. "Local" time series of torque contributions

obtained by averaging over regions of 50km x 50km (centered at the intersections

of the lines presented in Figure 3.2) are shown in Figure 3.16.



3.4.2.1. Vorticity of the depth-integrated Flows

The average budget for the external mode (Table 3.1) shows that the vorticity

dynamics of the flows in the entire domain is dominated by a near balance between

the bottom pressure and the Coriolis torques. The third largest contributor is the

inertia torque, followed by the surface stress and bottom stress terms, being two

orders of magnitude smaller than the main torques. The inertia torque, however,

shows a range of values similar to the leading terms but much wider than those of

the surface and bottom stress terms. The spatial variability and relative importance

of these dominant terms can be observed in Figure 3.14, where we show the time-

mean contributions from the Coriolis and bottom pressure terms, and in Figure 3.15,

where we show: (a) residuals from the balance between Coriolis and bottom pressure

torques; (b) inertia torque; (c) vorticity tendency; and, (d) net vorticity flux vectors.

Contributions of the surface and bottom stress torques are not shown, although they

are somewhat significant around the Punta Lavapie and Peru-Chile Trench northern

areas, respectively.

The dominant terms of the vorticity balance, everywhere in the model do-

main, are the bottom pressure and Coriolis torques. Figure 3.14 shows that their

contributions reflect the changes in the bottom topography, particularly cross-shore

hills and canyons along the steep continental slope. Due to smoothing, these appear

as slight changes in the sense of curvature in the depth contours. The bottom pres-

sure and Coriolis torques, however, tend to oppose and cancel each other, leaving

a much weaker residual, which is shown in Figure 3.15a. Most of this residual is

removed by horizontal advection plus diffusion torques -i.e. the non-linear inertial

terms (Figure 3.15b). The patterns of residual and inertial terms also seem related

to changes in the bottom bathymetry. These results indicate that advection plays
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an important role in the vorticity dynamics, at levels similar to that of the residuals

of the Coriolis and bottom pressure main torques.

The vorticity tendency in Figure 3.15c, which is dominated primarily by the

Coriolis, pressure and inertial torques, shows that the northern and southern regions

have different vorticity dynamics. In the southern areas the weak or moderate

tendency values indicate that residuals of the main balance are mostly canceled by

inertial or advection processes. In contrast, the high tendency values in the northern

region indicate that the flow vorticity is strongly changed either due to large values

of the residuals between the pressure and Coriolis torques or to large effects of the

inertial torque. These high values in vorticity tendency ultimately arise from strong

interactions between the flows and bottom topography, occurring mostly over the

slope and coastal areas in the vicinity and north of Punta Lavapie, and on the inshore

side of the northern and deepest part of the Peru-Chile Trench. Superimposed on

this regional variability, the topographically induced torque changes and the side-

line decay of the currents give place to a small-scale ('1O km) wave-like pattern of

tendency values and to large net vorticity flux-vectors (Figure 3.15d). These flux

vectors, not only show that relative vorticity is mostly created along the axes of the

depth-integrated currents, but it is exported toward the continental coastline and

inside the Peru-Chile Trench areas, where it dissipates. The differences in vorticity

dynamics between the northern and southern regions relates to the differences found

in our previous analysis, where we found that northern currents are strongly affected

by advection processes during periods of separation of the jet from the coastline,

and subsequent wind relaxation events and the formation of cyclonic eddies.
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3.4.2.2. Dynamics of surface and sub-surface flows

The area-averaged torque contributions of the surface portion (upper 50 m)

for the internal mode (Table 3.1), shows that the vorticity tendency of the surface

flows is controlled by the vertical advection plus diffusion torque, which is partially

reduced by Coriolis and inertia torques and slightly strengthened by pressure torque

contributions. These torques largely differ from those for the external mode, indi-

cating, first, that there is a dynamical difference between surface and subsurface

flows and, second, that the depth-integrated torques reflects mostly the dynamics of

the subsurface flows. Thus, while subsurface flows tend to follow contours of f/D

(topographic steering), the surface flows are dominated by effects of the vertical

advection and diffusion of the curl of the wind stress.

The differences between the dynamics of the surface and subsurface flows

is illustrated in Figure 3.16, where we show time series of the main torques for the

external mode (Figure 3.16a) and for the surface portion (upper 50 m) of the internal

mode (Figure 3.1Gb), at a northern coastal location (36°S). Figure 3.16a shows that

the main external balance between the Coriolis and bottom pressure torques remains

valid during the entire simulation (although reversing in sign during periods of wind

relaxation), while the inertia torque progressively increases and fluctuates, somewhat

coherently with the vorticity tendency. Figure 3.16b shows that the surface flows

are largely affected by strong fluctuations of the wind stress (vertical advection plus

diffusion of vorticity forced by wind stress curl), and large inputs from the Coriolis

and horizontal inertia (advection) terms. The inertia term indicates the large effects

of remote forcing events.
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3.4.2.3. The role of the inertia torque

As the depth-integrated flows (external) tend to be in geostrophic balance,

with the currents following contours of f/D (showing strong topographic steering),

the surface flows are controlled by Coriolis, inertia and vertical advection and dif-

fusion of the curl of the wind stress (quasi-Ekman dynamics). The departures from

the geostrophic balance are induced by temporal changes in the wind stress, and

linked to strong effects of the non-linear terms. To better understand the role of

the inertia (advection) terms we compare the benchmark simulation (Figures 3.8e

and 3.9), with an additional experiment in which we exclude the inertia terms in

the momentum equations (Figures 3.17 and 3.18, respectively).

The comparison between surface velocity fields in Figures 3.8e and 3.17,

shows that the absence of the inertia terms has induced an additional equator-

ward jet moving along the inshore side of the Peru-Chile Trench axis. The flows

in Figure 3.17 show a generalized tendency to cross contours of f/D, with strong

offshore transport of mass and momentum. Zonal sections of alongshore flows (com-

pare Figures 3.9 and 3.18), show that the subsurface flows are also affected by the

elimination of the inertia terms, with relatively distorted vertical structures and

intensity changes. These results indicate that the inertia term play a significant

role in the adjustment of the surface and subsurface flows. When the inertia terms

are included they: 1) compensate the effects of changes in the wind stress (changes

in offshore mass transport) and Coriolis force at the surface; 2) alter the tendency

of the subsurface flows to be in geostrophic balance; and, 3) keep the difference of

dynamics between surface and subsurface currents at a "moderate" level, relative

to the simulation without inertia terms in the momentum equations.
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3.5. The 1992 and 1994 experiments

The benchmark simulation shows that the variability of the ocean circulation

along the Chilean coast is strongly dependent on the local wind stress forcing. In this

section, we quantify the effects of changes in wind forcing. Some El Niflo years have

weaker winds at mid-latitudes, due to movements of the atmospheric Subtropical

Anticyclone of the Southeast Pacific (SASP). 1992 appears to be such a year, whereas

1994 was a year with strong summer winds. Here we use the model to quantify the

differences in ocean circulation that can be caused by differences in local forcing

alone, neglecting effects that propagate into the region from lower latitudes. The

differences are estimated from numerical simulations for summertime periods using

winds from years 1992 and 1994. The results are illustrated by comparisons of: time

series of area-averaged alongshore winds, heat-energy inputs, and volume-averaged

barotropic kinetic energies (Figure 3.19); snapshot maps of density and velocity

fields (Figures 3.20 and 3.21); and, temporal evolution of density and alongshore

flows (Figure 3.22) over the coastal line shown in Figure 3.2.

For both years, Figure 3.19a shows that the summertime winds are mostly

equatorward but largely differing in strength and timing. In 1992, the winds reached

their maximum and minimum during January and March, respectively, while in

1994 they occurred during February and March. The winds for both summers have

predominantly cyclonic curl, reaching their minima during March of each year. The

differences in the wind fields are a consequence of interannual changes in the basin

scale SASP atmospheric anticyclone (Ramage, 1986). In 1994, the SASP anticyclone

reached its southernmost extension in February, while in 1992 it occurred in January.

Compared to the 1994 period, the 1992-winds show an early weakening and larger

effects by the passing of low-frequency perturbations. The variability of the wind
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stress during 1992 and 1994 is primarily dominated by low-frequency signals with

periods of 20 days or longer (Figure 3.19a), and secondarily by signals with periods

in the 2-10 days band (obtained from spectral calculations). The signals with periods

in the 2-10 days band, are present in each year but are relatively stronger during the

El Niño period. They are associated to the passage of eastward moving storms or

the southward propagation of coastal trapped waves in the atmosphere that move

with speeds of 10 m s1 from 20°-25°S to about 40°S, and could extend seaward by

about 150 km (Shaffer et al., 1997).

The differences of heat-energy inputs (the relaxation toward SST climatol-

ogy) and BKE energy for both years (Figures 3.19b and 3.19c), indicate that the

adjustment processes for 1992 flows were, during January, stronger than those for

1994. By mid-February, however, the relative strength of the adjustment processes

has reversed, reaching a stage where the heat-energy inputs and BKE energy for

1992 are 30-50% smaller than for 1994. Thus, the differences in BKE energies

are a direct consequence of the differences in wind stress and heat/salt energy in-

puts from both years. The lower heat energy input during 1992 (resulting from the

damping procedure) is caused by the tendency of the temperature and salinity fields

to be closer to the climatological initial fields. This implies that in 1992 there was

a less upwelling and weaker northward advection.

The atmospheric and ocean circulations during 1992 (a weak -to- moderate El

Niflo year) show a significant weakening of wind forcing, ocean currents and coastal

upwelling. The general model characteristics during 1992 are: 1) the upwelling

activity did not extend as far offshore (20-50 km compared with ''50-150 km in

1994, in the southern and northern regions); 2) the surface equatorward jet and

depth-averaged flows were smaller by e..iO.1 and '0.2 m g_1; and, 3) the coastal

sea level was r.iO.2 in higher. The synoptic fields for both years are illustrated in
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Figure 3.20, with snapshots of ocean fields at day 80. The density and velocity

fields for 1994 show that the upwelling activity has extended farther offshore while

the coastal currents have intense meanderings and eddy-like features (both cyclonic

and anti-cyclonic). These features are common to northern and southern regions, as

both areas are affected by strong upwelling favorable winds. In contrast, the 1992

northern fields are different from the southern fields where upwelling appears very

weak and confined close to shore. Vertical sections of alongshore currents at 36°S

for both years (Figures 3.21a,b), also show the formation of subsurface anticyclonic

eddies below the 400 m depth and on the offshore side of the meandering subsurface

equatorward current (attached to the upper slope). These eddies are also observed

at 38°S and during 1994 but not in 1992 (Figures 3.21c,d).

For both years, the surface equatorward jets in Figure 3.20 show a clear sep-

aration from the coast, extending northward from the Punta Lavapie cape. The

coastal separation of the jets is a recurrent feature that induces strong cross-shelf

transport in the northern areas. A similar topographic mechanism of jet separation,

and its tendency to turn back shoreward (cyclonically) downstream, has been ob-

served by Barth et al. (2000) to occur in the vicinity of Cape Blanco, Oregon, using

a variety of hydrographic and current meter measurements. Barth et al. (2000) also

identified that the coastal jet separation, and its encounter with the California Cur-

rent System, is augmented in strength by interacting with the poleward undercurrent

that flows along the continental slope. Unlike their observations, the separated jet

in our simulations do not show such strong interactions with the (relatively weaker)

model poleward countercurrent.

The temporal evolution of the surface density and north-south currents from

the 1992 and 1994 experiments are illustrated in the top and central panels of Fig-

ure 3.22. The central panels in Figure 3.22 show that in 1994 there is persistent
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upwelling of denser waters through the entire summer period. This trend is only

altered by wind relaxation events that induce strong flow meanderings south of

38°S and cyclonic eddies in the northern coastal regions between 37.5°-36.0°S. The

northern eddy activity appears as a 20 days fluctuation of the alongshore currents

(Figure 3.22c), a signal that is absent south of Punta Lavapie. The evolution of

the north-south flows in 1992 (Figure 3.22a) show a similar pattern of variability

than for 1994 (Figure 3.22c), both for the regions north and south of Punta Lava-

pie (.i37.5°S). In contrast, the evolution of the surface density field in 1992 (Fig-

ure 3.22b) indicate that upwelling was much weaker than in 1994 (Figure 3.22d).

The quantitative differences between the surface north-south flows and den-

sity fields for 1992 and 1994 are presented in the bottom panels of Figure 3.22. Neg-

ative differences (shaded areas) in currents (density) indicate that 1994 has more

equatorward flows (denser waters) than in 1992. The large negative differences show

that the strengths of equatorward currents and upwelling intensity are much weaker

during 1992, when wind forcing is weaker. North of Punta Lavapie, the absolute

density differences are smaller than in the south, which results from smaller local

differences between the winds of both years. The positive differences in the north-

ern currents are due to cyclonic eddies in 1994 and to locally intensified currents in

1992. These differences in the circulation are induced only by changes in the wind

stress forcing fields, associated with the north-southward displacement and strength

changes of the SASP atmospheric anticyclone, more typical of El Nub conditions.

In the real ocean there may be additional effects caused by poleward propagating

signals. Our results show the extent to which entirely local wind forcing can change

the circulation during an El Niño year with weaker equatorward summer winds.



3.6. Summary and conclusions

We have presented a numerical study of the upwelling circulation along the

central region (approximately 35°-39°S) of the Chilean coast. The main (benchmark)

experiment was made with ECMWF-derived wind stress fields for summer of 1993,

and heat and salt surface inputs fluxes approximated using a Newtonian damping

scheme. Additional experiments enable us to: 1) identify the roles played by the

surface forcing in determining the character of the ocean circulation and water

property fields; and 2) examine the ocean circulation variability between years with

weaker and stronger atmospheric forcing conditions.

Our benchmark results show the formation of an eastern boundary current

system that is formed by: (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 subsurface equatorward current (SCCC), centered at 1000

m depths over the upper slope; and, (4) a deep poleward 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

and 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 equatorward and has a dominant cyclonic curl. This wind forcing

shows a summer pattern that is similar to those found by Bakun and Nelson (1991),

and which is determined by changes in the atmospheric Subtropical Anticyclone of

the South Pacific.

The coastal areas show strong upwelling activity, induced by offshore Ek-

man transport, with periods of growth, peak and decay. These upwelling stages are

directly associated with events of intensification or relaxation of the equatorward
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winds. The changes in the winds and coastline geometry induce a north-south re-

gional variability in the ocean circulation. North of Punta Lavapie, the equatorward

current separates from the coastline during periods of intensification of the upwelling

favorable winds. During periods of wind relaxation, cyclonic eddies form due to ad-

vection from the north. Spectral calculations and sensitivity 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 induced

due to wind stress and Coriolis forcings. The drops 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 dominated by geostrophy (with the currents

following contours of f/D). Further examination of the flow dynamics was made with

a vorticity balance analysis. The results indicates that: 1) the depth-integrated

vorticity balance reflects mostly the vorticity variations of the subsurface flows;

2) the vorticity of the depth-integrated flows are dominated by contributions of

the bottom pressure and Coriolis torques; 3) the vorticity of the surface flows are

controlled by mixed effects from Coriolis, inertia (advection) and vertical advection

plus diffusion of wind stress curl torques; 4) the main balance between the pressure

and Coriolis torques is altered by changes in the wind stress, modulated by effects

of the coastline geometry and bottom relief, and linked to strong effects of the non-

linear terms; and 5) vorticity is mainly created along the axes of the subsurface
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currents, particularly near Punta Lavapie, and transported into the Gulf of Arauco

and Concepcion areas and the Peru-Chile Trench, where it is dissipated.

Results of the 1992 and 1994 simulations show that the ocean circulation is

strongly affected by changes of the strength of summer wind stress fields, such as

occur during some Eli Niño events. Although the winds were mostly equatorward

and had prevailing cyclonic curl during both years, they differed in strength de-

pending on the relative location of the atmospheric Subtropical Anticyclone. The

coastal flows north of Punta Lavapie show the presence of cyclonic eddies induced

by the relaxation of the winds, although their strengths and durations during years

with weaker winds are weaker and shorter than those formed during years with

stronger winds. The formation of cyclonic eddies is directly related to the separa-

tion of the equatorward jet from the coastline at Punta Lavapie, fluctuations in the

wind forcing, and effects of the non-linear terms. The separation of the equator-

ward coastal jet, induced by the presence of the Punta Lavapie cape, appears as a

recurrent feature that generates strong cross-shelf transport in the northern areas.

This topographic mechanism of jet separation is similar to that observed by Barth

et al. (2000) in the vicinity of Cape Blanco, Oregon.
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4.1. Abstract

We compare satellite sea surface temperature (SST) fields from the upwelliug

region off Central Chile (34°-40°S) to corresponding outputs of numerical simula-

tions of the ocean circulation for summers of years 1992, 1993 and 1994. The SST

field comparisons confirm the model results that the summertime upwelling circu-

lation off Central Chile is: (1) dominated by fluctuations of the upwelling favorable

local winds; (2) largely affected by the seasonal displacement of the atmospheric

Subtropical Anticyclone of the South Pacific and ENSO events; and, (3) affected by

the coastline geometry, which causes the flow to vary distinctly south and north of

37°S. The comparisons also show that the model simulations were more successesful

in explaining the oceanic variability at the northern coastal area, inside and north

of the Gulf of Arauco and Concepcion bays. In this region there is (persistently)

observed the separation of the equatorward jet from the coast and the formation of

eddies due to wind relaxation events. The eddies are weaker and last shorter during

El Niño years.

The partial success of the regional model in explaining the oceanic variabil-

ity off Central Chile suggests that: (1) the ocean circulation is strongly affected by

local wind forcing; (2) there is a complex and variable eddy activity, which may

have a strong impact on the local ecosystem processes flows (larvae retention, chem-

ical fluxes, etc.); and, (3) it is necessary to improve the modeling procedures (for

example, including model nesting techniques) to obtain more realistic oceanic fields.

4.2. Introduction

In this article we compare satellite sea surface temperature (SST) fields de-

rived from the NOAA/NASA Pathfinder Project datasets, with corresponding re-
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suits of numerical simulations of the upwelling circulation off Central Chile (34°-

40°S, Figure 4.la). The numerical simulations were made for the summer seasons

of years 1992, 1993 and 1994 (Mesias et al., 2000), using the primitive equation

Princeton Ocean Model (POM). The coastal ocean currents off Central Chile form

part of the Peru-Chile Current System. The main currents in this region are: (1) the

surface Chile Coastal Current (CCC), which flows equatorward above 100 'in over

the continental slope and shelf; (2) the Poleward Undercurrent (PUG), which flows

below the CCC; and, (3) the poleward surface Peru-Chile Countercurrent (PCCC).

Field observations have shown that during summer seasons the upwelling activity is

very strong, with plumes of cold waters extending offshore up to 150 1cm (Caceres

and Arcos, 1991) and that the alongshore component of the currents correlates well

with the wind speed presenting a time lag of 18-36 hours (Ahumada, 1989). Dur-

ing some years, the local oceanic and atmospheric (wind) fields are affected by the

development of El Niño atmospheric conditions (Ramage, 1986; Shaffer 1995 and

1996). A more complete description of the local currents and the upwelling activity

can be found in Strub et al. (1995, 1998).

Our previous analyses of the numerical simulations for summers of years

1992, 1993 and 1994 (Mesias et al., 2000) indicate that the model surface equator-

ward jets and the poleward subsurface countercurrent resemble those historically

known for the region off Central Chile, and confirm the results inferred from histor-

ical observations that upwelling of subsurface colder waters is strongly controlled by

the variability of the local wind forcing. The summer local winds are predominantly

upwelling favorable (equatorward) and due to the seasonal strengthening and dis-

placement of the atmospheric Subtropical Anticyclone of the South Pacific and by

El Nifio-Southern Oscillation (ENSO) events. The model results also show that the

combination of spatial wind variability and the coastline geometry, creates distinct



-35

-36

-37

a,J

-38

-39

-40

-76

Longitude
-76 -75 -74 -73

Longitude
-76 -75 -74 -73

'Concepdon

Punta Lavap,e

)b
-75 -74 -73 -76 -75 -74 -73

Longitude Longitude

-35

-36

-38

-39

-40

I

C
0
0

LD1]

Figure 4.1. (a) Bottom relief of the Gulf of Arauco area; and, (b) Climatological
(summer) sea surface temperature (in Celsius degrees) field from Levitus and Gelfeld
(1992).

variability in the circulation south and north of 37°S (Punta Lavapie cape). Anal-

yses of the model flows also indicate that: 1) the vorticity of the subsurface flows

have a large dominance by the bottom pressure and Coriolis torques, and present

a strong topographic steering; 2) the vorticity of the surface flows are controlled

by mixed effects from Coriolis, advection and the wind stress curl torques; and, 3)

vorticity is mainly created along the axes of the subsurface currents and dissipated

in the shallow continental shelf areas or at the inshore side of the Peru-Chile Trench.

The objective of this study is to estimate the success of the numerical simu-

lations in reproducing the variability of the Chilean coastal ocean. We pursue this
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goal by comparing daily SST time series derived from the model and NOAA/NASA

Pathfinder Project data sets. Due to the large amount of missing data, each daily

term of the SST time series was calculated as a bi-weekly composite of daily SST

fields. A comparison between model and satellite SST time series brings to light

two issues that need to be addressed. First, the irregular sampling ill the satellite

fields causes a bias that overestimates the spatial offshore extension of the upwelling

activity. Second, the numerical simulations are initialized with climatological tem-

perature fields whose surface mean values and gradient strength (see Figure 4.lb)

largely differ from those obtained with the satellite SST datasets. The first problem

is addressed by generating model SST time series with a subsampling methodology

that mimics the ocean sampling by the satellite sensor, so that both the model and

satellite SST time series present the same bias. The second problem is addressed

by comparing just the time differences of SST fields relative to a certain initial day,

so that only the temporal variability of the fields are compared. The comparison

between SST fields of summers of years 1992 and 1994 allows us to estimate the

success of the model simulations in reproducing oceanic variability between years

with weak (El Nifio) and strong (La Nina) surface wind forcings.

This article is organized as follows. In Section 4.3 we offer a brief description

of the POM model, forcing fields and numerical experiments. In Section 4.4 we

describe and compare the mean SST summer fields derived from the satellite and

subsampled model outputs. In Section 4.5 we illustrate the SST variability with

a qualitative comparison of absolute "observed" and "predicted" SST fields and a

discussion on the eddy activity that develops in the northern coastal areas. Finally,

a summary and conclusions are presented in Section 4.6.
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4.3. Model experiments

The numerical simulations of the ocean circulation were made by Mesia.s et

at. (2000) with the primitive equation, sigma coordinate, Princeton Ocean Model

(POM). The POM model solves the vertically integrated equations (external mode)

separately from the vertical structure equations (internal mode). A detailed de-

scription of the POM model can be found in Blumberg and Mellor (1987). The

model was initialized with climatological temperature and salinity values (Levitus

and Gelfeld, 1992). The north, south and west borders of the model domain are

open. The open boundary conditions (OBC) used here differ for the external and

internal modes. For the barotropic external fields, the OBC at the north and south

borders are those implemented by Palma and Matano (1998), based on a combina-

tion of radiation and continuity conditions plus a local solution approach. For the

same borders, the implemented OBC for the baroclinic fields are a combination of

advection plus Orlanski's radiation conditions (Mesias et al., 2000). At the western

border, the external and internal fields are clamped in combination with a relaxation

scheme that ensures a continuous change toward the interior domain.

The model was forced with daily wind stress fields for summers of years

1992, 1993 and 1994. These wind stress fields were derived from twice-daily wind

speeds calculated at the European Centre for Medium-Range Weather Forecasts

(ECMWF). The daily wind stress fields were interpolated onto the model grid at

each external time step during the simulations. Surface heat and salt fluxes were cal-

culated with a Newtonian damping to the monthly NODC temperature and salinity

climatological fields (Mesias et al., 2000). The numerical simulations were started

from rest in January 1 of each year, and run for a period of 100 days each. To
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Figure 4.2. Regional monthly mean of wind stress components r2,, T (102Pa) and
wind stress curl V X T (102Pa/lOOkm) for the austral summers of years 1992, 1993
and 1994.

avoid the forcing of inertial oscillations, we ramped the winds during a 20-hour

local inertial period.

In Figure 4.2 we show monthly mean values of wind stress components and

wind stress curl for each year. The mean northward component of the wind stress i,
and the wind stress curl V x T of years 1993 and 1994 reach their maximum and min-

imum values in February and March, respectively, while in 1992 they were reached

in January and March, respectively. The fact that the eastward component i is an

order of magnitude smaller than T, shows the dominance of the upwelling favorable

(equatorward) winds during the summer seasons. The wind patterns for years 1992

and 1994 (or 1993) show the differences between the weaker El Niño and stronger La

Nina (or moderate) atmospheric conditions with the strongest equatorward winds

during 1994.
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4.4. The SST fields comparisons

The satellite SST fields for summers of years 1992, 1993 and 1994 were ob-

tained from the NOAA/NASA Pathfinder Project datasets. These SST fields have a

spatial resolution of 9-km and represent ascending (daytime) and descending (night-

time) orbits separately. In Figure 4.3 we show maps of summer mean values, vari-

ances and data distribution of these SST fields. These maps indicate that in 1994

the upwelling activity was the strongest (indicated by the largest offshore location

of the 16.5°C isotherm), have the largest variability in sea surface temperature and

the largest number of good data. The fact that the weakest upwelling activity is ob-

served to occur in 1993 (when equatorward winds are more persistent and strongest

that in 1992), could be an artifact due to the very low number of good data for the

areas close to the coast.

4.4.1. Missing data effects

To identify the effects of the large numbers of missing data on the satellite

mean fields, we computed two independent summer means (and variances) of the

model SST fields for each year: one using the full model outputs and a second

one subsampling the model outputs only at the same time and locations where good

satellite data were available. Iii panels A and C in Figure 4.4 we show the time-mean

and variance of the full model data, while in panels B and D we show those obtained

with the subsampled model data. Since the numerical simulations were initialized

with climatological temperature fields (Figure 4.lb) the predicted summer mean

SST fields (Figure 4.4) have absolute values and gradients that differ from those

derived from the satellite SST datasets (Figure 4.3). This problem, however, will

be addressed below.
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Figure 4.3. Panels A and B show the time-mean and variance (in Celsius degrees)
of the AVHRR-SST fields for each summer period. Panels C show the distribution
of number of data per location during each period.
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Figure 4.4. Time-mean and variance of POM-SST fields (in Celsius degrees) for
each summer period, derived from full model results (panels A and C) and model
data subsampled over the AVHRR Pathfinder tracks (panels B and D).
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A comparison between the summer mean SST fields from the full and sub-

sampled model (Figure 4.4) shows that the large number of missing data result in

ocean features that do not exist in the real (full model) ocean. In fact, the lo-

cation of the 15°C isotherm farther offshore in panels B indicates a false increase

in upwelling. This effect, which inversely depend on the number of missing data,

should also be present in the satellite SST fields shown in Figure 4.3. To account

for this bias toward overestimation of the intensity of upwefling, we only compare

subsampled model and satellite SST fields, since both have the same bias.

4.4.2. Time series comparisons

To extend the comparisons between model and satellite SST fields we derived

hi-weekly SST time series centered on each day. At each pixel, a daily time series was

created by forming a bi-weekly composite of SST values centered at each day. These

"daily" SST fields permit us to follow the evolution of ocean features in a reasonable

way. The time series of the model SST fields were obtained by subsampling the

model outputs in the same way.

To address the problem of the large differences of absolute values and gra-

dients observed between the model and satellite SST fields, we compare just the

differences of SST fields relative to an initial day, so that only the variation of the

fields is accounted for. The calculated time series of differences of SST fields for both

the model and satellite SST fields are shown in Figure 4.5. For each summer period,

the plotted SST value differences are area-averaged series that represent the coastal

regions north and south of Punta Lavapie (see Figure 4.1, from the coast out to

74°W). The series of SST differences for the model and satellite fields are expressed
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Figure 4.5. Variation of sea surface temperatures relative to January 9 of each year
from the numerical simulations (POM) and satellite (AVHRR) data sets. Panels
correspond to area-averages for the northern (top) and southern (bottom) coastal
areas. Correlation coefficients are indicated at each panel.

in percents relative to the initial day. At the top of each panel are indicated the

squared correlation coefficients between the time series.

The plotted series of SST differences in Figure 4.5 show that the model

simulations mimics the variability of the real ocean with diverse success: in the

northern coastal areas the time series are reasonable well correlated (except for

1994), while in the southern areas they are not. The highest correlations are found,

first, for the simulation of summer of 1993 and, second, for summer of 1992. Both

results indicate that the oceanic variability of the northern coastal areas are partially

explained by the model simulations.



117

To illustrate the success of the model simulations in explaining the ocean

variability of the northern coastal areas, we present in Figure 4.6 snapshots of model

and satellite SST fields for 6 March (day 65) and 26 March (day 85) of 1993. These

fields correspond to periods of moderately intense (day 65) or relaxed (day 85)

upwelling activity. Although the corresponding "predicted" and "real" SST fields

are not quantitatively comparable, they show changes in their spatial patterns that

are partially similar. In Figure 4.6, particularly, both the model and satellite SST

fields show the decrease of upwelling intensity (receding of the colder waters to the

coast) as indicated by a decrease of the offshore distance of the thickened 14.0°C

(upper panels, model SST fields) and 17.0°C (lower panels, satellite SST fields)

isotherms. The SST fields in Figure 4.6 represent conditions of peak and decay of

upwelling activity that are similar to those presented in Figure 1.1, although they

correspond to different days and a larger domain.

4.5. Relaxation events and eddy activity

The transition to downwelling conditions is favored by the relaxation of the

equatorward winds and the passage of weak or moderate eastward storms. In Fig-

ures 4.7 and 4.8 we illustrate the differences of these relaxation events between

years with strong wind forcing (1994, Figure 4.7) and weak (El Niño) wind forcing

(1992, Figure 4.8) conditions. This illustration is complemented with Figures 4.9

and 4.10 that show the evolution of the corresponding vorticity balance torques.

Figures 4.7 and 4.8 present weekly snapshots of surface heights, temperatures

and velocities that show the formation of cyclonic/anticyclonic eddies of variable

strength. The generation of the eddies are favored by fluctuations of the winds stress

forcing and by the geometry of the coastline. Both factors induce the separation from
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Figure 4.6. Wind and model. (POM) and satellite (PFT) SST fields for year 1993.
SST values (in Celsius degrees) are averaged over a two-weeks period, centered at
each day. Contour interval is 0.5°C.
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the coastline of the surface equatorward coastal current at Punta Lavapie, during

periods of strong equatorward winds, or its southward reversal next to the coast

north of Punta Lavapie, during periods of wind relaxation (see corresponding top

panels). The SST fields for summers of years 1994 and 1992 (central panels) show

differences in the intensity of the upwelling activity that resembles that observed in

the summer mean satellite SST fields shown in Figure 4.3 (top panels, with stronger

upwelling activity during 1994). During the weaker 1992 El Niuio forcing, the coastal

flows are weaker and have the tendency to break into several eddies, due to more

frequent reversals.

We examine the dynamical balance of the flow fields by analizing the evolu-

tion of the torque (right) terms of the vorticity equation:

= divj, (4.1)

where ( is the rate of change (tendency) of the vertical vorticity component, and

the vector field J is the net horizontal vorticity-flux defined as

= [fv] [V(gi) + ] x k [*A] x k [*V] x k

Here, k is the fixed vertical direction. The four right terms are identified as the Con-

ohs, pressure gradient, horizontal advection plus diffusion (or inertia), and surface

stress plus bottom stress (for the external mode) or vertical advection plus diffusion

(for the internal mode) torques. See Appendix for details.

The divergence of each flux vector term was calculated as in Mesias et al.

(2000), using daily outputs of the model fields. The contributions of the surface

stress and bottom stress torques for the external mode were independently calcu-

lated. The "local" time series of torque contributions that we show in Figures 4.9

and 4.10, were obtained by averaging each torque over the northern coastal region.

For clarity, in those figures we also show the evolution of the relative vorticity.
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For both years 1992 and 1994, during the period that extend approximately

up to day 25, the vorticity of the vertically integrated flows (external mode, top pan-

els) is dominated by the balance between the bottom pressure and Coriolis torques,

while the vorticity of the surface flows (upper level, bottom panels) is controlled

by the balance between the Coriolis and vertical advection plus diffusion torques

(mainly the curl of the wind stress). After this initial period, of flow adjustment

to bottom topography and the density field, the inertia (horizontal advection plus

diffusion) torque starts to significantly contribute to changes of vorticity, for both

the vertically integrated and surface flows, partially compensating the residuals of

the dominant balances. These results indicate that there is a strong difference be-

tween the dynamics of the surface and subsurface flows, with the depth-integrated

flows reflecting mostly the dynamics of the subsurface flows and which tend to be

in geostrophic balance (topographic steering). After day 60, the large relaxation of

the wind stress (curl) in both years causes the inertial torque to play a dominant

role in changes to relative vorticity. These are the periods when the eddies start to

grow in size and strength.

4.6. Summary and conclusions

We present a comparison of satellite SST fields with corresponding results of

three numerical simulations of the upwelling circulation off Central Chile, for years

1992, 1993 and 1994. The comparisons of the model and satellite SST fields confirm

the model results that the summertime upwelling circulation off Central Chile is:

(1) dominated by fluctuations of the upwelling favorable local winds; (2) largely

affected by the seasonal displacement of the atmospheric Subtropical Anticyclone



125

of the South Pacific and ENSO events; and, (3) affected by the coastline geometry,

that make the flows to vary distinctly south and north of 37°S.

The SST field comparisons also show that the model simulations mimic the

variability of the real ocean with diverse success: in the northern coastal areas, inside

and north of the Gulf of Arauco and Concepcion bays, the time series are reasonable

well correlated, while in the southern areas they are not. The highest correlations

are found, first, for the simulation of summer of 1993 and, second, for summer of

1992. In this northern region there is observed the persistent formation of eddies

due to wind relaxation events. The eddies are weaker, more variable and shorter

lived during El Niño years. A flow vorticity balance analysis show that there is a

strong dynamical difference between surface and subsurface flows: the subsurface

flows are subject to strong topographic steering, while the surface flows are mostly

affected by changes in the curl of the wind stress. The inertia torque contributes to

changes in the vorticity of both the surface and subsurface flows.

The partial success of the regional model in explaining the oceanic variability

off Central Chile suggests that: (1) the ocean circulation is strongly affected by local

wind forcing; (2) the complex and variable observed eddy activity should have an

strong impact on the local ecosystem flows (larvae retention, chemical fluxes, etc.);

and, (3) it is necessary to improve the modeling procedures (for example, including

model nesting teeniques) to obtain more realistic oceanic fields.
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5. General Conclusions

The coastal area off Central Chile (34°-40°S) is an oceanic region that has

been under-sampled and long-term observations are not available to analyze the

field's variability to a good degree of certainty (Strub et al., 1998). The historical

oceanic observations, however, have shown that there is complex and intense up-

welling activity, similar to that observed off Northern California, associated with

predominant equatorward winds that reach their peak during the summer seasons.

The area is known as one of the strongest upwelling center off the Chilean coast.

Recent studies have shown that this area could also be affected by interannual

variability related to El Niiio-Southern Oscillation (ENSO) events, although their

impact on the upwelling dynamics remains unknown (Shaffer et al., 1997). The main

goal of this thesis study was to investigate the dynamics of the upwelling circulation

off Central Chile and its relationship with the acting surface atmospheric forcings,

and the changes in the bottom topography and coastline geometry. The approach

was, particularly, to study the effects of the local surface forcings excluding those

related with remote forcing events.

To address the main thesis' objective we: first, implemented an inverse

method to derive surface ocean velocity fields from satellite altimeter datasets; sec-

ond, made numerical simulations of the summertime ocean circulation in the region;

and third, compared satellite SST fields with corresponding results of the numer-

ical simulations. The inverse procedure (Chapter 2) enabled us to obtain surface

velocity fields that could (optimally) represent oceanic features with spatial-scale

just greater than 100 km, when Topex-Poseidon and ERS-1 altimeter datasets are
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combined. The evaluation of the inverse method, however, also indicates that ap-

plication to coastal regions is strongly constrained by lack of coverage next to the

coast for altimeter data. Thus, in our applications to the central Chilean region,

the method generated uncertain fields and so we did not used it in the comparisons

to model results.

The numerical experiments (Chapter 3) were carried out with atmospheric

forcing for summers of years 1992, 1993 and 1994, representing oceanic fields as-

sociated with weak El Niflo (1992), moderate (1993) and strong (La Nifla) (1994)

atmospheric conditions. The simulations were implemented using the Princeton

Ocean Model (POM), including a realistic coastline and bottom topography of the

area. The model was forced with ECMWF-derived daily-wind stress fields for the

selected austral summer periods, and initialized with annual climatological temper-

ature and salinity fields (Levitus and Gelfeld, 1992). The largest efforts to make the

numerical simulations were related to the development of the open boundary condi-

tions (OBC) and to the implementation of the baroclinic vorticity balance analysis.

The selected OBC conditions, which are different for the barotropic and baroclinic

fields, were partially developed and tested during this study (Matano et al., 1998).

The implemented vorticity balance numerical equations were extensively used to

analyze the dynamic of the model flows.

The results of the numerical simulations were used to describe the dynamics

of the summertime ocean circulation off Central Chile. The model currents partially

resembled those historically identified as part of the Peru-Chile Current system.

The model currents have confirmed previously observed flows at 30°S (Shaffer et

aL, 1995 and 1997; Clark and Ahmed, 1999) and predicted others whose existence

need to be adressed (e.g. the strong subsurface equatorward current attached to the

upper slope, and the deep poleward flowing inside of the Peru-Chile Trench). The
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model results and vorticity balance calculations were successfully used to infer the

relationships between the variability of the ocean fields and the wind stress forcing,

and to describe the effects of the bottom topography (there is an strong tendency

of the flow to be in geostrophic balance) and coastline geometry (which determine

a distinct variability of the oceanic fields north or south of 37°S), especially on the

coastal separation of the equatorward jet and it subsequent tendency to turn back

(cyclonically) shoreward. This jet separation mechanism is similar to that observed

by Barth et al. (2000) in the vicinity of Cape Blanco, Oregon. The vorticity analyses

also permitted us to identify the differences between the dynamics of the surface and

subsurface flows (mostly reflected in the depth-integrated flows).

The comparison study of sea surface temperature fields (described in Chapter

4) were made with satellite SST observations from the NOAA/NASA Pathfinder

Project datasets, and with the corresponding model results for years 1992, 1993 and

1994. The comparisons show that the model simulations partially reflect the real

variability of the satellite SST fields, particularly those in the northern coastal areas

of the modeled domain, where intense cyclonic or anticyclonic eddies evolve during

periods of strong relaxation of the wind stress forcing. Finally, they also confirm

that the summertime upwelling circulation off Central Chile is strongly affected by

the seasonal displacement of the atmospheric Subtropical Anticyclone of the South

Pacific and by ENSO events. The partial success of the regional model simulations

in explaining the oceanic variability shows that the ocean circulation in the region

can be strongly affected by fluctuations of the local wind forcing, even when the

effects of remote forcing events are excluded (i.e. the southward propagation of

trapped coastal waves). Further studies with nested models are needed to include

both local and remotely-forced effects.
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Vorticity Equations

The rate of change for the vertical vorticity (or vorticity tendency) is defined

'1 ô(vD)by k cur1(- ); where D H + i, is the sum of the bottom topography

H and the surface elevation i; and v (u, v) is the horizontal velocity. Then, the

balance equation for the vertical component of vorticity is given by

k. curl.F, (A.1)

where k is the fixed vertical direction; and

[kx (fv)] [V(gi) + ] [A] [*V]
is the sum of the (square bracketed) momentum terms: Coriolis; pressure gradient;

horizontal advection plus diffusion; and surface stress plus bottom stress (for the

external mode) or vertical advection plus diffusion (for the internal mode). Here, f

is the Coriolis parameter; g 9.81ms2 is the gravity constant; V i + j, is
the horizontal gradient operator; A [V. (v D) + v D.V} vF; and, V (O-B)

for the external mode case, or V (wv-) for the internal mode. In this last

expression a is the vertical coordinate; w is the "transformed" vertical velocity; and

KM is the vertical mixing coefficient. For simplicity, the definitions for the pressure

gradient part 4 and for the horizontal viscosity term F are not presented here, as

they can be found in Mellor (1996). Since k is fixed, then (A.1) can be transformed

into:

Ct = divj,

where J J x k is also given by

J=-[fv}-[V(g)+]xk-[A}xk-[V]xk

(A.2)
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Notice that the total (or partial) horizontal vorticity flux and momentum vectors

J and Y differ only in that one is rotated with respect to the other, by around

k. Conceptually, the balance of horizontal momentum and of horizontal transport

of vertical vorticity are directly related.

Equation (A.2) allows the classical interpretation of vertical vorticity as an

Eulerian conservative variable with J representing the net horizontal flux or trans-

port of vertical vorticity. Note that the partial pressure flux term V(gij) x k cancel

that of the geostrophic part of the Coriolis term (having both null divergences).

Therefore, the contributions of the pressure plus Coriolis terms to vorticity ten-

dency and horizontal transport are reduced to those determined by the baroclinic

pressure flux ({4}xk) plus the ageostrophic Coriolis part (1vag). The net contri-

bution to vorticity tendency of the Coriolis term is, then, the

balance between the divergence and 3 torque of the ageostrophic flow fields. Here,

/3 and Vag is the northward component of the ageostrophic velocity.

The property of Eulerian conservation of vorticity is fully independent of

the nature of the .T field. It means that vertical vorticity cannot be destroyed

or created except at fluid boundaries, which are the only regions where vorticity

flux isolines can end, although in the fluid interior they can close on themselves,

signaling the recirculation of vorticity. Inside of the fluid, vorticity can only be

transported from one site to another. By definition, J-flux vectors are normal to the

vertical direction, implying that horizontal surfaces are impermeable to transports

of vertical vorticity. Analogous and generalized conservation theorems for vorticity

and potential vorticity can be found in the papers by Haynes and McIntyre (1987,

1990).




