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[1] Circulation of the eastern South Pacific region (10°-34°S, 70°—100°W) was studied
using drifting buoy trajectories from 1979 to 2003. Three different current regimes were
highlighted: the South Equatorial Current, flowing westward north of 26°S with surface
velocities of 7-8 cm s~ '; the South Pacific Current, an eastward current of ~2 cm s~
south of 25°~30°S; and the Chile-Peru Current, a northwestward flow of ~6 cm s~ ! found
to the east of 82°W and south of 22°S. The velocity variance distribution showed the
regional flow to be anisotropic in nature. Maps of eddy kinetic energy obtained from
drifter measurements and satellite altimetry data showed similar patterns, with higher
energy levels near the South American coast. The Lagrangian time and length scales of the
turbulent flow revealed typical values of 5.9 + 0.6 days and 40.7 + 5.4 km in the zonal
direction and of 3.5 = 0.4 days and 29 + 3.4 km in the meridional direction. The estimated
diffusivities were (4.9 + 0.5) x 10" cm? s~ and (2.6 £ 0.3) x 10’ cm? s~ in the eastward
and northward directions, respectively. Finally, we estimated the respective role of
horizontal advection and lateral diffusion on the mixed layer heat and salt budgets. Near
the coast the lateral turbulent fluxes in the surface layer were two times larger than the

horizontal transports associated with the lar%e—scale circulation; mean horizontal heat and

salt diffusive fluxes were around 25 W m™~
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1. Introduction

[2] Like other eastern boundary current systems, the
eastern South Pacific is characterized by diffuse surface
equatorward flows, part of the return flow of the wind-
forced gyres. Near the continental coast, the Peru-Chile
Current System is more complex and shows different
currents flowing either northward or southward [Silva and
Fonseca, 1983; Shaffer et al., 1995, 1997; Strub et al.,
1998]. When superimposed on this horizontal circulation,
persistent equatorward winds and the wind stress curl act
together to drive intense upwelling of cold, deep water in
this coastal region. The circulation and variability of the
eastern South Pacific dynamics have been studied using
altimetry measurements [Strub et al., 1995], historical
observations [Pizarro, 1999; Blanco et al., 2001; Shaffer
etal., 1997, 1999; Strub et al., 1998], and numerical models
[Leth and Shaffer, 2001]. Nevertheless, detailed information
about the regional surface circulation is still lacking. An-
other source of surface oceanic information is satellite-
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tracked drifting buoy data; its good spatial coverage allows
this data set to be used for regional studies covering a broad
range of scales, from large-scale flows to mesoscale eddy
fields. Thus one of the goals of this paper is to give insight
on the eastern South Pacific surface circulation, based on
some 25 years of drifter measurements.

[3] As eddies are an important mechanism for the trans-
port of heat, salt, and momentum and in order to better
describe the oceanic features in the study region, an esti-
mation of the lateral eddy diffusivity is also given. Different
methods have been used in the last decade to estimate the
diffusivity of the Pacific Ocean. For example, Stammer
[1998] used satellite altimetry to show lateral diffusivity
in the world ocean over a 5° x 5° latitude-longitude grid,
whereas Zhurbas and Oh [2003, 2004] used drifter data to
describe diffusivity in both the Atlantic and Pacific oceans.
The method used by these last authors is derived from the
studies of Davis [1987, 1991]. Here we provide an inde-
pendent estimation of lateral diffusivity based on Taylor’s
[1921] theory as well as Lagrangian statistics of the eastern
South Pacific region (10°-34°S, 70°~100°W). The impor-
tant drifter data set allows us to estimate the velocity field
and its variance, the eddy kinetic energy, the temporal and
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spatial decorrelation scales, and diffusivity, along with error
estimates. We also determine the respective contributions of
horizontal advection and turbulent diffusion on passive
tracer fluxes. Mean advective and eddy diffusive tempera-
ture and salinity fluxes are thus estimated in the mixed layer
of the whole study region. The ensemble of the results
provides a useful tool for a comparison with the previous
studies but also for the validation of both regional and
global models in the eastern South Pacific.

[4] This work is organized as follows: section 2 describes
the data sets and processing methods used; section 3 deals
with the surface circulation and eddy kinetic energy; and
section 4 analyses Lagrangian scales of variability and eddy
diffusivity. In section 5, we estimate the respective role of
the large-scale advection and turbulent diffusive flow on the
mixed layer temperature and salinity fluxes. Finally, section
6 summarizes the study results.

2. Data Set

[s] The major data sets used in this study are surface
satellite-tracked drifters and Topex-Poseidon/ERS1-2 altim-
eters measurements. Additionally, the World Ocean Atlas
2001 (WOA) climatology and satellite ERS winds are also
used. The study region extends from 10°S to 34°S and from
70°W to 100°W (Figure 1b).

[6] The surface satellite-tracked drifters data set spans
1979-2003 and is part of the Global Drifter Program/
Surface Velocity Program. The drifters were equipped with
a holey sock drogue centered at 15m depth in order to reduce
surface drag induced by both wind and waves. The expected
drogue slip relative to the water is less than 2 cm s~ ' for
winds up to 20 m g1 [Niiler and Paduan, 1995; Niiler et al.,
1995]. The Atlantic Oceanographic and Meteorological
Laboratory (AOML, Miami) received the drifter positions
from Doppler measurements from Service ARGOS. These
positions, irregularly distributed in time, were therefore
quality controlled and interpolated to uniform 6 hour inter-
vals using an optimum interpolation procedure [Hansen and
Poulain, 1996]. Velocity components were calculated by a
centered difference scheme at each 6 hour interval. In our
study area, a total of 476 different drifters, able to exit and
return to the area, were followed. To remove high-frequency
tidal and inertial wave energy and to avoid aliasing the
energy into the low-frequency motions, the four daily drifter
data were averaged over 24 hour intervals [Swenson and
Niiler, 1996; Martins et al., 2002]. A total of 72,244 daily
buoy position and velocity data were thus obtained from
1979 to 2003. Figure 1a shows the yearly distribution of the
number of daily observations. In the study region for all the
years between 1979 and 2003, the maximum amount of data
were observed during the 1990s, corresponding to the World
Ocean Circulation Experiment period, with a maximum of
9948 observations in 1993 and none in 1980 and 1984. The
results did not differ significantly when considering data
from the last decade (1991-2003) or the entire study period,
although the number of degrees of freedom was decreased.
In order to reduce the errors, we thus prefer use the whole
drifter data set. All seasons of the year were equally sampled
(not shown), with a minimum of around 15,000 observations
in austral summer (January to March) and a maximum of
20,000 in austral spring (October to December). The results
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obtained hereafter are thus representative of an annual mean
state. Figure 1b shows the spatial coverage of the daily
data (shading) in the study region, and the number of
degrees of freedom or independent observations (see section
3.1 for calculation explanation). The bins have a minimum
size of 2° x 2° latitude-longitude and are adjusted, especially
along the Chilean coast, to contain more than 6 independent
observations. Only 33 of the 152 cells contained less than 20
independent data. The southwestern part of the region was
extensively sampled, with more than 70 independent obser-
vations in each bin south of 24°S and west of 84°W. In
contrast, along the continental coast, the grid cells contain
only between 6 and 35 degrees of freedom. For practical
reasons, we have chosen 50 daily data or 6 independent
observations as a lower limit, to make a compromise
between reasonable grid cell dimensions and robustness of
the results.

[7] The satellite altimetry data set used in this study is the
gridded product of Topex/Poseidon, ERS-1/2, and Jason-1
sea level anomalies (SLA) provided by Archiving Valida-
tion and Interpretation of Satellite Data in Oceanography
(AVISO). This data set spans 1993—-2003, with weekly SLA
distributed on a 1/3° Mercator Grid. The methods used to
process the data and reduce the errors are described by Le
Traon et al. [1995] and Le Traon and Ogor [1998] and by
Ducet et al. [2000]. Zonal and meridional components of
the residual sea surface velocity components were calculated
from the SLA, using the geostrophic relationship

,_gO(SLA)
YT oy

V,__gB(SLA)
& f ox

where g is the acceleration due to gravity, f'is the Coriolis
parameter, and Ox and Jy are the eastward and northward
distances.

[8] Time mean eddy kinetic energy (per unit of mass),
EKE, is calculated using

| —
— _ 2 2
EKE_2<U§ +Vé/,),

where the overbar denotes time average.

[v] Monthly temperature and salinity climatologies on a
1/4° latitude x 1/4° longitude grid from the World Ocean
Atlas were used to estimate surface geostrophic velocities
relative to 1750 m depth. Generally, the common reference
level is chosen at around 3500 m in the study region
[Shaffer et al., 2004; Leth et al., 2004], but as this arca
is one of the least-sampled of the world oceans, the use of
a climatology down to 3500 m may introduce important
errors rather than improve our results. Furthermore, based
on three hydrographic sections, Leth et al. [2004] show
that the maximum horizontal velocity between 1750 m and
3500 m depth is less than 0.02 cm s~ ' in the study area.
Therefore we suppose that the 1750 m reference level does not
introduce a significant error in the surface velocity calcula-
tion. In contrast to geostrophic velocities estimated from
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Figure 1.

(a) Yearly distribution of buoy-day data from 1979 to 2003. (b) Spatial distribution of daily

data (shading) and of buoy independent observations (numbers). The areas defined by bold lines
correspond to the South Equatorial Current region (10°-20°S, 82°~100°W), the South Pacific Current
region (30°-34°S, 86°—~100°W), and the Chile-Peru Current region (24°—-34°S, 70°-82°W).

satellite altimetry, the velocity field obtained from hydro-
graphic data includes the mean flow. To better interpret results
from the drifters, surface Ekman velocities were estimated
using weekly ERS1-2 wind stress on a 1° x 1° latitude-
longitude grids over the 1991-2001 period. Ekman transport
was computed using

.

M, =2
oo
J— Tx

T

where (M., M,) are the horizontal components of the total
Ekman transport, (T,, T,) the 10 m wind stress components,

p the regional mean water density (p = 1024 kg m—>), and f
the Coriolis parameter.

[10] The ageostrophic velocity components are then ap-
proximated by

U My

=

T Dk
M,

VEk = 2 )
Dex

where Dg is the depth of the Ekman layer determined by
[e.g., Cushman-Roisin, 1994]
Dgy = 04 T

Ve
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Figure 2. Mean surface circulation obtained from (a) satellite-tracked drifters, (b) the World Ocean
Atlas (WOA) (2001) and Ekman velocities (see text), (c) the WOA only, and (d) Ekman velocities only
(black arrows). The mean ERS wind stress from 1991 to 2001 is also plotted (blue arrows). The color
code in Figure 2a corresponds to the relative velocity errors: black is less than 30%, blue is between 30
and 50%, green is between 50 and 80%, and red is over 80%. The arrow’s origin is located at the average
drifter position in each box. Bold lines show the SPC, SEC, and PCC.

where 0.4 is an empirical factor [Mofjeld and Lavelle,
1984; Stigebrandt, 1985]. According to this relationship,
the estimated Ekman layer depth varies from 30-50 m
south of 20°S to 100—130 m north of 14°S. This crude
Ekman layer depth estimation does not include the effect
of stratification and overestimates the mixed layer depth
principally in the North of the domain. Nevertheless, in the
absence of other relevant information, we assume that the
obtained underestimated velocities give at first order, a
reasonable estimation of the surface layer wind driven
motions.

3. Surface Current Properties in the Eastern
South Pacific

3.1. Surface Circulation

[11] Assuming stationary statistics, the drifter velocity
components were averaged in each spatial bin shown in
Figure 1b. Figure 2a shows the large-scale surface circula-
tion of the eastern South Pacific inferred from this data set.
We note a relatively week eastward flow of 3—4 cm s~
south of 32°S, which is the signature of the eastern
extension of the West Wind Drift [Strub et al., 1998; Vega,
2003] also called South Pacific Current (SPC) [Stramma et
al., 1995; Tomczak and Godfrey, 1994]. As it flows toward
the South American coast, part of this current is deflected

northward to form the Chile-Peru Current (CPC). The CPC
shows punctual velocities of 15-20 cm s~' (Figure 2a).
This current is also known as the Peru Current, Peru-Chile
Current, and Humboldt Current [ Wyrtki, 1964; Tomczak and
Godfrey, 1994; Strub et al., 1998], but due to its south to
north orientation, we prefer the name “Chile-Peru Current”
introduced by Wooster [1970]. North of 25°S, the surface
coastal currents are weaker (5—7 cm s~ ') and are oriented to
the west/northwest to feed the broad branch of the South
Equatorial Current (SEC) [Tomczak and Godfrey, 1994].
This region shows uniform westward flow driven by trade
winds with typical values of 9—12 cm s~ north of 20°S. A
more detailed analysis on a 1° x 1° grid shows a southward
flow closer to the coast. Even if this current can be
associated with the Peru-Chile Countercurrent [Strub et
al., 1998], the results remain inconclusive due to the
insufficient amount of data and their irregular spatial and
temporal distributions.

[12] The error AU = (AU, AV) of the mean velocities U =
(U,V) was evaluated using Student’s ¢ test with a signifi-
cance level of 5%:

var(U)

AU = ty_10.005 NE
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Table 1. Statistics of the South Equatorial Current (SEC), the South Pacific Current (SPC), and the Chile-Peru Current (CPC), Obtained
From Drifter Data and Calculated Surface Geostrophic and Ekman Velocities (WOA+ERS)

N U + AU, cm s~ V + AV, cm s [U[+ AU, cms™! w2, cm? s72 2, cm? 72 WV, cm? s72 w22

SEC (10°-20°S, 80°—100°W)
Annual 1342 —7.4 £ 0.5 —1.6 £ 0.5 7.6 £ 0.4 93.2 84.9 14 1.1
Summer 295 —63+1.1 —22=+1.1 6.6+1.0 101.9 95.5 0.3 1.1
Fall 364 -7.1+£1.0 —-22+1.0 74 +£0.8 89.8 84.9 0.8 1.1
Winter 357 —-79+1.0 —05+1.0 7.9 +0.8 88.4 71.8 24 1.2
Spring 418 —8+0.9 —-1.6 £09 8.1+0.8 93.6 87.9 29 1.1
WOA+ERS -2.7 0.6 2.8

SPC (30°—-34°S, 86°—100°W)
Annual 1431 1.7 + 0.6 0.8 £ 0.6 1.9+ 04 118.6 91.7 -7 1.3
Summer 387 —0.7+ 1.0 03+1.0 0.8 +0.7 99.3 73.5 —6.1 1.4
Fall 350 3+1.1 1.5+1.1 33+0.8 118 88.7 -7 1.3
Winter 379 36+1.2 09+1.2 37+£08 134.2 109.1 —12 1.2
Spring 391 1.3+£1.0 0.7+1.0 1.2+0.7 112.7 95.2 —-55 1.2
WOA+ERS 34 1.7 3.8

CPC (24°—-34°S, 70°—82°W)
Annual 277 —24+1.2 54+1.2 59 +1.0 110.4 108.7 —15.2 1
Summer 76 —3+22 53+22 59+18 97.2 89.8 —7.4 1.1
Fall 55 —0.5+3.0 34+3.0 3.1 +2.1 120.9 72.6 5.5 1.7
Winter 69 —1.1+£25 59+£25 58+£22 111.2 136.7 —26.6 0.8
Spring 96 —4 4+ 2.1 63+22 73+ 1.8 108.1 119.7 —-21.3 0.9
WOA+ERS 0.4 2.8 2.8

“Number of independent observations.

where #y_1 025 represents the Student’s ¢ parameter, var(U)
is the velocity variance, and N* the number of independent
observations given by [Flierl and McWilliams, 1977]

*
N — ﬁ Pl
where N is the number of daily observations, At = 1 day is
the sample rate, and 7'= 6 days is the temporal decorrelation
scale found in section 4.1. Using this method, we expect
maximized error values, since the error variance is generally
determined without multiplying it by Student’s ¢ parameter
[Flierl and McWilliams, 1977; Zhang et al., 2001].

[13] The relative velocity errors (AU/U) are indicated by
the colored arrows in Figure 2a. The relative error for more
than 2/3 of the surface velocities is less than 50% (black and
blue arrows). Maximum errors are found where surface
velocities are weaker than 1 cm s™' (between 28°S and
32°S) or along the coast, where the number of independent
observations is small. In contrast, minimum errors are
encountered in the north of the study area, where the
number of independent observations is relatively high and
the velocity variance relatively weak.

[14] Figure 2c shows the mean surface geostrophic
velocities derived from dynamic heights calculated from
the WOA (2001) hydrographic data. The geostrophic
circulation does not reproduce the velocity field inferred
from surface drifters; even if the geostrophic flow shows
an eastward current associated with the SPC, the SEC exhibits
a stronger northward component not observed in Figure 2a.
Geostrophic velocities are weaker than 3—4 cm s~ in all but
the southwestern and northwestern sectors (4—6 cm s~ ' and
6-9 cm s, respectively). Undoubtedly, the ageostrophic
part of the current plays an important role in surface circula-
tion. Figure 2d shows the mean ERS wind stresses (blue
arrows) and the inferred Ekman velocities (black arrows). The

wind field shows three main characteristics: a weak wind
regime in the south western boundary of our study reigion,
leading to Ekman velocities weaker than 1 cm s~ '; an
alongshore component, persistent year-round [Pizarro,
1999], which is upwelling favorable; north of 22°S and
offshore, a north/northwest component leads to important
south/southwest Ekman velocities of 2—2.5 cm s~ '. The
combination of mean geostrophic and ageostrophic veloc-
ities leads to a much better representation of the observed
circulation from the drifters (Figure 2b). The inferred
surface velocity directions are quite close to the observa-
tions with a continuous eastward flow north of 26°S, and
offshore flow near the coast. Although the direction of
the mean currents is well-represented in Figure 2b, their
magnitudes are weaker than that observed from drifters,
except for the SPC. In the entire study area, the velocity
modules are correlated at 40% at a significance level of
0.05%, with a linear regression coefficient of 0.45. The
correlation is 47% in the SEC and 66% in the SPC, with
regression coefficients of 0.52 and 1.43. Coastal data for
the CPC region is insufficient to determine significant
correlations. Note that the correlation increases strongly
considering only the zonal velocity component, with a
value of 75% in the entire study domain and 80% in the
SPC region. A more precise estimate of Ekman velocities
could also increase the correlation, particularly in the
SEC region, where the Ekman depth is overestimated.
[15] Table 1 gives the annual and seasonal averages of the
SPC, SEC, and CPC properties obtained from the drifter
data. In comparison, the annual average of the combination
of geostrophic and wind induced surface velocities is also
given (WOA+ERS, Table 1). The SEC is dominated by its
strong westward velocity component (7—8 cm s~ "), which
is quite stable throughout the year. The minimum of U =
—6.3 cm s ' observed in austral summer (January to
March) could be due to the reduced number of independent
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observations during this season (295 compared to 350—
420), but also to the slight decrease of zonal wind stress
intensity in the SEC region during the summer period (not
shown). The velocity variance is quasi isotropic (~90 cm?
s_2) with slightly higher variance along the zonal direction
(w'2/vV% = 1.1). In contrast, the southwestern box related to
the SPC shows strong seasonal variability with an east-
ward flow of 3—4 cm s~ ' in fall (April to June) and winter
(July to September), which decreases to ~1 cm s~ ' in
spring (October to December) and reverses to a westward
flow of ~1 cm s~ ' in summer. Even if the reversed current
of ~1 cm s~ is not statistically significant and is on the
order of the error (Table 1), a plot of the seasonal
variability of the surface circulation (not shown) suggests
meridional displacement of the southern limit of the SEC,
with the westward current appearing between 30°S and
32°S during spring and summer, and between 26°S and
28°S in fall and winter. These oceanic seasonal variations
are directly linked to the annual meridional displacement
of the atmospheric high-pressure center of the eastern
South Pacific, which migrates to the north during fall
and winter. The seasonal wind stress calculated with the
ERS data (not shown) in the same domain (30°S—-34°S
and 86°W—100°W) shows stronger magnitudes in fall and
winter (0.1 N m™~?) than in spring and summer (0.05 N m ™).
The SPC is anisotropic, with a 20—-40% higher velocity
variance along the zonal direction. The Chile-Peru Current
shows a strong northward component, which is maximum in
spring and minimum in fall. Again, this may be related to the
wind regime because the satellite ERS measurements
indicate stronger northward winds in this region between
winter and summer (0.05-0.06 N m~2) than during fall
(0.035 N m?). On average, the CPC seems to be totally
isotropic with a similar velocity variance of 110 cm?® s 2
in both zonal and meridional directions. On a seasonal
scale, the data reveal strong anisotropy, for example,
zonal variance is 70% stronger than its meridional coun-
terpart in fall. This anisotropy could be linked to the
Ekman transport, which indicates a zonal variance around
250% stronger than the meridional variance during this
season (not shown).

[16] The quantification of the surface eddy momentum
flux («/) is important for understanding how eddies may
act to transport momentum into or away from the mean flow
[Morrow et al., 1992]. In the first place, the SEC and SPC
can be considered to be zonal and the CPC meridional. In
this case, the cross stream flux of along-stream momentum
by transient eddies is given by u/v' [Wilkin and Morrow,
1994; Morrow et al., 1992, 1994]. For the westward SEC
and eastward SPC, this term represents the meridional
transfer of the zonal momentum, whereas for the equator-
ward CPC, it corresponds to the zonal transfer of meridional
momentum. Owing to the mean westward (eastward, re-
spectively) SEC (SPC), positive (negative) values of hori-
zontal momentum flux (Table 1) correspond to a southward
transport of the zonal momentum. The eddy flux momen-
tum associated to the equatorward CPC is negative, with
maximum values of around —25 cm” s~ in austral winter
and spring, revealing a westward transfer of the meridional
momentum.

[17] Table 1 also shows that the velocities obtained using
the climatology and satellite wind data (WOA+ERS) un-
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derestimate the South-Equatorial and Chile-Peru Currents
and overestimate the South-Pacific Current. However, the
directions of the SEC and SPC are well reproduced. In
contrast, the intensity of the CPC is more than 2 times lower
in the calculated velocities and the direction indicates a
northward flow rather than an observed northwest current.
These discrepancies may be induced by different factors,
such as the coarse spatiotemporal resolution of the WOA
climatology, or the Ekman velocity estimates, which are
clearly underestimated in the northern part of the study
region.

3.2. Variance Ellipses

[18] Velocity variance statistics were calculated from the
drifter velocity components in each cell grid. From these
data, we can compute the velocity variance terms (u/'2, v/2)
and the covariance term («/v'). Following the method used
first by Freeland et al. [1975] in the North Atlantic ocean,
the magnitude and the direction of the eddy variability are
represented using variance ellipses [Preisendorfer, 1988;
Morrow et al., 1992, 1994]. The formula giving the major
and minor axes of principal variability can be found in
Morrow et al. [1994] and Le Traon and Morrow [2001].
The direction of eddy momentum flux can be inferred from
the ellipse orientation: negative u/v' correspond to ellipses
oriented southeastward, whereas ellipses oriented toward
the northeast quadrant have positive «/v/ [Le Traon and
Morrow, 2001].

[19] Velocity variance ellipses reveal the principal direc-
tion and anisotropic nature of the variability, as well as the
magnitude and spatial distribution of the eddy energy.
Figure 3 confirms the previous results that the flow tends
to be nonisotropic in the most part of the domain and overall
along the coast where the eddy kinetic energy is higher
[Hormazabal et al., 2004]. In the SEC (SPC, relatively)
region, the ellipses are oriented to the northeast (southeast),
in agreement with the positive (negative) eddy momentum
fluxes «/v' (Table 1). The southeast orientation of the
ellipses in the CPC region also confirms the negative values
of «/v/ shown in Table 1.

3.3. Eddy Kinetic Energy

[20] The mean eddy kinetic energy per unit of mass is
calculated in each bin from the drifter data using

EKE = (uIZ _|_V/2)7

| —

where the overbar denotes time average.

[21] The EKE is, on average, weaker in the SEC region
defined in Table 1 (87.7 cm® s™2) than in the SPC region
(103 em? s7%) and CPC region (112.7 cm® s 2). The
mean kinetic energy (MKE = 1/2(U7 + F?)) is 2—3 times
smaller than the EKE in the SPC and CPC (35.9 cm? s*
and 44.9 cm® s ?) and negligible in the SEC region
(4.1 cm? s7?).

[22] Despite the nonuniform character of the data,
Figure 4a shows a decrease in EKE values from 200—
300 cm? s~ along the continental coast to 50—100 cm? s~ in
the interior ocean. We also note the presence of a
local maximum of around 140 cm? s~ in the southwest
boundary of the domain linked to the seasonal meridional
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Figure 3. Velocity variance ellipses from drifter velocity components (see text). The ellipse’s center is

located at the average drifter positions in each box. The scale ellipse has a major axis of 500 cm? s~
, and is rotated 90° from the north.

minor axis of 250 cm? s~

shift of the SPC. The maxima observed near the continent
may be due to the interaction of the Peru-Chile Current
System with the coastline. The strong upwelling front
observed here during summer and spring could also
contribute to generate baroclinic instabilities that increase
mesoscale variability. Furthermore, coastal flow shows
large intraseasonal and seasonal variability [Pizarro et
al., 2002] related to disturbances of equatorial origin that
may reinforce the rather unstable coastal jet. On the other
hand, downwelling phase Kelvin waves largely intensify
the Peru-Chile Undercurrent [Shaffer et al., 1997], which
may also destabilize the near-surface coastal circulation
generating eddies. Such a mechanism has been proposed
to explain the formation of eddies observed off the west
coast of Mexico during El Nifio periods [Zamudio et al.,
2001]. Thus all these processes can act together to create
strong instabilities responsible for the enhanced EKE
along the coast.

[23] The EKE derived from satellite altimetry data
(Figure 4b) confirms the distribution patterns obtained
from the drifter data set, with maximum levels of EKE
concentrated along the coast, but the magnitudes are
about 2 times smaller. Differences between the two data
sets are probably due to the fact that satellite data refers
to the geostrophic components of the flow only, whereas
the drifter EKE also includes the ageostrophic component
(see section 3.1). Furthermore, the altimetry data are
representative of the upper water column (1000—1500 m),
whereas the drifter circulation is influenced by the dynam-
ics of the first 15 m. A number of additional processes, not
well-resolved by satellite measurements, can take place in
this shallower layer. The goal of the next section is thus to

1
,a

describe the Lagrangian properties of the mesoscale struc-
tures observed with the satellite-tracked drifters.

4. Lagrangian Properties of the Eastern
South Pacific

[24] Stammer [1997] used satellite altimetry data to
describe the mesoscale characteristics (length scales and
timescales) and lateral diffusivity of the world ocean.
Zhurbas and Oh [2003] used drifter data and Davis’s
[1987, 1991] approach, to give the Lagrangian scales of
the horizontal turbulent flow of the whole Pacific ocean
over a 5° x 5° latitude-longitude grid. Here we use an
independent and simpler method [7aylor, 1921] based on
the integration of the Lagrangian velocity autocovariance
function. This method has been tested with drifter observa-
tions in the North Atlantic region [Colin de Verdiere, 1983;
Krauss and Béning, 1987; Martins et al., 2002], in the
Northwest and tropical Pacific [Oh et al., 2000; Bauer et al.,
1998, 2002], and in other eastern boundary current regions
[Poulain and Niiler, 1989; Brink et al., 1991]. All these
studies show that when stationary and homogeneous turbu-
lence is considered, the drifter’s dispersion is well modeled
by Taylor’s [1921] hypothesis. We thus expect that the same
conclusions are also valid in our study region, based on the
surface data set having high number of degrees of freedom
(overall in the interior ocean).

4.1. Lagrangian Scales of the Surface Turbulent Flow

[25] In the ocean, the transport of passive tracers depends
on an infinite number of scales of motion and assumptions
are necessary to obtain simplified equations of motion for
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Figure 4. Spatial distribution of eddy kinetic energy from (a) drifter data and (b) satellite altimeter
measurements of TP/ERS. Bold lines show the SPC, SEC, and PCC.

the tracer evolution. In a Lagrangian frame, the most
common is that the velocity field can be decomposed in a
mean flow U = (U, V) representative of large spatial scale,
and in a turbulent mesoscale flow u’' = (i, V') computed
following the fluid particles [Poulain and Niiler, 1989;
Bauer et al., 1998, 2002; Kundu and Cohen, 2000]. Thus
the mean current U is determined by averaging the velocity
components over each drifter trajectory. The main properties
of the turbulent velocity field u’ are the Lagrangian integral
time and length scales (T and L, respectively), which
represents the time and the distance over which a particle
remembers its path.

[26] For each component of the turbulent velocities (i, V),
we can determine a temporal scale T = (7,,, T,) by integrating
the respective velocity autocovariance function R = (R,, R,)
to its first zero crossing I' [Taylor, 1921]:

r
1
T—WO/R(T)dT.

The Lagrangian autocovariance functions R, (1) =
u'(t)u'(t+7) and R, (1) = V(1)V'(t + T) (here the overbar
denotes ensemble average) were determined for each drifter
spending more than 20 days in the domain and averaged in
time. A total of 353 drifter trajectories, assumed to be
independent, were then used to calculate this mean
autocovariance function. If a drifter exits the area and
returns several days later, the two different trajectories are
considered distinctly. Figure 5a shows the mean autocovar-
iance functions. The zonal and meridional components have
an e-folding scale (time lag at which the normalized
autocorrelation functions fall to 1/e = 0.368) of 4.1 days and
3.7 days, respectively; their first zero crossings are 50 and
16 days.

[27] Figure 5b shows the integral timescales of the
normalized autocovariance functions and indicates that the
zonal components converge between 50 and 90 days and
the meridional components between 15 and 25 days. After
these periods, the autocorrelation functions still statistically
converge to zero (Figure 5a), but as they are slightly
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Figure 5. (a) Normalized mean time-lagged auto

covariance functions for both velocity departure

components based on the full drifter data set. (b) Estimates of the integral timescales 7, and T,. Crosses
indicate the dates of the first zero crossing of both autocorrelation functions.

negative, the integral timescales decrease (Figure 5b). For
this reason, timescales, which theoretically correspond to
the integration of the normalized autocovariance functions
to the infinite [Kundu and Cohen, 2000], are calculated only
to the first zero crossing. This method is commonly used
when R is contaminated at large lags by noise and uncer-
tainties in mean current [Richman et al., 1977; Poulain and

Niiler, 1989; Stammer, 1997, 1998; Lumpkin and Flament,
2001]. The obtained zonal and meridional timescales reveal
the nonisotropic nature of the flows with values of 5.9 days
and 3.5 days, respectively (Table 2). On the basis of a
Student’s ¢ test, with a significance level of 5%, we
estimated the timescale errors to be less than 0.6 days and
0.4 days in both directions. These temporal scales of 3—

Table 2. Lagrangian Time and Length Scales, Velocity Variances, and Diffusivities for Both Zonal and Meridional Directions®

T,, days T,, days L,, km L,, km F, com? s72 v’_z, om? 572 K,, 107 cm? s~ K,, 107 cm? 57!
Global 59+0.6 35+£04 40.7 £5.4 29.0+34 95.8 77.3 49 +£0.5(5) 2.6 £0.3(2.7)
Global® 6.5+0.3 3.7+02 389 +£2.0 239+ 1.0 87.3 65.5 4.9+ 0.3 (4.8) 2.1 +£0.2(2.3)
SEC® 48 +04 33+03 247+29 19.1 £2.0 75.0 61.8 3.1+£03(2.7) 1.8 £0.2 (1.9)
SPC® 3.1+0.2 24 +02 195+ 1.8 16013 99.2 77.2 2.7+0.2(2.4) 1.6 £0.2 (1.6)
cpc? 33+0.8 35+£0.5 24.1 £4.7 19.7 £ 3.6 77.2 60.4 2.2 +£0.5(2.5) 1.8 £ 0.4 (2)

*These were obtained from trajectories longer than 20 days. Each characteristic is given for the entire study region (Global), the SPC, SEC, and CPC. For

the diffusivities the first number corresponds to the product of the variance an

d the Lagrangian timescale, whereas the second number (in parentheses) is

obtained from the integration of the autocorrelation function (see text for details).

®Values obtained with reinitialized trajectories (see text for details).
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6 days are equivalent to those of the tropical Pacific [Bauer
et al., 1998] and close to the 2—7 days observed in the
California currents [Swenson and Niiler, 1996].

[28] Corresponding to the integral timescales, we can
determine the integral length scales in each direction L =
(L, L,) using [Taylor, 1921; Knudsen and Katz, 1958]

L=1\u’T,

where \/u7 represents the standard deviation of the turbulent
flow velocity. The mean Lagrangian length scales and the
associated errors determined by Student’s ¢ test, with a
significance level of 5%, are 40.7 + 5.4 km for the zonal
direction and 29 + 3.4 km for the meridional direction
(Table 2), again showing the anisotropic nature of the
study region. In the California Current region, Swenson
and Niiler [1996] estimate typical space scales of 16—59 km.
Depending on the subregion of the California Current Sys-
tems, the turbulent flow can show elongated time and length
scales along both the zonal and meridional directions
[Swenson and Niiler, 1996]. In this study, we have also
shown the anisotropic character of the surface ocean in
the eastern South Pacific; on average, both temporal and
spatial scales were elongated in the zonal direction.

4.2. Lateral Dispersion and Diffusivity

[20] The large mixing rate in a turbulent flow is due to the
fact that the fluid particles gradually diverge from their
initial location. 7aylor [1921] has shown that, in steady and
homogeneous turbulence without mean flow, the zonal and
meridional particle dispersion V X2 =(VX'2, VY?) from
its origin can be related to the velocity autocorrelatlon
function by [e.g., Kundu and Cohen, 2000; Zhang et al.,
2001; Martins et al., 2002]

X2(f)=2-u? ¢t

where the overbar denotes ensemble average of individual
particles and X' = (X, Y) is the Lagrangian position
inferred by u' = (/, ). In practice, if the statistics are
stationary, the ensemble average is replaced by an average
in time.

[30] Figure 6a shows the zonal and meridional dispersion
of the drifters due to both velocity components. If ¢ is small
compared to the autocorrelation scales, the autocorrelation
function R tends to R(0) (Figure 5b) and the initial
dispersion increases linearly with time and is proportional
to the intensity of turbulent fluctuations:

X)= X7 =

Figure 6a shows effectively that for <3 days, the zonal and
meridional dispersions increase linearly with time, and that
for ¢ < 8 days, they exhibit the same characteristics.

[31] For a long time ¢,

ms (X') =

VX2 = V2uT -,

where T = (7,, T,) is the integral timescale. Using 7, =
5.9 days and 7, = 3.5 days, Figure 6a shows that the
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dispersion of the drifters are close to the “random walk”
regime predicted by Taylor [1921] for lags between 10
and 100 days. This relationship has been also observed in
other ocean basins [e.g., Zhang et al., 2001; Martins et
al., 2002]. For times longer than 100 days, the number of
data drops drastically (Figure 6b) from around 350 for
short times to around 120 for a lag of 200 days, and we
have less confidence in the particle dispersions showing a
plateau. After 100 days, the turbulent flow has displaced
the drifters an average of 320 km zonally and 200 km
meridionally from their origins. This result is consistent
with the anisotropic nature of the turbulent flow observed
in our study region.

[32] The diffusivity K = (K,, K,) in a problem of
turbulent dispersion corresponds to the rate at which the
magnitude of X' = (X, Y') increases with time and is given
by [Martins et al., 2002; Kundu and Cohen, 2000]

Ko -1 9x7 _ w2

K is computed from the normalized autocorrelation
functions and therefore the theoretical diffusivities are
expected to converge to a constant value after some integral
timescales T. Analyzing the two limit conditions

1< T: K(f)~u? -1

t>T: K()~u?-T,

initially the diffusivity increases linearly with time, while
for long times the diffusivity tends to a constant value
depending on the integral timescale T.

[33] The black lines in Figure 7 correspond to the
diffusivities derived from the 353 independent drifter tra-
jectories (section 4.1). The general forms of the curves are
dominated by the form of the integrated normalized func-
tions (Figure 5b), with a sharp increase for short times,
followed by a plateau and then a decrease for longer times
due to saturation and the negative values of the functions
(Figure 5a). The product of the velocity variances by the
integral timescales leads to K, = (4.9 + 0.5) x 10" cm? s~ !
and K, = (2.6 £0.3) x 10’ cm” s~ ' (Table 2). Averaging the
diffusivity curves over the saturation plateau between 40—
70 days and 15-30 days in both zonal and meridional
directions (bold black lines, Flgure 7) we obtained, in the
random walk reglme K,=5x10"cm*s 'and K, =2.7 x
107 cm? s™!, in the range of the preceding error values.

[34] To increase the realizations and the number of
degrees of freedom, we reinitialized the trajectories every
30 days (this value is much longer than the 3-6 day
decorrelation timescale), as done in previous studies [Colin
de Verdiere, 1983; Poulain and Niiler, 1989; Martins et al.,
2002]. New autocorrelation functions (not shown) and
diffusivities (gray lines, Figure 7) are determined for each
velocity component. Although meridional diffusivity is
slightly reduced by this procedure, the results are quite
close to those obtained for the initial trajectories (Table 2).
For the random walk regime (¢ > T), and averaging over
the same zonal and meridional plateaus (40—70 days and
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(a) Dispersion of the drifters as a function of time due to both velocity anomaly components

and (b) the number of data used for the calculation. The scales are logarithmic and the straight lines in
Figure 6a correspond to Taylor’s [1921] asymptotes (see text).

15—30 days respectively), the reinitialized trajectories give
K,=48 x 10" cm®*s 'and K, =2.3 x 10" cm? s, As the
number of degrees of freedom was higher, we have
more confidence in the values obtained from reinitialized
traJ;ectories, and in the next section, we use K, = 4.8 X
10/ em? s7! and K, = 2.3 x 107 cm? s! to make initial
calculations of horizontal, eddy heat, and salt fluxes in the
mixed layer. These values agree with the results of Bauer et
al. [2002], who estimated the maximum values of diffusivity
in the SEC region (between 10°—15°S and 100°-160°W) to
be4.8 x 10" cm?s ' and 2.8 x 107 cm® s~ in the zonal and
meridional directions.

[35] Table 2 also shows the main turbulent flow char-
acteristics (integral scales, velocity variances, diffusivities)
of both the SEC, the SPC, and the CPC, calculated from
reinitialized drifter trajectories in the corresponding subre-
gion. The obtained diffusivities are on the order of 2.5—-3 x

107 cm? s~ ! in the zonal direction and 1.5—2 x 107 cm?s ™ 'in

the meridional direction, with larger errors in the CPC
region due to the limited number of drifter trajectories
near the coast. The elongation in the mean flow direction,
seen in the SEC and SPC (Table 2), is reduced in the
northward CPC, which shows a higher temporal decorre-
lation scale in the meridional direction. In both the
subareas, the diffusivity estimated through the integral
of the autocovariance function and from the derivative of
the dispersion function agree well.

5. Heat and Salt Fluxes

[36] What is the respective role of the turbulent flow and
the mean current on the horizontal passive tracer fluxes in
the surface layer of the eastern South Pacific? The answer is
investigated by comparing the heat and salt fluxes due to
both, horizontal advection by the large-scale currents and
lateral diffusion by mesoscale circulation. The heat and salt
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Figure 7. Estimates of the zonal and meridional components of eddy diffusivity in the whole region,
based on the original (black lines) and reinitialized (shaded lines) drifter trajectories. The bold portions
correspond to the periods where the diffusivities of the random walk regime are calculated.

fluxes due to the mean horizontal currents of the surface
layer were calculated using

or oT
—pC,HU - grad(T) = —pC,H {Ua + Va—y}
s oS
—pHU - grad(S) = —pH [UE—Q— Va—y} ,

where 7, S, and p are the WOA’s mean surface temperature,
salinity, and density; H is the mixed layer depth fixed at 50 m;
C, is the specific heat of seawater (in J kg 'K ");and U=
(Us, Uy) is the sum of the mean surface geostrophic and
Ekman velocities (Figure 2b). The surface property gradients
are considered to be uniform over the constant mixed layer of
50 m. This level corresponds approximately to the mixed
layer depth observed in the region from hydrographic data
[Blanco et al., 2001; Tsuchiya and Talley, 1998] or from
WOA climatology (not shown).

[37] On the other hand, the horizontal heat and salt fluxes
linked to the turbulent flow (u’) are related to the transport
divergences (div) by a parameterization of the mixing
processes. We assume that, in a first approximation, the
turbulent fluxes are proportional to and in direction of the
downward property gradients. They are then represented by
the eddy diffusivity coefficient K = (K, K,), previously
determined in the whole study region from reinitialized
trajectories, and obey the commonly used Fickian law

—pCoH - div(u'T’) = —pC,H - div(-K VT)
>’T OZT}

Ry i
8x2+ " 0y?

=pCH - {Ku

—pH - div(u'S") = —pH - div(—K VS)

»*s S
pH - {Kuw 8_y2]7

+K,

with K, =4.8 x 10" em®* s ' and K, = 2.3 x 10" ecm® s~ ..
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[38] Figure 8 shows the mean surface temperature and
salinity fields of the WOA (2001), and the counter gradient
vectors indicate the direction of the tracer transports induced
by the turbulent flow. The surface temperature (Figure 8a) is
maximum in the northwest of the study region (24°C) and
minimum in the southeast (less than 14°C). Along the coast,
the northward wind regime produces upwelling of cold
water into the surface layer, which leads to strong horizontal
temperature gradients. The salinity distribution (Figure 8b)
shows a patch of high salinities (~36) centered at 18°S—
98°W and fresher water along the coast with a minimum of
around 34 in the southeastern limit of the study area.
Therefore the counter temperature and salinity gradients
and corresponding turbulent transports have principally
southeastward orientations.

[39] Figure 9 shows the mean and turbulent horizontal
temperature and salinity fluxes over the mixed layer. The
diffusive heat flux variations average +15W m ~ in the
study area (Figure 9a) but increase strongly near the coast,

where turbulent fluxes reach more than 50 W m™2 locally.
Mean horizontal surface layer currents, oriented principally
northwestward (Figure 2b), transport cold water from higher
latitudes into the study area. The resulting advective heat
flux (Figure 9b) is mostly negative (—10 to —50 W m™2)
except near the coast, where it can reach positive values of
20—40 W m 2. The coastal positive heat flux around 20°S
and 75°W (Figure 9b) is due to advection of the patch of
warmer water centered at 19°S and 73°W (Figure 8),
whereas the positive advective heat flux along the coast at
the study area’s northern limit (Figure 9b) is linked to weak
local eastward surface current (Figure 2b). On average, over
the whole study area, the horizontal mesoscale turbulent
flow provides heat to the surface layer at a rate of 4.4 W m 2,
whereas the horizontal advection produces a loss of heat on
the order of 11.5 W m 2. Horizontal salt turbulent flux
(Figure 9c¢) varies by around £100 g m > d ™" in the region.
South of 18°S, strong positive diffusive fluxes of 100—
150 g m > d ' are also observed along the coast. The
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Figure 9. Horizontal (a, b) heat and (c, d) salt fluxes in the 50 m surface layer, associated with the (left)
diffusive turbulent flow and with the (right) large-scale surface advection. Numbers indicated in black are
the averages of the corresponding fluxes in the whole study region. The black dashed lines are situated

3° offshore.

horizontal advective salt flux is highly negative (<—50 g
m 2 d') everywhere except locally, where patches of
positive values are encountered. On average, the horizontal
turbulent flow provides salt to the surface layer at a rate of
123 ¢ m 2 d ', whereas the horizontal advective flux
freshens it at a rate of —56 g m > d~'. The strong coastal
horizontal heat and salt fluxes are due to important merid-
ional temperature and salinity fronts (Figure 8) generated by
the coastal upwelling of colder, fresher subsurface water.
[40] In order to better quantify the respective roles that
advection and diffusion play in horizontal temperature and
salinity mixed layer changes, Figure 10 shows the zonally
averaged meridional variations of heat and salt fluxes
between the coast and 3° offshore. This cross-shore (per-
pendicular to the coast) turbulent heat flux is positive all
along the coast with a mean value of around 25 W m? In
contrast, south of 12°S, the horizontal advective heat flux
associated with the mean currents is negative and cools the
surface layer at a rate of —15 W m?. Thus along the coast,
the surface mesoscale turbulent flow totally counterbalances
the cooling of the ocean surface by the mean horizontal
large-scale circulation. Between 17°S and 27°S, diffusive
heat flux increases to 50 W m” and is the dominant
horizontal oceanic process providing heat to the surface
layer; the horizontal advective heat flux plays a minor role
in this region. In terms of salt flux, advection and diffusion
have an inverse relationship except north of 17°S. On
average, the coastal turbulent flow increases the salinity of
the surface layer at a rate of around 50 g m* d~', whereas

the advection of fresher water ?roduces a negative salt flux
on the order of —30 g m* d™'. Again, between 17°S and
27°8S, the salt flux due to mesoscale turbulence increased to
100-120 g m* d "

[41] This section has principally shown that coastal lateral
eddy fluxes in the mixed layer are around two times larger,
in absolute value, than the horizontal transport associated
with large-scale advection. However, the budget is not
closed and other contributions, such as vertical advection
and diffusion, entrainment, and outgoing solar fluxes at the
base of mixed layer, may also play a significant role in the
property evolutions. Furthermore, the results presented here
are a crude estimate of the impact of lateral processes on the
mixed layer temperature and salt changes. Some errors are
certainly made by considering, for example, a homogeneous
mixed layer of 50 m to be representative of the whole study
area, or homogeneous diffusivities. Owing to the little
hydrographic data available for the region, WOA climatol-
ogy may have also introduced several biases into our
calculations. Thus more estimates are needed, based for
example on numerical simulations, to more precisely quan-
tify the lateral fluxes due to both the large-scale advection
and the turbulent flow in the study region.

6. Summary and Conclusion

[42] The goal of this study was to describe the mean
surface circulation and the turbulent characteristics of
the flow in the eastern South Pacific. On the basis of a
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Figure 10. Mean horizontal (a) heat and (b) salt fluxes averaged between the coast and 3° offshore (see

Figure 9) as a function of latitude.

high coverage data from satellite-tracked drifter deployed
throughout the 1979—-2003 period, we have for the first time
described quantitatively the large-scale current features in
this region using Eulerian averages in geographical bins.
Three main currents were studied: (1) the South Equatorial
Current, flowing westward north of 26°S with surface
velocities of 7-8 cm s~ ! year-round; (2) the South Pacific
Current, a slower eastward current of ~2 cm s~ ! south of
25°-30°S, which experiences strong seasonal variability
related to the meridional movements of the subtropical
anticyclone; and (3) the Chile-Peru Current, a stronger
northeastward flow of ~6 cm s~' encountered east of
82°W and south of 24°S, responding to local wind forcing.
The Reynolds stresses (or the variance ellipses) related to
these flows have principally revealed the anisotropic char-
acter of regional surface circulation. The eddy kinetic
energies calculated from the drifter data and from the
geostrophic velocities derived from the TP/ERS altimeters
show similar patterns, with high energy levels along the
continent and lower values in the interior ocean. On the
other hand, the geostrophic EKE is around two times
smaller than the values determined from the drifting-buoys.

[43] Lagrangian statistics were performed from the classi-
cal point of view of Taylor’s [1921] theory, to evaluate in both
the zonal and meridional directions, the integral time and
space scales, the dispersion and the diffusivity. The turbulent
flow shows time and length scales of O(6 days) and O(50 km)
with higher values along the zonal direction revealing the
anisotropy of the region. The estimate of diffusivity through
the derivative of the dispersion or via the integral of the
autocovariance function gives essentially the same results,
with higher values in the direction of the mean flow. Owing
to the important number of independent observations, we
expect that our diffusivity estimations are robust.

[44] Finally, we produced direct estimates of the horizon-
tal heat and salt fluxes in the mixed layer due to both the
mean horizontal advection and the lateral turbulent diffu-
sion. On average, horizontal eddy fluxes in the study area
provide heat (~5 W m?) and salt (~12 gm > d ") to the
study region surface layer. These fluxes counterbalance the
effect of the horizontal mean current, which advects colder
and fresher water into the region. The magnitude of turbu-
lent heat and salt fluxes in the study area are around 2 and 4
times smaller than advective fluxes. In contrast, along the
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coast, the mesoscale instabilities are a crucial mechanism of
transport for warmer and saltier water into the upwelling
region. In this zone, the horizontal turbulent heat and salt
fluxes (~25 W m > and ~50 g m~> d™') are two times
larger than the negative mean current advective fluxes.
Thus in the Peru-Chile Current System, the horizontal
fluxes associated with the mesoscale eddies can be signif-
icant in the long-term heat and salt budgets of the upper
ocean. A comparison with net downward surface heat flux
remains inconclusive, since the NCEP fluxes average
around —25 W m™? annually, whereas the Southampton
Oceanography Center (SOC) surface flux climatology
indicates positive fluxes of around 25 W m™2 (not shown).
Finally, other terms not considered in this study (e.g., vertical
advection and diffusion, entrainment at the base of the mixed
layer) could also play a significant role on the tracer budgets.

[45] This study has given insight into the mean surface
circulation and mesoscale flow characteristics of the eastern
South Pacific region. The results provide a useful measure
for validating numerical models. In this poorly sampled
region, more satellite buoy-tracked drifters and in situ
measurements are also required to better understand the
role of surface circulation on the heat and salt budget.
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