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[1] The three-dimensional structure and the origin of mesoscale anticyclonic
intrathermocline eddies (ITEs) in the coastal transition zone (CTZ) off central Chile (31—
41°S) were analyzed through the combination of data from oceanographic cruises and
satellite altimetry, and the application of an eddy-resolving primitive equation ocean model
coupled with a numerical experiment using a passive tracer. In this region, ITEs are
represented by subsurface lenses (~100 km diameter; 500 m thickness or vertical
extension) of nearly homogeneous salinity (>34.5) and oxygen-deficient (<1.0 mL L")
waters, properties which are linked to the equatorial subsurface water mass (ESSW)
transported poleward by the Peru-Chile undercurrent (PCUC) in the coastal band. At least
five to seven ITEs were observed simultaneously in the area between 31° and 38°S during
winter cruises in 1997 and 2009. Satellite data indicated that the ITEs identified from in situ
data moved westward, each at a mean speed of ~2 km d~' and transported a total volume
of ~1 x 10°m® s~! (=1 Sv); the lifespan of each ITE ranged from a few months to 1 year.
Model results indicate that ITEs become detached from the PCUC under summer upwelling

conditions in the coastal zone.
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1. Introduction

[2] A special group of ocean mesoscale eddies, the intra-
thermocline eddies (ITEs), is characterized by having its core
in subsurface waters and within the thermocline, sometimes
with a reduced expression at the sea surface [Dugan et al.,
1982 ; Gordon et al., 2002]. ITEs are vortices or lenses of rel-
atively homogeneous water, with similar characteristics to
the water in their formation area but distinct from that in the
surrounding thermocline water [Kostianoy and Belkin, 1989;
Nauw et al., 2006; Johnson and McTaggart, 2010]. Typi-
cally, ITEs have a dome shape in the shallower section
(upper thermocline) and a bowl shape (concave) in the deeper
section (lower thermocline); most of them have an anticy-
clonic rotation due to the dominance of the depression of the
lower thermocline [Kostianoy and Belkin, 1989 ; Gordon et
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al., 2002 ; McGillicuddy et al., 2007; Filyushkin and Stovo-
loskiy, 2011]. ITEs have been observed in several regions of
the oceans [Kostianoy and Belkin, 1989], including the North
Atlantic, associated to the Mediterrancan outflow waters
(Meddies) [McDowell and Rossby, 1978 ; Richardson et al.,
2000]; the Indian Ocean, associated to the Red Sea outflow
water (Reddies) [Shapiro and Meschanov, 1991]; the eastern
North Pacific Ocean, associated to the California undercur-
rent (Cuddies) [Simpson and Lynn, 1990; Garfield et al.,
1999; Jeronimo and Gomez-Valdes, 2007]; the Japan/East
Sea associated to the Japan/East Sea subpolar front [Gordon
et al., 2002]; and, most recently, the eastern South Pacific
Ocean, associated with 13°C waters [Johnson and McTag-
gart, 2010; Chaigneau et al., 2011]. Unlike surface eddies,
ITEs strongly influence the intermediate or deeper layers in
the oceans; in these terms, they could have a larger contribu-
tion in the spreading rates and pathways of water masses and,
with it, can play an important role in salt and heat fluxes in
the oceans as it has been described for mesoscale eddies in
general [Ballegooyen et al., 1994 ; Treguier et al., 2012]. The
impact that ITEs have on the productivity of pelagic systems
in the CTZ or the open ocean has been analyzed in a few
studies [e.g., McGillicuddy et al., 2007 ; Hansen et al., 2010;
Morales et al., 2012].

[3] Eastern boundary current systems have been charac-
terized as areas where mesoscale eddies are recurrent fea-
tures in the CTZ and open ocean, as detected from satellite
altimetry [Hormazabal et al., 2004; Capet et al., 2008;
Chaigneau et al., 2009, 2011]. However, the type of eddy
(surface or subsurface) cannot be assessed from altimetry
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alone because they display the same type of vorticity
[Colas et al., 2012]; the combination of satellite and in situ
data is required to resolve this uncertainty and to character-
ize their three-dimensional structure. In the California and
Canary Current Systems, large segments of the poleward
undercurrent detach from the continental slope and form
anticyclonic ITEs (~100 km diameter) that transport warm
and salty waters from the CTZ to the open ocean [Richard-
son et al., 2000; Jeronimo and Gémez-Valdes, 2007].
Using these results, Johnson and McTaggart [2010] sug-
gested that ITEs in the Chile-Peru region (eastern South Pa-
cific Ocean) originated in the area of the Peru-Chile
undercurrent (PCUC). The PCUC flows poleward, at depths
between 100 and 400 m (core at ~220 m depth), along the
coast of Peru (~6°S) to the Gulf of Penas (Chile; 48°S)
and transports Equatorial Subsurface Waters (ESSW)
[Silva and Neshyba, 1979]. This water mass is character-
ized by a subsurface salinity maximum (34.2-34.6), rela-
tively warm subsurface waters, low oxygen concentrations
(<3 mL L"), and high nutrient concentrations [Silva et al.,
2009]. Off central Chile, the ESSW constitutes the main
source of nutrient input to the photic layer during wind-
driven upwelling events, stimulating large increases in phy-
toplankton biomass and primary production in the coastal
zone [Strub et al., 1998; Morales et al., 2007]. The trans-
port of nutrients away from the coastal upwelling zone and
into the CTZ via eddies, including ITEs, has been argued to
be a mechanism by which the pelagic production in the
coastal band might be negatively affected, as evaluated
with model simulations [Gruber et al., 2011]. In this con-
text, this study focuses on the description of the three-
dimensional structure of ITEs off central Chile (section
3.1) and on the distinction of ITEs from low-frequency in-
ternal waves and areas where ITEs are formed in this
region (section 3.2), using a combination of data obtained
from satellite altimetry and hydrographic cruises. The ori-
gin of ITEs off central Chile was also explored with the
application of an eddy-resolving primitive equation ocean
model coupled with a numerical experiment using a passive
tracer (section 3.3). The potential impacts of ITEs on the
pelagic system in the CTZ and the coastal upwelling area
in the eastern South Pacific region, one of the most produc-
tive in the world oceans, are discussed (section 3.4).

2. Data and Methods

2.1. Satellite Altimetry Data

[4] Sea level anomaly (SLA) satellite data for the region
off central Chile (31-41°S) were obtained from a grid
(0.25° x 0.25° resolution) every 7 days during the 1997—
2009 period, using a combined processing of TOPEX/
Jason/ERS altimeter data distributed by AVISO (http://avi-
so.oceanobs.com). These SLA data were used to obtain the
surface geostrophic velocity field [see Hormazabal et al.,
2004] and, in addition, to identify the time and location of
eddy formation and to define their main characteristics
(size, age, speed, direction of movement, etc.). Eddy identi-
fication was based on the Okubo-Weiss (W) parameter
[Isern-Fontanet et al., 2004], which allows the detection of
vorticity-dominated areas where W is <—0.2 SDw, the spa-
tial standard deviation of W. The Okubo-Weiss parameter
evaluates the relative dominance of strain and vorticity:

222
W=s+s,—w

where s; and s, are the normal and shear components of
strain:

Ss = OVg/Ox + 0U, /Oy
Sy = OUq/Ox — OVy /Oy

and w = OV, /0x — OUy /Oy is the relative vorticity, where
U, and V, correspond to east-west and north-south compo-
nents of the surface geostrophic velocity, respectively.

[s] A threshold value of —5 x 107'% s7% was used to
identify coherent structures from the background field (fea-
tures <50 km diameter were not considered), and the vor-
ticity sign (— or +) in their centers were used to define the
type of eddy (cyclonic or anticyclonic, respectively), as
explained in Correa-Ramirez et al. [2007].

2.2. Hydrographic Data

[6] Vertical sections (0-600 m depth) of temperature, sa-
linity, sigma-t, oxygen, and fluorescence were obtained
with a CTD (Conductivity-Temperature-Depth profiler,
model Sea Bird SBE-25, SBE-19, and Niels Braun Mark
III), equipped with dissolved oxygen and fluorescence sen-
sors, during four different oceanographic cruises (Figures
1-3) for the “Fondo de Investigacion Pesquera (FIP). Three
cruises were carried out on board RV Abate Molina, FIP
96-13 (CTD Niels Braun Mark III Romano), FIP 97-12
(CTD Niels Braun Mark III Romano), and FIP 2007-16
(CTD Sea Bird-19); a fourth (FIP 2008-20) was carried out
on board RV Agor Vidal Gormaz (CTD Sea Bird SBE-25).
Cross-shore CTD sections were obtained during the austral
fall for FIP 96-13 (section at 37°20' on 20-21 May 1997)
and summer for FIP 2008-20 (section at 36°30’S on 6-13
January 2009); the stations in these sections were separated
by <0.3° (Figures 1-3). Alongshore CTD sections (follow-
ing the continental shelf margin: ~500 m depth isobath),
located between 31° and 41°S and involving 20 CTD sta-
tions separated by ~0.5° of latitude (Figures 1 and 4), were
obtained during the austral winter for FIP 97-12 (2 August
to 8 September 1997) and FIP 2007-16 (18 July to 22 Au-
gust 2007). In addition, discrete water samples for oxygen
and salinity analyses were collected with a rosette equipped
with Niskin bottles and were used for the subsequent data
correction obtained from the CTD sensors. The methods
used in the analyses of salinity and dissolved oxygen sam-
ples have been described in detail in previous works
[Morales et al., 2007].

[7] ITEs observed in the cross-shore hydrographic sec-
tions were then identified with satellite altimetry and were
followed backward and forward in time to detect their ini-
tial surface expression and their disappearance (= eddy’s
lifespan). The uncertainty in ITEs lifespan estimates is of
~1 week (the time interval between each altimetry satellite
data); however, their lifespan could be underestimated if
their surface signal becomes undetectable by altimetry at
any one time. In order to estimate the volume of water
transported by these ITEs, eddy surface scales obtained by
altimetry (W parameter) and eddy vertical scales obtained
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Longitude [°W]

Latitude [°S]

Figure 1. Bathymetry of the study area in the eastern
South Pacific Ocean. Also shown are the positions of the
hydrographic cross-shore sections during the oceano-
graphic cruise carried out during: austral fall of 1997
(20-23 May; filled square), austral summer of 2009 (8-16
January; filled triangle), and hydrographic alongshore sec-
tions (31-41°S) during the oceanographic cruise carried
out during the austral winter in 1997 (2 August to 8 Sep-
tember; white dots) and 2007 (18 July to 22 August; star).

by hydrographic cross-shore sections were used (see Fig-
ures 2 and 3).

2.3. Model Setup

[8] The Regional Ocean Modeling System (ROMS) was
used to investigate the origin of ITEs off central Chile.
ROMS is a free-surface, hydrostatic, eddy-resolving
primitive equation ocean model that uses stretched, terrain-
following coordinates in the vertical and orthogonal curvi-
linear coordinates in the horizontal [Haidvogel et al., 2000;
Shchepetkin and McWilliams, 2005]. The model grid
extends westward from 70°W to 85°W and northward from
40°S to 25°S (white frame on Figure 5a). The grid has an
average spatial resolution of ~4.6 km and 40 vertical lev-
els, with enhanced resolution near the surface (specified by
the ROMS stretching parameters (6b, s, hc)=(0, 6, 10
m)). The bathymetry is a smoothed version of the ETOPO2
(2’ resolution) gridded data to avoid large pressure gradient
errors [Mellor et al., 1994]. The initial and monthly
averaged boundary conditions (using a modified radiation
boundary condition from Marchesiello et al. [2001] from

2000 to 2008 are obtained from a high-resolution (10 km)
MOM3-based Ocean General Circulation Model (OGCM)
code optimized for the Earth Simulator (OFES) [Masumoto
et al., 2004; Sasaki et al., 2004, 2006]. At the surface, the
heat and freshwater fluxes are a monthly mean climatology
derived from the Comprehensive Ocean-Atmosphere Data
Set (COADS) data set [da Silva et al., 1994]. The model
momentum flux is a daily averaged wind stress from the
QuickSCAT data set from 2000 to 2008. To track the water
originated in the Peru-Chile undercurrent, a model passive
tracer, following an advection-diffusion equation, as in
Combes et al. [2009] (no decay term), was released contin-
uously during the year 2007 off Valparaiso and in the sub-
surface (between 100 and 350 m depth; green rectangle on
Figure 5a).

3. Results and Discussion

3.1. Identification and Characterization of ITEs Off
Central Chile

[¢9] The geostrophic surface current field in the CTZ off
central Chile, as derived from satellite altimetry, revealed
the presence of a strong meandering current and several cy-
clonic and anticyclonic mesoscale eddies during the oceano-
graphic cruises carried out in the austral fall of 1997 (Figure
2) and summer of 2009 (Figure 3). Mesoscale eddies in this
CTZ have been detected from satellite altimetry alone
[Caceres, 1992 ; Hormazabal et al., 2004] and from a com-
bination of satellite altimetry and hydrographic data
[Morales et al., 2007, 2010; Letelier et al., 2009]; numerical
models for the region have also identified them [Leth and
Middleton, 2004; Colas et al., 2012; Chaigneau et al.,
2011]. Only recently, however, eddies of the ITE type have
been detected in this region, using Argo float profiles [John-
son and McTaggart, 2010], a combination of satellite altime-
try and Argo floats [Chaigneau et al., 2011], or satellite
altimetry and hydrographic data [Morales et al., 2012]. The
present study provides further insights on the three-
dimensional characteristics of ITEs by using a combination
of satellite altimetry, hydrographic data, and modeling.

[10] During the fall 1997 and summer 2009 cruises,
some of the cross-shore hydrographic sections (36°30’S
and 37°20'S, respectively) crossed through mesoscale anti-
cyclonic eddies of the ITE type (Figures 2b—2d and 3b-3d).
In these two sections, lenses of high salinity (>34.5) and
low dissolved oxygen concentration (<1.0 mL L"), char-
acteristics associated to the ESSW water transported by the
PCUC in this region, were observed beyond the continental
shelf and slope areas (Figures 2f—2g and 3f-3g). The distri-
butions of temperature and density (sigma-pot) also dis-
played a lens shape (Figures 2e and 2g and Figures 3e and
3g), as did the fluorescence signal (Figures 2i and 3i); these
characteristics, together with a higher fluorescence within
the lenses, were clearly distinguishable from the surround-
ing thermocline waters. These ITEs had a horizontal diame-
ter (based on satellite altimetry) of ~100 km and a
thickness (vertical extension between the upper and lower
limit of the eddy, based on CTD data) of ~500 m (Table
1). The diameter was similar but the thickness was at least
2 to 3 times larger compared with the ITEs reported by
Gordon et al. [2002] and Nauw et al. [2006]; however,
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Figure 2. Satellite SLA and cross-shore hydrographic sections during the oceanographic cruise carried
out during the austral fall of 1997 (20-23 May): (a) eddy path and history based on SLA data; surface
geostrophic currents during (b) 19 May and (¢) 29 May; (d) SLA profile along the transect 37°20'S, rep-
resented also by a continuous straight line in Figures 2b and 2c; and vertical profiles of (e) temperature
(°C), (f) salinity, (g) density (sigma-pot), (h) dissolved oxygen (mL L™"), and (i) fluorescence (relative
units). The positions of the hydrographic stations are indicated by open circles (Figures 2b and 2¢) and
triangles (Figures 2e—2i).

Martin and Richards [2001] have reported ITEs with upwelling zone toward the oligotrophic region in the sub-
thicknesses >1000 m. Overall, ITEs in the CTZ could con- tropical gyre of the South Pacific [Johnson and McTaggart,
tribute to a significant water transport from the coastal 2010].

4814



HORMAZABAL ET AL.: INTRATHERMOCLINE EDDIES OFF CHILE

36°30°
d)
Eddy path (12-Nov-2008 to 23-Sep-2009)
34°S : . : ' ' _0
a) 5
35°S S 2
w
o
36°S
% 4T
=
s 87°s -
—
38°S
L}
39°S

80°W 78°W 76°W 74°W 72°W

14-Jan-2009
b)
e
(0]
ge]
=
S
|
T
£
=
¥ [}
T +— T [a]
78°W 76°W 74°W 72°W
21-Jan-2009 =
35°S ' 77 =
NN T £
c) NN S 3
S YY) R
36°S 4~ -, - - - 4/:‘;«_//._\
s g NS c -
é: \\\\\\\ [N a4 4
© \ 1?///-\ P,
! \
'33708 T N R ;;]1//—\\‘/
2 Lo s e = N
b AP 2 T N
4 , N DAY
o o v bt
38°s1 - vy
i - ENERN TR AV AV AV
‘ - NN AN [T Y v
39°S - - T
78°W 76°W 74°W 72°W
. o -
Longitude [] 75 745 74 735 73

Longitude [°]

Figure 3. Satellite SLA and cross-shore hydrographic section during the oceanographic cruise carried
out during the austral summer of 2009 (8—16 January): (a) eddy path and history based on SLA data;
surface geostrophic currents during (b) 14 January and (c) 21 January; (d) SLA profile along the transect
36°30'S, represented also by a continuous straight line in Figures 3b and 3¢; and vertical profiles of (e)
temperature (°C), (f) salinity, (g) density (sigma-pot), (h) dissolved oxygen (mL L"), and (i) fluores-
cence (relative units). The positions of the hydrographic stations are indicated by open circles (Figures
3b and 3c¢) and triangles (Figures 3e—3i).
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Figure 4. Alongshore hydrographic sections (31-41°S) during the oceanographic cruise carried out
during the austral winter in 1997 (2 August to 8 September) and 2007 (18 July to 22 August). Vertical
profiles of (a and ¢) temperature (°C), (b and g) salinity, (c and g) density (sigma-pot), and (d and h) dis-
solved oxygen (mL L"), for 1997 and 2007) cruises, respectively. Vertical line indicates the location of
the ITEs. Positions of hydrographic stations for 1997 (white dots) and 2007 (star) cruise (right panel).

[11] After the detection of ITEs with hydrographic data,
their history was reconstructed based on SLA and W analy-
ses using satellite data. The results indicated that these
structures were generated close to the coastal zone (at
depths >500 m). The ITE identified during the 1997 fall
cruise was first detected by satellite on 16 April, a month
before the oceanographic cruise, and it was located off
Punta Lavapié at 37.5°S (Figure 2a). The one identified
during the 2009 summer cruise first appeared on 12 No-
vember, about 2 months before the cruise, and it was
located north of Concepcion at 36°S (Figure 3a). Appa-
rently, the 1997 ITE had a relatively short duration (~49 d)
compared with the 2009 ITE (~322 d). Also, the 2009 ITE
had a surface area about ~40% larger than the 1997 ITE,
but other characteristics (depth of the boundaries, thick-
ness, vorticity, and velocity) were relatively similar
between both structures (Table 1). Differences in the char-
acteristics of ITEs in the study region could be associated
with changes in wind forcing and in PCUC vorticity. The
intensification of coastal upwelling generates an increase in
the offshore density gradient, introducing vorticity in the
water column [Leth and Shaffer, 2001], which added to the

PCUC vorticity results in baroclinic instabilities that pro-
mote the formation of mesoscale eddies [Colas et al.,
2012].

3.2. ITEs and Low-Frequency Internal Waves
Off Central Chile

[12] Vertical sections of temperature, salinity, and dis-
solved oxygen in alongshore sections over the continental
shelf margin (31-41°S), obtained during the cruises in the
austral winter of 1997 and 2007, show a water tongue with
high salinity (>34.5) and low dissolved oxygen (<1 mL
L"), characteristics associated with the ESSW (shadowed
areas in Figures 4b, 4d, 4f, and 4h). The region north of
36°S is dominated by the presence of the ESSW in the
layer between 100 and 400 m depth, the layer of the PCUC.
Southward of 36°S, the ESSW becomes progressively thin-
ner towards the south, exhibiting a tongue centered at
~200 m. Alongshore sections of salinity and dissolved oxy-
gen are similar in both cruises (1997 and 2007); however,
the sections of temperature and density show significant
differences. Colder, denser, and less stratified waters were
observed during the 2007 cruise. Temperature and density
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Figure 5. ROMS model—a snapshot of results for February 2007: (a) horizontal domain of the ROMS
(~4.6 km resolution) and OFES (1/10° resolution) models, including the bathymetry (m) and the area
where the passive tracer was released (between 150 and 400 m depth near Valparaiso, represented by a
green box in Figure 5a). The results include (b) sea surface height (colour) and surface currents (arrows)
in the area demarked by a white broken line in Figure 5a); (c) the vertical distribution of salinity (colour)
and negative (white contour) and positive (black contour) meridional currents (0.03 m s~ ! intervals)
across Eddy 1 (E1; dashed line in Figure 5b)), located off Concepcion; (d) Horizontal distribution of sa-

linity (color) and currents (arrows) at 225 m depth.

differences could be linked to interannual variability asso-
ciated with ENSO. The 1997 cruise was carried out during
one of strongest El Nino events [McPhaden, 1999],
whereas the 2007 cruise took place during the initial phase
of La Nina event [Correa-Ramirez et al., 2012]. During El
Nino (La Nina), ITEs have a stronger (weaker) signal in the
temperature and density fields, associated to warmer
(colder) and saltier waters (Figure 4). During La Nina, the
changes in the relative contribution of temperature and sa-
linity to the density field results in a weaker density signal
in ITEs. The ITEs that have a tendency to density compen-
sation (variations in temperature and salinity without
changes in density) could persist much longer, as observed
for structures in scales smaller than the mesoscale [Ferrari
and Boccaletti, 2004].

[13] The alongshore distribution of water properties
revealed several areas where the ESSW was stretched
(wider) and squeezed (narrower) in the vertical plane, rep-
resented by a shallowing (deepening) of the upper isolines
and a deepening (shallowing) of the lower isolines (Figure
4). The vertical fluctuations of isolines in the water column
along the continental shelf/slope areas (Figure 4) could
correspond to low-frequency internal waves. In waters
along the coast off Chile, the fluctuations in the vertical dis-
tribution of temperature below the base of the seasonal
thermocline are relatively well represented by a single iso-
therm and these oscillations appear to be in phase with
low-frequency internal waves [Morales et al., 1999;

Table 1. Mean Characteristics of Two Eddies Identified During
the Austral Spring (1997) and Summer (2009) in the CTZ Off
Central Chile

Eddy Characteristics 1997 2009
Area (diameter) during the 3839.6 (69.9) 5490.9 (83.6)
cruise (km?)
Area® [mean (std)] (km?) 4616.7 (1419.3) 8369.7 (3748.7)
Shallower boundary® (m) 114.0 88.0
Deeper boundary® (m) 470.0 418.0
Thickness® (m) 356.0 330.0
Vorticity® [mean(std)] 5.70 (0.98) 6.81(2.13)
[1x107°s7"]
Mean velocity (km d ") 1.72 1.98
Azimut (°) 270 284
Total transport® (Sv) 0.76 1.19
ESSW transport’ (Sv) 0.54 0.78
Life time (days) 49 322

*Mean and standard deviation of the surface area of eddies, from their
coastal origin until their oceanic end. Areas were calculate from the
enclosed polygons of the 1 x 10~'? threshold contour in the Okuvo Weiss
field.

®Upper and bottom boundaries of the subsurface lenses delimited by the
34.5 psu salinity contour.

“Thickness of the subsurface lenses (upper minus bottom boundaries).

9Mean and standard deviation of the vorticity in the eddy’s center
through the life of the structures.

“Total transport obtained assuming a conservative total depth of 500 m.
18v=1x10"m’s".

Transport obtained using the lends thickness.
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Blanco et al., 2002 ; Montecinos and Pizarro, 2005]. Also,
it has been observed that the fluctuations in the vertical dis-
tribution of low oxygen waters, characteristic of the ESSW
and which are well represented by the 1 mL L™ isoline,
are in phase with those of the isotherms and in opposite
phase with sea level [Morales et al., 1999]. Accordingly, if
the vertical fluctuation of isolines in the water column was
due to low-frequency waves, the oscillation of the isolines
of temperature, salinity, and oxygen located below the base
of the thermocline should be in phase. In the present study,
however, there was an opposite phase in the vertical fluctu-
ation of the 11°C isotherm (representative of waters below
the base of seasonal, upper thermocline) and that of salinity
(34.5 isohaline) and dissolved oxygen (1 mL L' isooxy-
cline), indicating that this pattern does not correspond to
low-frequency waves.

[14] The areas where the ESSW was stretched (wider),
forming a subsurface lens having an horizontal scale of
~100 km (bigger than the Rossby radius for the region, ~30
km), represent ITEs generated along the continental shelf/
slope area. The distribution of water column properties in
Figure 4 indicates that five to seven ITEs are simultaneously
present in the CTZ between 31° and 38°S, area where Eddy
Kinetic Energy (EKE) values have been previously found to
be highest compared to the adjacent ones [Hormazabal et
al., 2004]. The travel of ITEs through the CTZ in the region
off central Chile could represent a mechanism by which
low-oxygen waters in the ESSW are extended offshore.
Although we cannot ascertain from these data that the five or
seven ITEs observed were generated at the same time, a si-
multaneous formation of several ITEs as a response to baro-
clinic instabilities set up by shifts in wind direction has been
previously reported for the Norwegian Sea [Hansen et al.,
2010].

3.3. Model Results

[15] A numerical experiment for a passive tracer coupled
to a ROMS model was performed in order to identify the ori-
gin of ITEs in the region off central Chile. The experiment
consisted in the continuous release of a passive tracer in the
PCUC (150400 m depth) in the coastal area off Valparaiso
(33°S) and in the analysis of the tracer distribution through
time (Figure 5a). The results obtained from the model are
exemplified for the austral summer in February 2007. Sea
surface height (color) and surface geostrophic current field
(arrows) during this period represented the features that are
characteristic in the CTZ off central Chile, including a com-
plex pattern of circulation with strong mesoscale eddy activ-
ity, meandering currents, and a coastal jet (Figure 5b).
Among these structures, three anticyclonic eddies were dis-
tinguished in the area between Valparaiso and Concepcion
(labeled as El, E2, and E3 in Figure 5b). These structures
were well represented by the tracer distribution in the hori-
zontal plane at 225 m depth (Figure 6¢). Also in the horizon-
tal plane at 225 m depth, the areas containing maximum
salinity cores and stronger currents in vortices confirmed the
presence of the above eddies (Figure 5d). In addition, the
model-derived eddy E1 was located in the same area of the
trajectory of an ITE (white line in Figure 5b), which was
detected during a summer cruise off Concepcion (Figure 3a).

[16] In the vertical plane (0600 m depth), the distribution
of the tracer concentration in a section from the coast to off-
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Figure 6. ROMS model—a snapshot of passive tracer
results for February 2007. The passive tracer was released
between 150 and 400 m depth, near Valparaiso (green box
in Figure 6¢). The results include (a) density anomaly pro-
file across E1 (see also Figure 5¢); (b) tracer concentration
across El; (c) horizontal distribution of tracer concentra-
tion (color) and currents (arrows) at 225 m depth (only cur-
rents associated to tracer were used); and (d) a 3D
representation of the tracer off Concepcion (0.2 isocon-
tour), denoting the detachment of E1 from the PCUC.

shore at 36°20’S (dotted black line in Figures 5b and 5d) rep-
resented quite well the location of the PCUC and the
presence of a subsurface mesoscale eddy (E1) with charac-
teristics similar to an ITE (Figure 6¢). The model-derived
distributions of salinity and meridional currents (Figure 5c)
also provided a realistic representation of the PCUC in this
region (southward flow over the continental shelf/slope
areas, containing a maximum in subsurface salinity, and
with a core at ~225 m depth). Adjacent to the PCUC, a
northward and a southward flow associated with the inshore
and offshore boundaries of eddy E1, respectively, was also
represented; water composition in this eddy was similar to
that in the PCUC and very different from adjacent waters in
the CTZ (Figure 5c). A closer view of the vertical distribu-
tion of water density in the area of eddy E1 (Figure 6a)
showed that this structure had a vertical extension of ~500
m and a shape typical of an ITE: a dome in the upper part
(100-160 m depth) and a bowl in the lower part (160—-650
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m). Other eddies generated with the model (E2 and E3 in
Figures 5d and 6c) presented water column characteristics
very similar to those of El (not shown), which suggested
that they also corresponded to ITEs.

[17] A 3D representation of the tracer distribution in the
area off Concepcion suggests that eddy E1 can be the result
of a detachment from subsurface waters associated to the
PCUC (Figure 6d). Thus, previous suggestions that ITEs in
the region off central Chile are originated from the coastal
poleward PCUC [Johnson and McTaggart, 2010; Colas et
al., 2012] are supported by our model results. Wind forcing
of coastal upwelling incorporates vorticity into the water
column which, in addition to the vorticity of the PCUC,
generates baroclinic instabilities that allow the formation of
mesoscale eddies [Leth and Shaffer, 2001; Colas et al.,
2012]. Some of these eddies correspond to ITEs, in which
the geostrophic velocities are dominated by depression of
the main pycnocline, and therefore, their rotation is anticy-
clonic, whereas the upward displacement of the seasonal
pycnocline generates a cyclonic rotation in the surface
layer [McGillicuddy et al., 2007]. The cyclonic ITEs will
not survive for a long time because they will collapse under
a destabilizing action of the horizontal surplus pressure gra-
dient and the centrifugal and Coriolis forces [Filyushkin
and Sokolovskiy, 2011].

[18] Based on the hydrographic and modeling results
presented here, we propose that ITEs are regularly detached
from the coastal region of central Chile, move mostly west-
ward and slightly northward at speeds of ~2 km d ™', and
have a volume transport on the order of ~1 Sv (Table 1).
This transport estimate is similar to that described for the
PCUC off central Chile [Shaffer et al., 1999] and the mode
value estimated from Argo float profiles for ITEs in this
region [Johnson and McTaggart, 2010]. ITEs in this region
have been described as being relatively infrequent away
from the coastal area where they are generated [Johnson
and McTaggart, 2010] and, therefore, it is quite a challenge
to sample them at sea. No doubt that a modeling approach
which includes the spatial and temporal variability in the
generation of ITEs in this region will the next step to
improve their characterization.

3.4. TImpact of ITEs on the Pelagic System in the
Region Off Central Chile

[19] Mesoscale eddies have been shown to influence, at
least in part, the distribution or biomass of phytoplankton
and zooplankton communities in the CTZ off central Chile.
In particular, eddies have been shown to be sites of
enhanced chlorophyll-a concentration in the CTZ but the
mechanisms by which this is attained have remained
unclear [Correa-Ramirez et al., 2007 ; Morales et al., 2007,
2010]. The offshore propagation of eddies in this region
may contribute to extend toward the CTZ the area of high
primary productivity found in the coastal upwelling band
through the advection of phytoplankton biomass and
nutrient-enriched waters. Additionally, some type of eddies
can result in the upwelling of nutrients to the illuminated
layers (through eddy pumping or other mechanisms) and,
with it, can promote increases in phytoplankton biomass
and phytoplankton production in the CTZ [Correa-Ramirez
et al., 2007]. Recently, Morales et al. [2012] have shown
that an ITE was a site of vertical injection of high nutrient

concentrations from the ESSW into the upper layer in the
CTZ and, probably, there was also ESSW nutrient advec-
tion involved.

[20] The effect of mesoscale eddies on the productivity
in the CTZ of other eastern boundary current systems has
been usually reported in positive terms, like the enhance-
ment of chlorophyll-a within eddies compared with the sur-
rounding waters [e.g., Moore et al., 2007 ; Brzezinski and
Washburn, 2011; Peterson et al., 2011]. This positive
effect in the CTZ, however, could be at the expense of
diminishing the potential of fertilization of high nutrient
waters during coastal upwelling. The modeling results of
Gruber et al. [2011] suggest that eastern boundary current
systems with higher eddy activity are associated with low
level of biological production; their simulations show that
eddies suppress production and also the downward export
of organic matter is reduced through an eddy-induced
transport of nutrients from the upwelling zone to the CTZ.
Morales et al. [2012] have provided in situ evidence that
this might be the case for ITEs.

[21] The impact of ITEs (because of their larger vertical
dimension), as well as of other mesoscale eddies, in reduc-
ing the nutrient inventory in the coastal zone off central
Chile remains to be assessed, and, for this to be achieved, a
detailed characterization of the frequency of ITEs forma-
tion and of the dynamics during their early life history need
to be available. On the other hand, the effects of ITEs in
the enhancement of primary production in the CTZ could
explain the distribution of some socioeconomically impor-
tant natural resources. For example, a significant increase
in the acoustic biomass of the highly migratory pelagic
fish, jack-mackarel (Trachurus symmetricus murphyi), has
been found in the area of the ITE identified during the fall
of 1997 (Figure 2d). In addition, the larval stages of jack-
mackarel have been found to be distributed mainly off cen-
tral Chile [Ninez et al., 2004], where they likely find the
most suitable food resources in association with the fertiliz-
ing effect of some eddy types. The distribution of demersal
resources, which live in the oxygen minimum zone over
the shelf and slope areas off central Chile, such as the Chil-
ean hake (Merluccius gayi) [San Martin et al., 2011], could
probably extend their distribution to the CTZ through ITEs.
Moreover, ITEs probably reach the area of the subtropical
gyre in the South Pacific [Johnson and McTaggart, 2010]
and could act as a nutrient source for planktonic commun-
ities in this oligotrophic environment.

4. Concluding Remarks

[22] Hydrographic observations, satellite altimetry, and a
ROMS model with a passive tracer coupled to this model
were combined in order to study the origin and presence of
mesoscale eddies of the ITE type. Results have shown that
ITEs are recurrent features in the CTZ off central Chile
(31-38°S), with five to seven simultaneously present along
the CTZ adjacent to the coastal zone. These ITEs become
detach from the PCUC, move mostly westward at average
speeds of ~2 km d~' and produce a volume transport of
~1 Sv. The main impact of ITEs is that, on one hand, they
can act as main agents in the export offshore of coastally
derived ESSW waters rich in nutrients and poor in oxygen,
and, on the other hand, they can contribute to the expansion
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toward the CTZ of the area of upwelling of ESSW waters
and, with it, enhance the productivity of the system in the
open ocean.
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