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ABSTRACT

Argo float profile data are used to analyze warm, salty, weakly stratified, subthermocline eddies of tropical
origin in the eastern subtropical South Pacific Ocean. These eddies contain anomalous signatures of the
equatorial Pacific <13°C Water” that is carried poleward within the Peru-Chile Undercurrent (PCU) as it
flows along the west coast of South America. From their source along the Chilean coast between ~29° and
39°S, the eddies spread westward and slightly northward, likely at least partly advected by the subtropical
gyre. The eddy water properties contrast strongly with the colder, fresher, more strongly stratified waters of
subantarctic origin being carried northward then westward by the gyre. Near the eddy source, about 6% of
Argo profiles sample eddies that are above selected thresholds for both salinity and potential vorticity
anomalies relative to maps of the mean distributions of these properties on and around the core isopycnal for
the eddies. The proportion of such profiles diminishes to about 1% near the northwestern limit of the eddy
range, near 15°S and 115°W. These eddies are anticyclonic, with a subsurface radial velocity maximum near
the core isopycnal for water property anomalies, hence a reduced surface expression. Their geostrophic
signature sometimes extends below 1000 dbar, suggesting the eddies may influence float subsurface trajec-
tories. Radial transports around the eddy centers are estimated to be on the order of 2 X 10° m® s~ ! for the
potential density layer 26.0 < oy < 27.0 kg m >, about the same magnitude as the mean poleward transport of

the PCU.

1. Introduction

Eddies are ubiquitous features in the ocean, and their
surface expression accounts for a significant fraction of
variability in sea surface height (Chelton et al. 2007).
However, there are also subsurface eddies that may affect
significant transfers of heat, freshwater, and other ocean
properties. These eddies can be largely invisible at the sea
surface. The anticyclonic lenses of warm, salty Mediter-
ranean Outflow Water, or Meddies, found in the North
Atlantic are a classic example of an eddy with a primarily
subsurface expression (Richardson et al. 2000). Similar
anticyclonic lenses composed of warm, salty Red Sea
Outflow Water, or Reddies, are found in the Indian
Ocean (Shapiro and Meschanov 1991). In addition, sub-
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surface anticyclones of warm, salty, low—potential vor-
ticity water formed in the California Undercurrent (CU),
or Cuddies, have been studied offshore of the west coast
of North America (Simpson and Lynn 1990; Huyer et al.
1998; Garfield et al. 1999; Jeronimo and Gomez-Valdés
2007), and have even been observed as far west as Hawaii
(Lukas and Santiago-Mandujano 2001).

Here Argo float data are analyzed to characterize
striking anticyclonic subsurface lenses of warm, salty,
weakly stratified water in the eastern subtropical South
Pacific Ocean. The Argo sampling scheme (nominally
3° latitude X 3° longitude spacing between floats with a
10-day sampling interval) is not intended to resolve eddies.
However, Argo floats report about 100 000 conductivity—
temperature—depth (CTD) profiles and 3000 float years
of middepth displacements worldwide per year. These
numerous data allow for analysis of serendipitously
sampled ocean eddies, including the ones discussed
here.

These eddies likely originate from the Peru—Chile
Undercurrent (PCU). The PCU is a poleward-flowing
eastern boundary undercurrent that carries warm, salty,
oxygen-poor, nutrient-rich, weakly stratified water of
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equatorial origin (Tsuchiya and Talley 1998) southward
along the west coast of South America (Blanco et al.
2001). This water will here be referred to as Pacific
Equatorial 13°C Water (TDW; Tsuchiya 1981), where
13°C indicates the temperature typical of a prominent
thermostad (vertical stratification minimum) found in
the eastern equatorial Pacific. The PCU has a seasonal
cycle, being strongest in the austral spring and summer
(Blanco et al. 2001) or spring and fall (Shaffer et al.
1999). Six years of velocity data at 220 m from a current
meter mooring at the 875-m isobath at 30°S off Chile
yields a mean alongshore velocity of 0.13 m s~ ' to the
south, suggesting a PCU transport on the order of 1 X
10° m® s~! at that location (Shaffer et al. 1999). This
transport estimate is similar to an estimate derived from
CTD surveys at 10°S off Peru (Huyer et al. 1991), but
variability about the mean is large in both cases.

Both cyclonic and anticyclonic eddies are prom-
inent in the Chilean coastal transition zone from 29 to
39°S, where equatorward wind stress is strong and var-
iable, and are likely to arise from baroclinic instabilities
(Hormazabal et al. 2004). These eddies are visible in sea
surface height anomaly maps from satellite altimetry
data, with moored current meter data indicating stron-
ger velocities at 250 than at 450 m (Hormazabal et al.
2004), but their detailed vertical structure is not well
determined. The eddies can be tracked in sea surface
height and with surface drifter velocity data to at least
100°W, and a cyclonic example sampled by a World
Ocean Circulation Experiment (WOCE) hydrographic
section along 88°W was surface intensified but with an
attenuated signal that reached as deep as 2000 m
(Chaigneau and Pizarro 2005a). Modeling studies also
suggest that baroclinic instabilities at Punta Lavapie
(~37°S) may generate cyclonic and anticylonic eddies
(Leth and Middleton 2004), with coastally trapped waves
playing a vital role (Leth and Middleton 2006).

The PCU and the CU appear to share many charac-
teristics, including a subsurface, warm, salty, weakly
stratified core of TDW, a narrow poleward subsurface
flow along the coast of order 0.1 m s~ !, a transport on the
order of 1 X 10° m® s™!, temporal modulation in flow
and water properties, and associated eddies. Among the
eddies associated with the CU are anticyclonic ones with
subsurface cores, perhaps generated by baroclinic in-
stabilities (Simpson et al. 1984; Lynn and Simpson 1990).
As will be shown below, the PCU, another poleward-
flowing undercurrent, appears to be associated with
similar anticyclonic eddies with subthermocline cores.
Whatever the dynamics of their origin, these eddies then
appear to propagate northwestward into the eastern
subtropical South Pacific Ocean, where they are clearly
observed by Argo floats.
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Following this introduction, the data used in the anal-
ysis are discussed along with gridding and mapping rou-
tines (section 2). Then results of the analysis are presented
(section 3). The paper ends with a discussion of the
results (section 4).

2. Data

CTD profile data collected by Argo floats are used in
this study. Data collected from 1999 through February
2009 were downloaded from an Argo global data center
(GDAC) in February 2009. Delayed-mode quality con-
trolled data (adjusted values) are used where available.
Otherwise, real-time quality controlled data (raw values)
are used. Only data at pressures where pressure (P),
temperature (7'), and salinity (S) are all flagged as good
(Argo quality flag 1) are retained in the analyses.

For geostrophic calculations, 7 and S data from each
profile are linearly interpolated to a regular 10-dbar
pressure grid, assuming that the shallowest good values
of T'and S are representative of surface values. Derived
quantities are estimated from these vertically gridded
values of P, T, and S. Contoured time—pressure sections
of data from an individual float are objectively mapped
assuming a Gaussian covariance with decorrelation scales
of 1 month and 50 dbar, and a noise-to-signal energy
of 0.01.

Additionally, properties on potential density anomaly
(o) surfaces are analyzed here. For this analysis, any
derived parameters desired are calculated from the float
P, T, and S data. Then, the measured and derived pa-
rameters are linearly interpolated to desired oy surfaces
from each CTD profile used. The vertical distance over
which interpolations are performed is retained for pur-
poses of quality control.

Properties on isopycnals are mapped to a regular
geographic grid using a loess smoother with a nominal
zonal scale of 1000 km and a nominal meridional scale
of 500 km. If there are fewer than 2000 points inside the
ellipse with these radii, these scales are increased, retain-
ing their proportionality, until the ellipse contains at least
2000 points. At each point on this grid, data within range
of the smoother from that point are subject to the fol-
lowing screens: first, data interpolated over too large
a pressure interval are discarded. The discard thresholds
range linearly from an interpolation interval exceeding
22 dbar at an interpolated pressure of 0 dbar to an in-
terpolation interval exceeding 67 dbar at an interpo-
lated pressure of 300 dbar. At interpolated pressures
greater then 300 dbar, the discard threshold remains
constant at an interpolation interval exceeding 67 dbar.
Second, interpolated values that are more than 3 times
the interquartile range from either the first or third
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quartiles are discarded. Finally, the filter-weighted cen-
ter of the data is also calculated for each map. If its
position is more than one-third of the distance from the
center relative to the range of the smoother, the mapped
data point is discarded as being too far from the data.

3. Results

Here we discuss an individual eddy sampled by a sin-
gle float using time—pressure sections of water proper-
ties and potential temperature-salinity (6—S) curves. We
then put the eddies into context by discussing the large-
scale circulation and mean water-property distributions
on and around the core density of the eddies. We follow
with an analysis of eddy anomalies from those mean
water-property distributions. Finally, we analyze in-
dications of eddy motion in float displacements as well
as the geostrophic flow field associated with the eddies.

a. An example eddy

The eddies studied here are often obvious in time—
pressure sections of water properties for individual floats.
One example was sampled during profiles 48 and 50-52
(11 June-23 July 2007) by the Argo float with World
Meteorological Organization (WMO) ID 3900556 (Fig. 1).
While sampling this eddy, the float was located near 24°S,
103°E, roughly 1000 km northeast of Easter Island (Fig. 2).

The time—pressure—salinity section for 2007 from this
float shows a salty lens with values exceeding 34.7 PSS-78
relative to a background of 34.4 (Fig. 1a). The anoma-
lously salty values are strongest for 300 dbar < P <
500 dbar (26.2 kg m > < o < 26.7 kg m~ ) with a core
near 350 dbar (oy ~ 26.5 kg m>). A similar section for
potential temperature (Fig. 1b) shows a strong thermo-
stad for 11° < # < 12°C (still in the range of the TDW
thermostad, which includes some waters colder than
13°C) coincident with the salinity anomaly, with clearly
warmer water along oy = 26.5 kg m > during sampling of
the eddy. As would be expected from the sections, the
0-S curves for the profiles in the eddy are anomalously
warm and salty for 26.2 kg m > < o < 26.7 kg m > with
respect to those for the other profiles collected by this
float during 2007 (Fig. 3). Again, the core of the anomaly
is seen at oy = 26.5 kg m ™~ in 6—S space.

Isotherms, isopycnals, and isohalines all exhibit down-
ward deflections below the core of the eddy for the ex-
ample shown (Fig. 1) to pressures of almost 1200 dbar.
Above the eddy core isopleths bow up to pressures as
shallow as 150 dbar. There are two consequences of this
pattern. First, the core of the eddies has anomalously
weak stratification with planetary potential vorticity (I =
flp 9pldz) closer to zero than outside the eddy (Fig. 1c)
but slightly stronger stratification at depths well below the
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FIG. 1. Time—pressure sections of water properties during 2007 in
the upper 600 dbar from Argo float WMO ID 3900556, located in
the eastern subtropical South Pacific Ocean (see Fig. 2, bottom).
(a) Salinity S contoured at 0.1 PSS-78 intervals, (b) potential
temperature 6 contoured at 1°C intervals, and (c) planetary po-
tential vorticity Il contoured at doubling intervals from —25 X
1072 m's ' to —800 X 1072 m~ ! s™!. Contours for o, = 26.0,
26.2,26.5,26.7, and 27.0 kg m ™ are overlaid in white in (a)-(c).

core of the eddy compared to the background. In this
instance, the core of the eddy under examination has
values of IT > —25 X 107" m ' s™!, compared with
background IT ~ —300 X 10~ "> m~' s~!. There are also
values of TI < —200 X 10" m~'s™! near 500 dbar
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FIG. 2. (top) Map of South Pacific with Argo float profiles (gray dots) used in this study and (bottom)
detail (black lines on top panel indicate geographic limits of bottom panel) including the location of
profile 50 from Argo float WMO ID 3900556 (solid black star), locations of other float profiles with eddies
identified by salinity S and planetary potential vorticity II anomaly criteria as discussed in the text (black
circles), and eddies identified by visual inspection (black crosses). The region bounded to the east by

Chile, to the north by § = 34.7 on oy = 26.5 kg m >,

to the west by ~115°W, and to the south by a line

segment between 20°S, 115°W and 40°S, 90°W and another from there along 40°S to Chile (black lines on

bottom panel) is used to analyze local eddy statistics.

compared with background IT > —100 X 102 m ! s !

at the same pressure. However, these more strongly
stratified waters below the core are not so anomalous in
isopycnal coordinates, since isopycnals undergo signifi-
cant downward excursions below the eddy core, for in-
stance on gy = 26.7 kg m ™. The second consequence of
the isopycnal deflections above and below the eddy cores
is an anticyclonic circulation around the eddies, with
a subsurface maximum near their cores. Velocities (or
more accurately transports per unit depth) associated
with the eddies will be analyzed in more detail below.

b. Large-scale subthermocline circulation and
water property distributions

Maps of the acceleration potential and S on oy =
26.5 kg m > (Figs. 4a,b) and I for the layer 26.2 kg m > =

0p = 26.7 kg m > (Fig. 4c), near and around the eddy
cores, illustrate the equatorial origin of the eddies, and
the higher-latitude origins of the waters with which the
eddy signatures contrast so strongly. Acceleration po-
tential on o, = 26.5 kg m > referenced to 900 dbar re-
veals the subsurface expression of the subtropical gyre.
On this isopycnal the gyre axis where interior flow is
primarily northward is located from 25°-30°S. South of
the axis there is eastward flow to at least 40°S, with some
perturbations around New Zealand. North of the axis
the flow is mostly westward. These subsurface circula-
tion patterns are all roughly coincident with those at the
surface derived from drifter data in the eastern South
Pacific (Chaigneau and Pizarro 2005b,c).

However, there is also a trough in acceleration potential
on oy = 26.5 kg m ™ outlined by the 1.16 geopotential
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FIG. 3. Potential temperature—salinity (6—S) curves for all pro-
files taken in the eastern subtropical South Pacific Ocean during
2007 by Argo float WMO ID 3900556 (gray lines) highlighting
profile numbers 48 and 50-52 (black lines) with contours for oy =
26.0,26.2,26.5,26.7, and 27.0 kg m >
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meter contour that runs from about 5°S in the western
Pacific to 20°S west of South America (Fig. 4a). North
of this trough the flow is mostly eastward, with an in-
creasingly southward component approaching South
America. This eastward flow near the equator is the
Southern Subsurface Countercurrent (SSCC), or Tsuchiya
Jet (Tsuchiya 1972), which brings warm, salty, weakly
stratified (hence low IT) TDW eastward and then south-
ward in the PCU (Johnson and McPhaden 1999; Blanco
et al. 2001). This flow appears to extend southward along
the west coast of South America to about 25°S, and does
not appear to have a surface expression, as might be ex-
pected for an undercurrent.

Note that here acceleration potential on oy =
26.5 kg m 2 is referenced to 900 dbar primarily because
some of the float profiles only reach to 1000 dbar or so,
so a 900-dbar zero velocity surface uses data from more
floats than would a deeper reference level. Analysis of
float displacement data at 900 dbar (Davis 2005) dem-
onstrates that accounting for the flow field at that depth
would increase the strength of the circulation over that
shown here, but not change the general pattern or di-
rections of flow inferred.

The salinity (Fig. 4b) and potential vorticity (Fig. 4c)
fields on and around o, = 26.5 kg m ™, respectively, are
remarkably similar in pattern and reflect the influence of
at least three different water masses. A tongue of rela-
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tively salty (warm) and low-magnitude II waters of
subtropical origin centered near 35°S at 170°W and 30°S
at 140°W spreads eastward along the easterly flow in the
southern part of the subtropical gyre. Near the south-
eastern edge of the mapped region very fresh (cold) and
high-magnitude IT water of subantarctic origin is swept
northward and then westward in the subtropical gyre.
Finally, a tongue of salty (outlined by the 34.9 isohaline
at about 5°S in the western Pacific) (warm) and low-
magnitude I1 equatorial water (TDW) is swept east-
ward in the SSCC and then increasingly poleward ap-
proaching South America. Hydrographic data along
88°W show that this tongue is very oxygen poor and
nutrient rich, in strong contrast to the very oxygen-rich
and comparatively nutrient-poor subantarctic waters
(Tsuchiya and Talley 1998). Strong lateral gradients of
S (hence 6) and I1 (as well as oxygen and nutrients) exist
between the subantarctic influences moving equator-
ward and then westward in the subtropical gyre, and the
equatorial influences moving eastward near the equator
and then southward along the west coast of South
America (Fig. 4). These contrasts allow the TDW eddies
to stand out when they drift westward into more sub-
antarctic waters, and also raise the possibility that
they may mix substantial amounts of warm, salty, low-
stratification, oxygen-poor, and nutrient-rich equatorial
waters into the colder, fresher, more stratified, oxygen-
rich, and relatively nutrient-poor subantarctic waters
found along the eastern flank of the subthermocline
subtropical gyre.

c. Eddy distribution and water property statistics

Locating these eddies in individual profiles is some-
what subjective and not easy to do definitively in a re-
producible fashion. Here we have chosen to use S and I1
anomalies (referred to as S, and I1,) on and around o =
26.5 kg m > as an objective criterion for locating float
profiles taken in an eddy. To estimate these anomalies
the mapped values of these properties interpolated to
the spatial location of each profile are subtracted from
the values of these properties from each profile verti-
cally interpolated to the isopycnal. Hence eddies should
be salty (warm) and positive in I (lower in magnitude,
and so closer to equatorial values, but remember that Il
is negative in the Southern Hemisphere) with respect to
the background. After some experimentation we settled
upon a requirement for S, > 0.15 and II, > 75 X
107> m ! 57" on and around this isopycnal for a given
profile to be identified as sampling an eddy. These
thresholds are both 1.5 times the contour interval for the
large-scale maps of properties on or around o, =
26.5 kg m > (Fig. 4), hence they require that the profiles
identified as sampling eddies have properties typical of



JANUARY 2010

JOHNSON AND MCTAGGART

~N
%\
<
L

35.2

g 3
o 4.3

3483,
FENN)

180°W 165°W 150°W 135°W 120°W 105°W  90°W  75°W
1 1 1 1 1 1 1 1

231

40°S

FIG. 4. Maps of mean South Pacific Ocean properties produced from Argo float data (Fig. 2) as described in the text. (a) Acceleration
potential on oy = 26.5 kg m >, relative to an assumed 900-dbar level of no motion, contoured at 0.03 geopotential meter intervals.
(b) Salinity S on oy = 26.5 kg m > contoured at 0.1 PSS-78 intervals. (c) Planetary potential vorticity II estimated for the layer with
262 kg m > = oy =26.7 kg m ™ contoured at 50 X 10712 m ™! s, Maps are masked where wintertime surface (a),(b) o < 26.5 kg m >
and (c) <26.2 kg m >, with these southwestern locations outlined by a thick gray line.

the mean fields at least a few hundred kilometers east-
ward and/or northward of their location.

With these criteria (adding the criterion that |S,| < 0.1
on gy = 27.2 kg m ™, an isopycnal with relatively small
lateral gradients, to exclude real-time data from floats
reporting potentially problematic salinity values), eddies
are sampled by a total of 227 profiles in a geographically
limited area of the eastern subtropical South Pacific
Ocean, all westward and southward of S = 34.7 on 0y =
26.5 kg m >, and east of 115°W (Fig. 2). A visual exam-
ination of all the eddies showed this potential isopycnal to
be close to the core of almost all of them.

To better examine the prevalence and characteristics
of these eddies, an admittedly arbitrary area containing

them is selected (Fig. 2). The area is bounded to the east
by Chile, to the north by § = 34.7 on oy = 26.5 kg m >,
to the west by ~115°W, and to the south by a line seg-
ment between 20°S, 115°W and 40°S, 90°W and another
line segment from there along 40°S to Chile. There are
227 profiles from 31 floats in which eddies are detected
out of 7920 profiles from 123 floats that passed the
quality control criteria within this local region. In other
words, nearly 3% of the profiles within the region sam-
ple an eddy strong enough to pass the objective criteria.

The sparse data coverage around 25°S in some of the
study region prevents construction of a satisfactory map
of eddy concentration, but the plot of eddy locations
suggests they are more prevalent to the south and east,
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and rarer to the north and west, consistent with an origin
in the PCU along the Chilean coast between ~29° and
39°S (Fig. 2). Binning the fraction of profiles sampled by
eddies relative to the total number of profiles in 8° lati-
tude or 10° longitude bins (not shown) confirms this
impression by quantifying that the eddies are more
prevalent in the southeast and rarer in the northwest end
of this region. The fraction of profiles in which eddies are
detected within the region selected in 10° longitude bins
rises from 1% in the western end of the region to as high
as 6% in the eastern end. Eddies are also more prevalent
to the south, with regional fractions in 8° latitude bins
rising from 2% near their northern limits to about 5%
near their southern limits.

Some of the floats sample eddies, or presumably the
same eddy, several times in a row, and sometimes they
only sample an eddy in a lone profile. Again, it is difficult
to discern one eddy from another, but there are 68 dis-
tinct series of consecutive cycles of profiles in which
eddies are detected based on the anomaly criteria above.
If multiple floats sample one eddy, this number may be
an overestimate of the number of eddies sampled. If
the floats move out of an eddy for one profile, or the
anomaly values dip below the threshold criteria for one
profile, but then the float resumes sampling the same
eddy, that may also make the number an overestimate of
the number of eddies sampled.

The eddies comprise a tail of highly correlated posi-
tive Il, and S, values in a bivariate census of these
properties (Fig. 5) around and on the eddy core density
for all the profiles within this local region. This census
unsurprisingly reveals a distribution peaked at zero
anomaly for both properties. The eddies compose
a relatively small portion of the total profiles in this
region. However, the distribution of § and II is clearly
skewed toward salty and low-magnitude values by their
presence. This result supports the assertion that the
eddies are a source of warm, salty, weakly stratified
water of equatorial origin within the region. It also il-
lustrates that they are relatively rare within the region,
and why they might not be observed often by sparse
ship-based measurement programs. Finally, the distri-
bution does not reveal any obvious salty cyclonic eddies
with velocity cores on oy = 26.5 kg m >, which would
have both salty and high-magnitude IT values.

d. Eddy motion and rotational circulation

The floats that sample multiple consecutive profiles
within an eddy (or eddies) appear to drift mostly a bit
north of west. This impression is confirmed by examin-
ing the mean displacement of floats between consecutive
profiles in which eddies are detected according to the
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FIG. 5. Bivariate census of salinity anomalies S, on oy =
26.5 kg m > and planetary potential vorticity anomalies I1, in the
layer with 26.2 kg m ® = ¢, = 26.7 kgm > for the Argo float
profiles within a local region surrounding the eddies (Fig. 2, bottom,
black line) that meet the quality control criteria discussed in the
text. Percentages are counted in overlapping ellipsoidal bins with
an S, axis of 0.025 PSS-78 and a I, axis of 12.5 X 102> m ™' s~
(representative ellipse shown in lower right-hand corner). Con-
tours of percentages start at 0.025% and double until reaching
12.8%.

objective anomaly criteria. This strategy yields 159 dis-
placement vectors with a mean amplitude of 0.021 m s~
oriented toward 29°T (21° north of west). Principal
component analysis yields a nearly circular variance el-
lipse, which, assuming each displacement is statistically
independent, yields a 95% confidence limit estimated to
be 0.006 m s~ '. Thus, the eddies appear to be drifting
mostly north of west in a statistically significant manner.
This interpretation is consistent with advection away
from a source off the central Chilean coast roughly in the
direction of the mean flow field (Figs. 3, 4a). Anticy-
clonic eddies will also propagate westward and some-
what equatorward on a 8 plane even in the absence of
a background flow (Cushman-Roisin 1994), as noted
previously for eastern South Pacific eddies (Chaigneau
and Pizarro 2005a).

The floats could also be simply drifting northwestward
through stationary features or encountering multiple
eddies on consecutive cycles. After all, their mean drifts
are mostly characteristic of the mean flow at their
1000-dbar parking pressure (Davis 2005), and not the
core of the much shallower eddies at oy = 26.5 kg m ™.
However, in a few instances the floats collect consec-
utive profiles in eddies over a distance of a few hundred
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kilometers, a large lateral scale for a vertically confined
feature (McWilliams 1985). In addition, sometimes the
eddies exhibit geostrophic shear signatures that pene-
trate to 1000 dbar or deeper, and so may influence the
float trajectories. Finally, some of the float displace-
ments between multiple profiles from a single float
having eddy signatures display an anticyclonic tendency.

One way to quantify the dynamic signature of these
eddies would be to compute the geostrophic velocities
between a profile within the eddy core and one or more
surrounding profiles typical of conditions outside the
eddy. Determining a distance to use between profiles for
this calculation is somewhat problematic, since there are
nominally 10 days between Argo profiles, and an eddy
propagating at only a few centimeters per second would
move tens of kilometers over that time interval. Forgoing
dividing by a distance between profiles during a geo-
strophic calculation yields a transport per unit depth
instead of velocity, perhaps a more relevant property.

The example eddy sampled by Argo float WMO ID
3900556, referencing the geostrophic calculations to the
deepest common level (1975 dbar) among profile 50 (the
profile with the strongest eddy signatures, identified by
visual inspection) and each of profiles 45, 46, 53, and 54
(two profiles taken before the eddy was sampled and two
more after the eddy was sampled, again identified by vi-
sual inspection), yields four profiles of estimated trans-
port per unit depth for the eddy. The mean and standard
deviation of these estimates at each pressure (Fig. 6)
suggest that the shear signature for this particular eddy
extends as deep as 1200 dbar. The peak mean geo-
strophic transport per unit depth exceeds 10 000 m* s~ *
at 360 dbar, with values decaying toward zero in a nearly
Gaussian manner above and below that pressure. The
eddy apparently has a surface expression about half that
of its peak subsurface dynamical signature. However, the
variance in the upper-ocean geostrophic estimates is
large, probably owing to the variety of other phenomena
sampled by the profiles in the upper ocean, including the
passage of roughly 3 months in the presence of a prom-
inent annual cycle (Fig. 1).

Such geostrophic transport estimates require identi-
fication of profiles within the core of each eddy, as well
as profiles typical of the interior of each eddy. We vi-
sually inspected all of the available float time series in
the region and identified 87 eddies with cores inside the
study region. Some of these eddies have signatures that
are below the threshold for automated detection (hence
the greater number here than the 68 identified by the
automated method), but are clearly eddies nonetheless.
For each eddy a core profile was identified along with up
to two pairs of profiles devoid of eddy signal (i.e., typical
of the ambient surroundings). The first pair was chosen
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FIG. 6. Profile of transport per unit depth (m* s~ !, anticyclonic is
positive) plotted vs pressure for the subsurface eddy of TDW for
profile 50 of the Argo float with WMO ID 3900556. The geo-
strophic estimates reference geopotential anomaly profiles from
the float to 1975 dbar. The mean (thick black line) of estimates
made between profile 50 and each of the profiles 45, 46, 53, and 54 is
shown with a one—standard deviation envelope (gray area).

to be as close to immediately before the eddy was en-
countered as possible and the second pair immediately
after the float stopped sampling the eddy. Sometimes it
was not possible to choose so many exterior profiles,
such as when the eddy was sampled at the beginning or
end of the float time series. Often there were intervening
profiles between the core and exterior profiles where the
eddy signal was weaker, but those are ignored in the
transport estimates made here.

Here we limit further analysis of transports around the
eddies to the layer 26.0 < oy < 27.0 kg m >, which
roughly encompasses the warm salty water of tropical
origin (Figs. 1, 3) with the denser limit approaching the
salinity minimum of Antarctic Intermediate Water and
the lighter limit around the salinity minimum often found
at the base of the central waters. This layer is easily
compared with PCU transport estimates that have
sometimes been made over a similar density interval. In
addition, it avoids the mixed layer and some of the upper-
water column, where the seasonal cycle can be aliased
into transport estimates. The deepest common level
(generally near 1000 or 2000 dbar) for each eddy core
and its surrounding profiles is used for a zero velocity
surface. The 87 profiles visually identified as being within
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FIG. 7. Frequency of geostrophic volume transport (10° m® s 1)
estimates within the potential density range 26.0 < oy < 27.0 be-
tween profiles identified as being within eddies (core profiles) and
up to two pairs of profiles identified as immediately adjacent to the
eddies. These estimates assume a zero velocity surface at the
deepest common pressure of each group of profiles associated with
an eddy.

the eddy cores and accompanying sets of profiles outside
these cores allow 330 volume transport estimates for the
density layer given above (Fig. 7), which yield a mean
(and standard deviation) of 2.3 (+1.5) X 10° m*® s~ *. For
the example from Argo float WMO ID 3900556 dis-
cussed above, the transport values are 1.9 (£1.3) X
10° m® s~!. The median of 2.1 X 10° m® s~! and the
mode around 1.25 X 10° m® s~! of the 330 transport
estimates are both less than the mean, because the mean
is skewed upward by a few high values, the maximum of
which is 7.9 X 10° m® s ™.

Of course, the cyclostrophic term can also play a sig-
nificant role in the dynamical balance within eddies,
suggesting examination of the gradient flow that ac-
counts for curvature in the velocity field. The larger the
velocity and the smaller the radius of the eddy, the more
important that term will be. For anticyclonic eddies,
including the cyclostrophic term tends to increase the
velocity relative to the geostrophic estimate. The actual
impact of the cyclostrophic term is impossible to assess,
as the true radius of curvature for the velocity estimates
presented here is unknown. However, assuming the ra-
dius of curvature is equal to the distance separating
profiles provides some measure of the potential impor-
tance. For the transport estimates made here, 80% see
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less than a 5% increase in transport for the density layer
in question when the curvature of the velocity field is
included, and 95% see less than a 25% increase in
transport. The true addition to geostrophic transports
could be larger or smaller than that estimated here
depending on the actual radii of curvature.

4. Discussion

Anticyclonic subthermocline eddies with a warm, salty,
weakly stratified core containing TDW are found in the
eastern portion of the South Pacific subtropical gyre.
They apparently originate in the poleward-flowing PCU
between ~29° and 39°S off the Chilean coast and then
spread west and north in the gyre. These eddies are
observed in Argo float profile data, with the largest
concentration (6% of profiles containing an eddy with
both potential vorticity and salinity anomalies rising
above set thresholds) closest to their source, tailing off
to about 1% in the western and northernmost regions
where profiles with these S and II anomalies are found
(115°W and 15°S). This distribution, together with the
background flow field at the core isopycnal of the eddy,
and the fact that floats sampling consecutive eddies tend
to be drifting slightly north of west on average as they do
so, all support this assertion.

The eddies discussed here have many similarities to
Meddies and Cuddies. First, they likely derive from
a subthermocline poleward-flowing eastern boundary
undercurrent consisting of anomalously warm, salty,
weakly stratified, oxygen-poor, and nutrient-rich water.
Second, their property cores and maximum azimuthal
velocities are found below the thermocline, limiting
their surface expression. Third, they are predominantly
anticyclonic (we found no cyclonic subthermocline
eddies with a core near o = 26.5 kg m ™ in this region).
Fourth, after forming they spread westward (and in the
case of the South Pacific eddies slightly northward),
contrasting strongly with ambient waters that are colder,
fresher, more stratified, oxygen richer, and nutrient
poorer. Finally, they are a source of warmer, saltier,
more weakly stratified, oxygen-poorer, and nutrient-
richer water in the subthermocline subtropical gyre.
While the eddies studied here have an attenuated sur-
face expression, some eddies in the region carry offshore
and pump upward nutrients and chlorophyll, enhancing
offshore productivity (Correa-Ramirez et al. 2007).

These anticyclonic subthermocline eddies are rela-
tively infrequent away from their coastal generation re-
gion, amounting to only a few percent of profiles taken.
Therefore, it is not very likely that even one would be
seen in a single hydrographic section crossing the region
where they are present. However, their attenuated
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surface expressions, together with those of surface-
intensified eddies, may be included in observational
studies of eddies in the region (e.g., Hormazabal et al.
2004; Chaigneau and Pizarro 2005a; Correa-Ramirez et al.
2007).

One could speculate as to the generation mechanism
for these subthermocline, anticyclonic eddies. The fact
that the azimuthal volume transport within the eddies
for the layer 26.0 kg m > < oy < 27.0 kg m 3, ~2 X
10° m* s™',is on the order of the volume transport of the
PCU (Huyer et al. 1991; Shaffer et al. 1999; Leth et al.
2004) suggests they may be shed by some instability in
the PCU. However, their exact generation region
(whether large or small) cannot be pinpointed using the
Argo float data. Certainly abrupt changes in the orien-
tation of the coastline (Leth and Middleton 2004) or
other aspects of the bathymetry could play some role in
eddy generation through various instabilities. Poleward-
propagating coastally trapped waves may also perturb
the velocity field, triggering an eddy-generating in-
stability (Leth and Middleton 2006). Previous studies
have shown the latitude band 29°-39°S to be an eddy-
rich area at the sea surface (Hormazabal et al. 2004;
Correa-Ramirez et al. 2007)—findings consistent with
the distribution of subthermocline eddies analyzed here
(Fig. 2).

Finally, these eddies may play a significant role in the
distribution of water properties in the subtropical gyre.
Clearly, they introduce some amount of warm, salty,
low—potential vorticity, oxygen-poor, and nutrient-rich
water into the much colder, fresher, more strongly
stratified, oxygen-rich, and comparatively nutrient-poor
waters of subantarctic origin. The tropical waters injected
so far south into the subtropical gyre by the eddies must
modify mean property distributions there, analogous to
the role of Meddies in creating a plume of warm and salty
water in the middepth North Atlantic Ocean. However,
to accurately estimate the property fluxes resulting from
these eddies, one would need to know the rate at which
the eddies are generated, their path, and the amount
of anomalous water contained in each eddy. That in-
formation is unlikely to be garnered by Argo floats, but
would require a more focused process study. Nonethe-
less, the Argo float data have been very useful in sampling
these eddies, and allowing quantification of some aspects
of their structure and distribution.
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