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Abstract

There is an incomplete description of the mid-depth circulation and its link to the oxygen
minimum zone (OMZ) in the eastern tropical South Pacific. Subsurface currents of the
OMZ in the eastern tropical South Pacific are investigated with a focus at 400 m depth,
close to the core of the OMZ, using several Acoustic Doppler Current Profiler sections
recorded in January and February 2009. Five profiling floats with oxygen sensors were
deployed along 85°50°W in February 2009 with a drift depth at 400 m. Their spreading
paths are compared with the model flow field from a 1/10° Tropical Pacific model
(TROPACO01) and the Simple Ocean Data Assimilation (SODA) model. Overall the
mean currents in the eastern tropical South Pacific are weak so that eddy variability
influences the flow and ultimately feed oxygen-poor water to the OMZ. The center of
the OMZ is a stagnant area so that floats stay much longer in this region and can even
reverse direction. In one case of one float deployed at 8°S returned to the same location
after 15 month. On the northern side of the OMZ in the equatorial current system, floats
move rapidly to the west. Most current bands reported for the near surface layer exist
also in the depth range of the OMZ. A schematic circulation flow field for the OMZ core
depth is derived which shows the northern part of the South Pacific subtropical gyre

south of the OMZ and the complicated zonal equatorial flow field north of the OMZ.
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boundary currents, 4520 eddies and mesoscale processes.
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1. Introduction

The surface circulation in the upper 100 to 200 m of the eastern tropical/subtropical
South Pacific has been well investigated in the last decades [e.g. Strub et al., 1998;
Kessler, 2006], however the mid-depth circulation at about 200 to 800 m has not been
well described due to a limited number of direct observations. Simple dynamical models
of ventilated thermocline ventilation [Luyten et al., 1983] predict that streamlines in the
southward limb of the subtropical gyre curve anticyclonically away from the eastern
boundary, leaving an unventilated “shadow zone” extending westward from the
boundary along the northern (equatorward) edge of the gyre. As a consequence there is
sluggish ocean ventilation, which is limited to diffusive processes, lateral as well as
vertical, and to the exchange with the eastern boundary and the equatorial current system
[Brandt et al., 2010], which in the eastern tropical oceans leads to the formation of low
oxygen layers. Regions of the interior ocean that are relatively poor in oxygen are often
called oxygen minimum zones (OMZs). No clear boundaries are defined for OMZs, here
we use 50 umol/kg oxygen as boundary for the OMZ. Within the shadow zone in the
region off Peru there is an oxygen minimum zone (OMZ) that extends from about 100 to
900 m depth [Karstensen et al., 2008]. Because OMZs might expand with time
[Stramma et al., 2008] due to changes in oxygen supply and because OMZs are keys to
understanding the present unbalanced nitrogen cycle and the ocean’s role in atmospheric
greenhouse control [Paulmier and Ruiz-Pino, 2009] it is important to understand the

present-day circulation in the low oxygen areas.

The flow field in the eastern South Pacific, one of the world’s four major eastern
boundary current systems, is dominated by the Peru-Chile Current system also called the

Humboldt Current System (HCS). The coastal geometry connects regions of coastal and



equatorial upwelling in the eastern Pacific Ocean. This connection extends to the
subsurface Poleward Undercurrent and the surface Peru-Chile Countercurrent, both are
in part fed by the Equatorial Undercurrent. According to a recent modeling study it is
still unresolved how much the EUC contributes and where it takes place [Montes et al.,
2010]. In the PCCS, as in other eastern boundary current systems, the presence of coastal
trapped waves, offshore filaments of cold surface water, the outcropping of the oxygen
minimum layer close to the coast during upwelling events and the influence of large-
scale currents on the coastal system have been described [Strub et al., 1998]. Since
currents are generally weak in the eastern tropical Pacific off the eastern boundary these
areas are influenced by eddy-like features [Chaigneau et al., 2008] and extra-tropical

Rosshy waves [Dewitte et al., 2008].

In the equatorial oceans a complicated set of zonal currents exists which have speeds of
up to 0.9 m/s for the Equatorial Undercurrent (EUC) at 95°W in October-November
2003 and are described as major supply paths of oxygen to the OMZ [Stramma et al.,
2010]. In the eastern Pacific the equatorial currents weaken (for example the EUC at
85°W in March-April 1993 has a speed of 0.6 m/s [Stramma et al., 2010]), in part
because of the presence of the Galapagos Island at the equator [Eden and Timmermann,
2004; Karnauskas et al., in press]. The most important and best investigated equatorial
currents include the South Equatorial Current (SEC) and the North and South Equatorial
Countercurrents (NECC, SECC) at and below the surface and the EUC as well as the
Northern and Southern Subsurface Countercurrents (NSCC, SSCC) [Johnson et al.,
2002] below about 50 m depth. The upper bounds of the OMZs lie in the density range
of Subtropical Cells, which connect the subtropical subduction regions of both

hemispheres to the eastern, equatorial upwelling regimes by equatorward thermocline



and poleward surface flows, together with lower-latitude eastward currents [Schott et al.,

2004].

While there is a comprehensive description of the near surface currents derived from
some early measurements [Wyrtki, 1967] as well as recent summaries [e.g. Kessler,
2006] and studies of coastal currents [Pizarro et al., 2002] the open ocean subsurface
currents are by comparison sparsely observed. Basin scale descriptions of the South
Pacific Ocean circulation were compiled by Reid [1986, 1997] based on estimates of the
dynamic topography from hydrographic data in combination with tracer data. These
compilations revealed interesting details about the general circulation in the Pacific but
left out details on the eastern equatorial Pacific subsurface circulation. More recent
studies on the South Pacific circulation are based on hydrographic and tracer data [Fine
et al., 2001], inverse calculations [Tsimplis et al., 1998] and analysis of numerical model
data [Penven et al., 2005; Montes et al., 2010]. At 900 m depth autonomous float tracks
show weak currents in the eastern tropical South Pacific [Davis, 2005]. A strong
equatorial intermediate current system exists at 1000 m within 10° from the equator

[Ascani et al. 2010].

For the tropical North Atlantic a change in subsurface circulation has been identified as a
major player for an expanding OMZ [Brandt et al. 2010]. To investigate current related
changes of the OMZ in the eastern South Pacific and to better understand the existence,
formation and maintenance of the OMZ it is necessary to first determine the mean
subsurface circulation pathways near the OMZ core. Here, we investigate the subsurface

velocity distribution from several ADCP sections and from the paths of profiling floats



drifting at a parking depth of 400 m. The velocity distribution and the float paths are
related to the oxygen distribution as recorded in a number of CTD-oxygen sections. The
results are compared with the 1/10° Tropical Pacific model (TROPACO1) fields as a
high resolution open ocean model and the output from the Simple Ocean Data
Assimilation (SODA 2.1.6) model to better understand the weak mean flow field in the
OMZ. The aim is to derive a mean velocity field for the 400 m depth layer as the core of
the OMZ and to describe changes on the same temporal scale as the 1.5 year float
mission. The results are combined with previous descriptions in the literature to derive

the subsurface circulation in the eastern tropical South Pacific.



2. The data sets

2.1. Observational data

Shipboard CTD and ADCP sections were carried out on two cruise legs of the RV
Meteor in early 2009. The first leg (M77/3) started in Guayaquil, Ecuador on 27
December 2008 and after several near shelf sections ended in Callao, Peru on 24 January
2009. ADCP data were recorded starting on 5 January 2009 with short sections off Peru
at and south of 12°S. From 27 January 2009 to 18 February 2009 the second cruise leg
(M77/4) was carried out in the eastern tropical Pacific off South America from Callao,
Peru to Panama City, Panama. A vessel-mounted RDI Ocean Surveyor ADCP (75 kHz,
0OS75) is permanently fixed to the ship's hull and was used during the two cruise legs.
The OS75 instrument was used in narrow-band mode with 50 bins of 16m length and

measured velocities were averaged into 10 min intervals.

During the second cruise leg hydrographic measurements were made along 14°S, 6°S
and 3°35’S as well as along 85°50°W between 14°S and 2°N with the last CTD and
ADCP measurements at 2°N on 14 February 2009. The CTD data were calibrated by
bottle data for salinity and oxygen by Winkler titration with an oxygen accuracy of 0.5
umol/kg. The 85°50°W section was measured in March 1993 [Tsuchiya and Talley,
1998] and provides the basic water mass information for the 2009 survey. Ten profiling
floats with Aanderaa oxygen sensors were deployed between 2 and 11 February 2009
(Appendix B) along the 85°50°W sections at 10°S, 8°S, 6°S, 4°S and 2°S in pairs of 2
floats, one of each pair with a parking depth at 1000 dbar and one with a parking depth
at 400 dbar. Both floats have 10 day surfacing intervals. The floats recorded data until

mid-August 2010 giving a record of 1.5 years. The Aanderaa oxygen optodes were



calibrated for each optode sensor in comparison with CTD-oxygen-casts recorded
closely in time and space at the deployment site, as the floats started their mission with a
deep profile by a two-point calibration using maximum saturation at the near-surface and
minimum saturation (oxygen concentration < 3.5 pmol/kg at around 350 to 400 m depth)
in the oxygen minimum layer. The calibrated dissolved oxygen (DO) concentration was
then corrected for salinity and pressure effects using the float pressure and salinity
readings [Aanderaa Manual] but using a higher pressure correction of 5.5% per 1000

dbar.

2.2. Model data

The output data from two different numerical models, the prognostic TROPACO01 and
the assimilation model SODA 2.1.6, is used in this study to better understand the mean
flow field in the OMZ. The modeling approaches of both models differ fundamentally in

forcing and horizontal resolution described as follows.

2.2.1 The TROPACO01 model

Based on the “Nucleus for European Modelling of the Ocean” (NEMO, v3.1) [Madec,
2008], the DRAKKAR cooperation [Barnier et al., 2007] developed a global ocean-sea-
ice model whose 1/2° horizontal resolution version (ORCAO05) with 46 vertical levels
(20 levels in the upper 500 m depth) is utilized to embed the 1/10° high-resolution model
of the Topical Pacific (TROPACO01). The implementation of the higher resolution region
works via two-way nesting using Adapted Grid refinement in Fortran (AGRIF) [Debreu
et al., 2008]. The nested domain spans the tropical/subtropical Pacific from 31°N to

49°S extending from the western coast of America (63°W) throughout the entire Pacific



Ocean, reaching into the Indian Ocean at 73°E. The hindcast experiment analyzed here
is forced by a compilation of atmospheric reanalysis products [Large and Yeager, 2009]
and observational data for 1948 to 2007 as given by the Coordinated Ocean-ice

Reference Experiment (CORE v2) [Griffies et al., 2009].

2.2.2 The SODA assimilation model

SODA combines the Los Alamos implementation of the POP (Parallel Ocean Program)
model with a sequential estimation data assimilation method [Carton et al., 2000;
Carton and Giese, 2008]. The SODA version used for this paper (SODA 2.1.6) is similar
to the version described by Carton and Giese [2008], but with some important
differences. For the remainder of the paper we use SODA to mean the SODA 2.1.6
product mapped onto a uniform 0.5°x0.5°x40-level grid (19 vertical levels in the upper
500 m depth). Version 2.1.6 is forced by ERA-40 wind stresses from 1958-2001 and by
ERA-interim for the period from 2002-2008. Use of the ERA-interim winds makes a
more seamless transition between the two periods, and reduces spurious variations
excited at the 2001-2002 boundary. As in earlier versions, SODA 2.1.6 assimilates all
available data from hydrographic stations, XBTs, and floats, but does not use satellite
altimetry. In this version, hydrographic observations come from WODQ9 [Boyer et al.,
2009] using their standard level temperature and salinity data. Thus these data have been
corrected for the drop-rate error as described by Levitus et al. [2009]. Experiments with
SODA show that applying the Levitus et al. [2009] drop-rate correction reduces much of
the decadal variability observed in both the hydrographic observations and in ocean

reanalyses [Giese et al., 2010].



3. Oxygen distribution and circulation in the eastern tropical South Pacific

3.1. Circulation at 400 m depth in early 2009

The oxygen minimum zones of the tropical eastern Atlantic and Pacific oceans are
described to be located in the shadow zones of the oceans [Karstensen et al., 2008]. As
the floats drift at 400 m depth close to the center of the OMZ between 6°S and 10°S in

the open ocean, the oxygen and velocity fields are presented at 400 m depth.

From the ADCP velocities at 400 m depth in January/February 2009 (Figure 1a) several
of the previously described zonal equatorial intermediate current bands [e.g. Rowe et al.,
2000; Stramma et al., 2010] can be identified. North of the equator, the westward North
Equatorial Intermediate Current (NEIC) and the Equatorial Intermediate Current (EIC)
can hardly be separated into an off (north) and an equatorial branch. South of the equator
at about 2°S the South Intermediate Countercurrent (SICC) carries water northeastward.
At about 4°S the South Equatorial Intermediate Current (SEIC) is fed in part by the
SSCC. The SSCC feeds the Peru-Chile Countercurrent (PCCC), which can be followed
southward away from the shelf to the southernmost measurements at 18°S. The PCCC is
known to extend from 7°S to 40°S approximately 100-300 km offshore [Strub et al.,
1995]. Near the shelf the Peru Coastal Current (PCoastalC) carries water equatorward to
the northernmost section at 3°35’S. At the 14°S section at about 79°W to 81°W the
Humboldt Current/Peru Chile Current (HC/PCC) splits into a northern and southern
branch of the SEC, a westward continuation of the HC/PCC with eddies to the east and
to the west. These eddies are present in altimeter data from early February 2009 at this
location (Figure 1b). At 12°S eastward flow of the SECC exists at 85°50°W but returns

westward with the SEC.
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In the climatological mean the center of the OMZ at 400 m depth is located at about 8°S
at 85°W (Figure 1a). According to the current distribution at 400 m depth in February
2009 the center of the OMZ is located between the eastward and southward flowing
SSCC and PCCC to the north and east and the westward flowing SEC to the south. East
of the PCCC near the shelf, oxygen concentration reaches its lowest values. Here the
PCoastalC carries cold, salty and low oxygen water north. It is respiration in the regions
of enhanced productivity, associated with the upwelling that consumes virtually all
oxygen. In the equatorial region the highest oxygen values at 400 m depth are found
between 4°S and 2°N supplied by equatorial eastward currents [Stramma et al. 2010]

while in February 2009 only the SICC was found at 400 m depth.

3.2 Zonal oxygen and velocity distribution along 85°50°W

The oxygen distribution at 85°50’W shows the lowest oxygen values of less than 4
pmol/kg at about 400 m depth between 6°S and 10°S. This region has the largest vertical
extent of the OMZ with a layer thickness of about 200 m of low oxygen water (< 4
pmol/kg). In the equatorial region north of 6°S the vertical extent of the OMZ is much
smaller and the minimum (< 10 umol/kg) is not as low as that in the south and is located
shallower at 300 to 350 m depth. In the upper 250 m the oxygen is higher north of 6°S (>
30 pumol/kg) representing the region of oxygen supply by the equatorial current bands

[Stramma et al., 2010].

All five floats were deployed on a section along 85°50°’W in February 2009 and ADCP
measurements were also carried out along this section. The ADCP distribution for the
upper 700 m between 14°S and 2°N at 85°50’W in February 2009 (Figure 2b) shows a

complicated zonal equatorial current system. The core of the EUC is located just north
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of the equator at 15 to 30 minutes north with eastward velocities of about 10 cm/s.
However, a second even stronger subsurface eastward current is located at 1°N to
1°40°’N. The northern equatorial branch of the westward flowing SEC(n) is present at
2°N. The southern equatorial branch (SEC(s)), which recirculates water from the SSCC,
is located between 2°S and 4°S. Between 5°S and 6°20°S the SSCC flows eastward with
cores at 100 to 200 m and 400 to 500 m depth, with currents that reach all the way to the
surface. The lower core of the SSCC shows strong velocities of about 20 cm/s. The
eastward current at 10°S might be either a second core of the SSCC which exists in the
South Pacific, or a part of the SECC centered at 12°S. Eastward velocities up to 10 cm/s
can be found between 40 to 260 m. South of 12°30°S the westward flow associated with

the HC/PCC, and as a southern branch of the SEC can be found.

At mid-depth the SICC and a weak North Intermediate Countercurrent (NICC) are seen
as relative maxima of the eastward flow and are strongest at a depth of around 500 m at
about 1.5° north of the equator. Firing et al. [1998] describe the westward SEIC as
being centered around 500 m. In February 2009 the SEIC was strongest at 4°S with
velocities of 10 cm/s. A westward EIC is often found below the EUC in the western
Pacific; however, the EIC tends to be very weak or nonexistent in the east [Johnson et
al., 2002]. In February 2009 there is westward flow at the equator between 150 and 550

m and hence there is a relatively strong EIC of about 10 cm/s.

It can’t be expected that model runs reproduce instantaneous velocity measurements
since the ADCP sections are influenced by eddy variability and wave processes.
Nevertheless, it is of interest to explore how well models describe the observed flow

field and the later derived mean circulation. Except for one structure at 85°50°W located
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north of 4°S (Fig. 1b) on 4 February 2009, maps of altimeter derived sea level anomaly
do not indicate large sea level anomalies (SLA) at the time the 85°50’W section was
occupied (Figure 1b). However, on 11 February when the ADCP measurements were
being taken on the northern part of the 85°50°W section the anomaly shifted northward
to north of 2°S and might be responsible for an eastward surface flow that is larger than
those in the model runs. Due to the low SLA changes the 85°50’W section can be
compared to model runs. The coarse model grid spacing is too large to resolve well the
small current bands and thus shows primarily the mean flow field. Nevertheless it is
worthwhile to compare observations and models to find out which processes the models
reproduce. Because model runs include the recorded wind fields, and in case of
assimilation models in situ data, they are not representative of the most recent years. The
float deployment in February 2009 was at the beginning of an EI Nifio year (2009 to
2010) and since the model runs do not yet include 2009 we use the year 2002 for

comparison because it is also the beginning of an EI Nifio year (2002 to 2003).

At the equator the 85°48°W section from TROPACOL1 in February 2002 shows the EUC
and EIC (Figure 2c) similar to the observations, however TROPACO01, as well as SODA,
(Figure 2d) show a strong westward flow in the surface layer above the EUC. The
SODA section at 86°W for February 2002 reproduces the EUC and the EIC (Figure 2d),
although the EUC is 5 times stronger than in the observations. Both models show the
SSCC current band at 6°S and 8°S, as well as two SECC current bands south of 10°S,
although are located at different locations and have different depth structure compared to
the observations. Both models do not resolve the small and weak mid-depth equatorial
current bands in February 2002 as they do in most (some) of the other months in

TROPACO01 (SODA). Similar to the observations the model results show current bands
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that extend deep into the ocean south of about 4°S and a complicated and vertically

reversing flow field north of about 4°S.

3.3. Meridional oxygen and velocity observations

The oxygen section at 3°35’S (Fig. 3a) shows a shallow oxygen minimum of less than 4
pmol/kg at about 300 m depth which slightly widens close to the South American
continent. A different oxygen distribution is found at 6°S (Fig. 3b) where the oxygen
minimum (< 4pumol/kg) is at 400 m depth at 85°50°W and the minimum widens and
spreads upward to 300 m near the shelf. At 14°S (Fig. 3c) the oxygen minimum (< 4
pmol/kg) is located shallower, at about 250 m depth in the west rising to almost 200 m

in the east.

At 3°35’S the meridional velocity distribution (Fig. 3d) shows current bands with low
vertical expansion, while at 6°S (Figure 3e) and 14°S (Fig. 3f) most current bands extend
vertically over the upper 700 m. The altimeter SLA at 3°35°S in early February 2009
(Figure 1b) does not show such large anomalies. The velocity distribution (Figure 3d)
indicates a northward contribution of the SSCC to the SEIC between 84°W and 85°W
with cores at 100 to200 m and 300 to400 m depth. In the upper 400 m east of 84°W the
southward flowing PCCC has velocities of up to 10 cm/s is the PCCC. Near the
continental slope there is the Poleward Undercurrent (PUC) or Peru-Chile Undercurrent
typically found at 150 to 200 m depth such as is found at 6°S (Fig. 3e). The PUC
originates from the Equatorial Undercurrent and carries low oxygen water southward
[Strub et al.,, 1998], but extends to 600 to 700 m depth [e.g. Penven et al., 2005] and
shows a second core at 300 to 400 m depth at 3°35’S with velocities of about 6 cm/s

(Fig.3d). Inshore of the PCCC and near the shelf the northward PCoastalC is described
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as a surface current, however at 3°35’S the PCoastalC is near the surface at 82°15’W
and covers the layer 200 to 400 m depth to the east with velocities of about 8 cm/s

connected to a deep northward current core at 400 to 700 m near the shelf.

At 6°S the SLA shows a weak anticyclonic eddy between 84 and 86°W (Fig. 1b) in early
February 2009. This feature is clearly present in the observed velocity field (Fig. 3e)
with strong near-surface velocities in the northward component and a deep-reaching
structure of the southward component including the southward shifting SSCC (Fig. 1). In
the upper 200 m the core of the PCCC is centered at 82°45°W and is related to lower
oxygen values than west of it. The PUC is located at the eastern end of the section and is
related to the low oxygen with dissolved oxygen of less than 10 umol/kg, reaching
upwards to about 50 m depth (Fig. 3b). As at 3°35’S the PCoastalC is located below 200

m depth and extends into to the deep ocean.

At 14°S the SLA shows a cyclonic eddy between 78 and 80°W and a strong anticyclonic
eddy between 80 and 82°W (Fig. 1b). The latter eddy was formed in November 2008
near the Peruvian shelf and moved into this area from the east. The cyclonic eddy was
formed in December 2008 near the shelf and moved westward following the anticyclonic
eddy. The observed velocity field (Figure 3f) shows the anticyclonic eddy at 80 to 82°W
as well as the cyclonic eddy between 78 and 80°W with velocities of about 30 cm/s. The
cyclonic eddy has low oxygen water of less than 3 pumol/kg in its center (Fig. 3c) and
indicates that these eddies are a potential source of low oxygen water from the coastal
area to the open ocean OMZ. Both eddies cover the entire depth range to 700 m depth.
The northward flow between 79°W and 81°W also includes the northward flowing

HC/PCC. Near the shelf there is a strong signal of the PCCC with southward velocities
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of more than 10 cm/s also extending deep into the ocean. The PUC is not visible as a
separate current band at 14°S, may have joined the PCCC as the latter shifted closer
towards the shelf. The PCoastalC is only found close to the coast at 50 to 250 m depth.
However, the short coastal sections at 12°S, at about 14°S, and at 16°S recorded in
January 2009 resolve the PCoastalC near the shelf at 400 m depth (Fig. 1a), hence this
northward flow is present at 12°S-16°S, although the different depth distributions

indicate larger variability.

3.4. Float trajectories

The floats with a drift depth at 400 m were deployed in February 2009 at 10°S, 8°S, 6°S,
4°S and 2°S across the core of the open ocean South Pacific OMZ which expands
vertically between the pycnocline and the intermediate water [Fiedler and Talley, 2006].
Typically the floats stay at the sea surface for about 0.5 days and at 400 m for 9.5 days
for each cycle. To separate the surface and deep flow components the surface
displacements are calculated between the first and the last float position at the sea
surface received by ARGOS satellites during each cycle of the float. Displacements in
400 m depth are obtained between the last satellite contact at the surface before the float
submerges and the first contact after the float surfaces [Lebedev et al., 2007]. Estimates
for the surface drift from February 2009 to August 2010 show that part of the westward
displacement is due to the surface drift (Figure 4). The surface signal is strongest for the
floats at 2°, 4° and 6°S, where the net surface westward displacement for the entire

period is larger than 650 km.

Except for the float released at 8°S, the trajectories of floats for the 18-month period

from February 2009 to August 2010 show a strong net westward movement. This
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general westward movement is surprising, since the ADCP section at 85°50°W as well
as the model fields show large regions with eastward flow at 400 m depth. Also three of
the five floats were deployed in regions with eastward flow at the time of deployment

(Figure 2Db).

The northernmost float (# 3901083) was deployed at 2°S (Fig. 4a) into the SICC (Fig.
2b). After the first cycle, the float left the SICC in a south-westward direction and
followed the SEIC westward to 96°W in the latitude band between 2° - 3.5°S (Fig. 5).
After the float drifted north-eastward from July to October 2009 it described a cyclonic
loop, crossing the equator northward and moving westward along the equator within
either the EIC or the NEIC (Fig. 5). As can be seen from figure 4, the net northward shift
took place when the float was at the surface, while at 400 m depth the total net

displacement is to the west.

At 4°S the float (# 3901081) was also deployed into the SEIC (Fig. 2b). The float
generally follows the SEIC westward between 2° - 5°S until April 2010 (Fig. 5). At the
surface this float moves slightly southward, in contrast with the northernmost float. At
400 m depth the float progresses mainly westward, except during December 2009 and
January 2010, when the float moved straight to the north (Fig. 4b) leading to a mean
northward component at 400 m depth. In April 2010 this float entered the SICC and
moved eastward until July 2010. In July 2010 a southwestward component at the surface

and at 400 m depth shifted the float back into the SEIC.

The float at 6°S (# 3901079) was deployed at the southern boundary of the SSCC, close

to the SEC (Fig. 2b). Because of a strong southward component of the SSCC (Fig. 1) the
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float moved into the northern branch of the westward flowing SEC (Fig. 5). After the
float had been displaced northward it re-entered the eastward flowing SSCC. The float
crossed the SSCC northward and followed the SEIC westward between 3° and 7°S (Fig.
5). As for the float deployed at 4°S, the float deployed at 6°S has a net northward

displacement at 400 m depth and a consistent westward flow at the surface (Fig. 4c).

The float at 8°S (# 3901077) was deployed into the SEC (Fig. 2b), however it moved
south-eastward after the first cycle (Fig. 4). At 84.5°W the float turned north-westward
and followed the SEC for about four months along the latitude band between 8° and 9°S
from 85.5° to 90.5°W. After a cyclonic loop from October to December 2009, the float
followed a strong southward current along 88.5°-90°W from 7.7°S to 10.9°S (Fig. 5).
After January 2010 the float shifted east and in August 2010 it was further east than the
deployment location in February 2009. For the 400 m depth component the float
returned in August 2010 to almost the same location it had crossed 15 month earlier in
May 2009 (Fig. 4c). The net westward displacement of this float is caused by the

westward surface flow.

At 10°S the float (# 3901075) drifted south-eastward after deployment within the SECC
(Fig. 1, 4e). After a northward displacement in April 2009, the float entered the
westward flowing SEC in June (Fig. 5). The float follows the SEC for about five months
within the latitude band 10° to 11°S (Fig. 4e, 5). The float, located at 91.5°W in
November 2009, shows a meandering eastward drift, maybe within the SECC (Fig. 5),
until April 2010. After April 2010 the float again moves westward with a strong

westward displacement in June and July as in the year before.
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At 400 m depth the three northernmost floats, deployed between 2° and 6°S, cover a net
westward distance of 1200 to 1600 km and a meridional net distance of less than 270 km
(Fig. 4a-c) within a time span between 520 and 522 days indicating a strong EIC, NEIC
and SEIC in the latitude band between 2°N and 5°S. The westward current band in the
equatorial region is likely intensified by the strong EI Nifio in 2009. The surface tracks
also indicate a large net westward displacement. The two northernmost floats, deployed
at 2° and 4°S (Fig. 4a, b), move about 1080 km northwestward and 835 km westward,
respectively, within a time span of about 30 days and 29 days respectively, while the
floats stayed at the sea surface. This corresponds to velocities of 42 cm s and 33 cm s™.
The strong meridional surface component of the northernmost float is notable, which
covers a northward net distance of 330 km (Fig. 4a). By comparison the meridional net

distance of the other floats at the surface is less than 100 km (Fig. 4b-d).

To compare with both models, TROPACO01 and SODA, we show the float tracks and the
zonal velocity from the models at a depth of 400 m (Fig. 5a, b). As the floats were
deployed at the beginning of an EIl Nifio event in February 2009, we use the annual mean
for both models from February 2002 to January 2003, which was also at the beginning of

an El Nifo.

The annual mean of zonal velocity in the TROPACO1 model indicates the strong
westward currents EIC and NEIC between the equator and 2°N, representing the float
tracks along the equator to west of 95°W (Fig. 5a). Two eastward current bands cross the
region north of 5°S, probably associated with the SICC. The southern band is in the
opposite direction of the predominantly westward float tracks in this region while the

float returning east at about 108°W in May 2010 is consistent with the northern SICC
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band of TROPACOL. South of 5°S the zonal velocity field from the high resolution
model describes the east- and westward current system very well in comparison with the
float observations (Fig. 5a). The westward SEIC (4°S to 6.5°S) is in agreement with the
westward float track at about 6°S. The eastward SSCC (6°S to 8°S) south of it is
consistent with the eastward float drift along the latitude 7.5°S. The southernmost floats
follow the westward SEC along 8°/9°S and 10°/11°S, respectively, in the time period
from June/July to October, during which TROPACO1 has a westward current in the
latitude band between 8°S to 11°S (Fig. 5a). In general TROPACO1 shows low annual

mean zonal velocities of less than 2 cm/s in the region of the OMZ core.

SODA has a strong westward current band consisting of the NEIC, EIC and SEIC
between 2°N to 5°S consistent with most of the float tracks in this area (Fig. 5b). Except
east of 107°W the SODA model does not resolve the eastward SICC in the annual mean
of the EI-Nifio-year 2002, which can be observed in ADCP sections (Fig. 2b). Just south
of 5°S the SODA model shows the SSCC current band in most of the region. For the
year 2002 the SODA model produces a strong SEC within 5°S to 7°S in a region where
a float was drifting northwestward in 2009 (Fig. 5b). The SEC in SODA is located
farther north than in TROPACO1 and the eastern part of the current band is twice as
strong. This is caused by a stronger north-south shifting of the SEC throughout the year
and the higher horizontal resolution of the TROPACO01 model. South to the SEC the
SODA zonal velocity field is almost everywhere eastward between 9°S to 15°S, which is
in the opposite direction of the two southernmost floats during the time between June to
October (Fig. 4e). In general, both models represent the float tracks well. It is notable,
that we use an annual mean for the model velocity fields at 400 m, therefore the model

results do not resolve eddies or meandering tracks, which can be observed in the float
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velocity.

Based on the mean oxygen distribution at 400 m depth the center of the OMZ is located

at about 8°S near 85°W and off the coast of Peru with mean oxygen values below 10
umol/kg (Fig. 6). The low oxygen layer stretches west-north-westward and increases,

with a mean value of about 15 umol/kg at 6°S, 110°W. From the float tracks it is clear
that the floats stayed much longer in the center of the OMZ while at the northern rim the
westward progression is much faster. As the main westward movement for the two
southern floats mainly takes place during the time the floats are at the surface
transmitting their data, the westward movement at depth is greatly overestimated. In the
center of the OMZ at about 8°S the net westward surface displacement accounts for
150% of the overall net westward displacement. The float tracks show that despite the
relatively high velocities observed in the ADCP data at 85°50°W and 400 m depth the
water stays longer in the region with less exchange with water with higher oxygen
content. In addition the reversal of the flow direction at 400 m depth keeps the floats and

the water in the center of the OMZ.

Oxygen concentration from the float deployed at 4°S shows a predominant vertical
increase in oxygen > 40 umol/kg as it propagates, while the minimum in the core of the
OMZ stays at a relatively low value of less than 4 pumol/kg (Figure 7b). The strongest
vertical increase in oxygen took place in January and February 2010 at the time when the
float shifted north by about 200 km. Although the float changed from westward to
eastward direction in April 2010 (Fig. 7a) no oxygen decrease is observed, except for a
small decrease near 200 m depth showing that there are low zonal oxygen gradients in

the SICC. After the end of 2009 the depth of the lowest oxygen values shifted upwards

21



from about 400 m depth to 300 m in August 2010. At 400 m depth oxygen increased to
more than 20 pumol/kg in May 2010, similar to what is expected on the westward

increase of oxygen at 400 m depth (Figure 6).
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4. Summary and Conclusions

The circulation in the eastern tropical South Pacific oxygen minimum zone is
investigated using ADCP measurements, float tracks and model fields (TROPACO01 and
SODA). The focus of this study was to better understand the weak flow field in the OMZ
and the spreading pathways from the different methods. The eastern tropical South
Pacific is a region with weak currents, so that short term-variability like wind events and
eddies play an important role in this region. Nevertheless, information about the mean
flow field is gained. Near the core of the OMZ at 400 m depth the currents in the center
of the OMZ are relatively stagnant and the floats stayed much longer in the region than
the floats at the northern side of the OMZ, which travel fast westward within the
equatorial current system. Even floats deployed in a region of eastward flow moved
westward over the 18 months, as the floats shifted between the eastward and westward
current bands. The floats at 8° and 10°S reversed in zonal direction which supports the
notion that they stay in the region. Considering only the 400 m flow component of the
float deployed at 8°S it returned to a location it crossed in May 2009 in August 2010, 15
months later. Wyrtki [1967] concluded that a sluggish circulation led to long residence
time in the OMZ of this region. The floats had been deployed in February 2009 at the
beginning of an El Nifio year, and the flow paths were compared with the mean model
fields of an earlier El Nifio year, as the recent months are not yet available from the
model output. Despite the mean model flow fields and the different year used, there is

general agreement between the model results and the observed float flow paths.

Most current bands identified in the upper ocean [e.g. Kessler, 2006] were also observed

in the OMZ layer especially south of about 4°S (Fig. 2, 3), although they are weaker and

more variable than in the upper ocean. The schematic flow field for the mid-depth OMZ
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layer at about 400 m depth (Fig. 8) combines the results described here with results that
have been previously reported for the equatorial currents near the equator [Stramma et
al., 2010; Rowe et al., 2000] and the mesoscale eddy-field [Chaigneau et al., 2008]. The
lowest DO values at mid-depth between 6°S and 10°S are located between the eastward
flowing SSCC to the north and the northwestward flowing northern branch of the SEC to
the south. Therefore the region south of the OMZ is covered by the northern part of the
subtropical gyre, while to the north the region is governed by the complicated zonal
equatorial flow field. The eastern Pacific between 8°S and 10°S is also a region with
high eddy occurrence. The eddies move westward from the formation region near the
shelf and carry water with low DO from the shelf region westward with velocities of 3 to
6 cm/s [Chaigneau et al., 2008]. A cyclonic eddy with low oxygen in its core clearly
demonstrates the contribution of low oxygen water to the OMZ. Hence the westward
extending core of the OMZ at 6 to 10°S seems to be maintained by stagnant flow
supplied with additional low DO water from the near shelf region by westward
propagating eddies. The southern area with high frequency of eddy occurrence at 16°S to
18°S feeds low DO water into the HC/PCC to the SEC transition area leading to low DO
values at the southeastern part of the OMZ. The PUC was observed only above 400 m
(Fig. 3d-f) hence is not shown in Figure 8. For the upper layers of the OMZ the PUC is
classically associated with the OMZ [e.g. Strub et al., 1998], and our velocity
observations support the notion, that the PUC is an important component of maintaining
the OMZ in the upper OMZ. Given that direct measurements were made at the beginning
of an El Nifo year, the mean flow field might be slightly biased compared to non El
Nifio years, nevertheless we expect that the mean flow field of the mid-depth tropical
southeast Pacific at 400 m depth (Fig. 8) is well resolved and that the resulting schematic

mean flow field is accurate.
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Appendix A. List of current band acronyms

EIC
EUC
HC/PCC
NECC
NEIC
NICC
NSCC
PCCC
PCoastalC
PUC
SEC
SEC(n)
SEC(s)
SECC
SEIC
SIcC
SSCC

Equatorial Intermediate Current
Equatorial Undercurrent

Humboldt Current/Peru-Chile Current
North Equatorial Countercurrent
North Equatorial Intermediate Current
North Intermediate Countercurrent
Northern Subsurface Countercurrent
Peru-Chile Countercurrent

Peru Coastal Current

Poleward Undercurrent

South Equatorial Current

Northern equatorial branch of the SEC
Southern equatorial branch of the SEC
South Equatorial Countercurrent
South Equatorial Intermediate Current
South Intermediate Countercurrent

Southern Subsurface Countercurrent
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Appendix B. List of floats deployed at a parking depth of 400 m

WMO number Deployment time Deployment position
date | time (UTC) latitude longitude
# 3901075 02.02.09 9:23 | 9°59.99’ S | 85°50.00" W
# 3901077 03.02.09 5:31| 8°0.01’S | 85°49.99° W
# 3901079 09.02.09 21:25| 6°0.01’ S| 85°50.00" W
# 3901081 10.02.09 19:35| 4°0.10°S | 85°50.03° W
# 3901083 11.02.09 14:44 | 2°0.16’S | 85°50.02’ W
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Figure Caption

Figure 1. Horizontal distribution of a) ADCP velocity vectors at 400 m depth recorded
between 5 January and 14 February 2009 with current bands indicated by arrows (see
text in section 3.1 for details) and the mean climatological oxygen distribution at 400 m
(in umol/kg, with 5umol/kg contour spacing, thin lines) from WOAOQ5 [Boyer et al.,
2006] and b) altimeter derived sea level anomaly in cm on 4 February 2009
[http://www.aviso.oceanobs.com]. ADCP and CTD sections are shown as black lines.

Arrows indicate the related flow direction.

Figure 2. Zonal oxygen in umol/kg and velocity distribution (in cm s™; positive
eastward) for a) oxygen distribution at 85°50°W in February 2009, b) ADCP
measurements at 85°50°W in February 2009, c) velocity from TROPACO1 at
85°48’W in February 2002, and d) SODA model velocity distribution at 86°W in
February 2002. The black circles at 400 m depth at 10°S, 8°S, 6°S, 4°S and 2°S
are the deployment locations of the floats. See text of section 3.2 for indicated

current bands.

Figure 3. Meridional oxygen in pmol/kg and velocity distribution (in cm s™; positive
northward) for oxygen measurements at a) 3°35’S in early February 2009, b) 6°S
in early February 2009, c) 14°S in late January 2009 and for ADCP
measurements at d) 3°35’S in early February 2009, e) 6°S in early February
2009) and f) 14°S in late January 2009. See text of section 3.3 for indicated

current bands.
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Figure 4. Progressive spreading paths in km for the zonal and meridional spreading
components between February 2009 and mid-August 2010 for the 5 floats with a parking
depth at 400 m, separating the components at the surface (red, white) and at 400 m (blue,
white). Even months are blue and red, odd months are white. Stars mark the beginning
of year 2010. Zero is located at the deployment location at 85°50°W and a) 2°S, b) 4°S,

c) 6°S, d) 8°S and e) 10°S, respectively. Note the different x-scales.

Figure 5. Zonal velocity distribution (in cm s™) at 400 m depth averaged from February
2002 to January 2003 for a) TROPACO1 and b) SODA. Float trajectories in 400 m
depth for February 2009 to mid-August 2010 are also shown. Eastward velocity is

plotted white and red, westward velocity is plotted grey and blue.

Figure 6. Mean climatological oxygen distribution in umol/kg at 400 m from WOAOQ5
[Boyer et al. 2006], velocities derived from float tracks for five 400-m floats (red
arrows) between February 2009 and mid-August 2010 and the horizontal velocity

vectors at 400 m depth from shipboard ADCP data in February 2009 (black arrows).

Figure 7. Time series from February 2009 to mid-August 2010 of the float (WMO
#3901081) deployed at 4°S with 400 m parking depth for a) westward (gray) and
eastward (white) displacements (in °) and b) oxygen profiles (in umol/kg) of the upper

1500 m measured in 10-day intervals. The corresponding longitude is marked on top of
b). The float is drifting westward with the SEIC until April 2010 when it entered the

SICC flowing eastward (see figure 5).
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Figure 8. Schematic mid-depth flow field at about 400 m depth. The mean
climatological dissolved oxygen distribution at 400 m from WOAO5 [Boyer et al., 2006]
is included (in umol/kg, with 5 umol/kg contour spacing, thin lines). Areas of high

frequency of eddy occurrence [Chaigneau et al., 2008] are marked by dashed lines.
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