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Abstract
Localized open-ocean low—oxygen dead-zones in the tropical Northeast Atlantic are recently discovered ocean

features that can develop in dynamically isolated water masses within cyclonic eddies (CE) and anticyclonic
modewater eddies (ACME). Analysis of a comprehensive oxygen dataset obtained from gliders, moorings,
research vessels and Argo floats revealed that eddies with low oxygen concentrations at 50-150 m depths can be
found in surprisingly high numbers and in a large area (from about 4°N to 22°N, from the shelf at the eastern
boundary to 38°W). Minimum oxygen concentrations of about 9 pmol kg' in CEs and severely suboxic
concentrations (< 1 pmol kg'l) in ACMEs were observed. In total, 173 profiles with oxygen concentrations
below the minimum background concentration of 40 pmol kg could be associated with 27 independent “dead-
zone” eddies (10 CEs; 17 ACME:s) over a period of 10 years. The eddies’ oxygen minimum is located in the
eddy core beneath the mixed layer at a mean depth of 80 m. Compared to the surrounding waters, the mean
oxygen anomaly between 50 and 150 m depth for CEs (ACMEs) is -38 (-79) umol kg"'. The low oxygen
concentration right beneath the mixed layer has been attributed to the combination of high productivity in the
eddies’ surface waters and the isolation of their cores with respect to lateral oxygen supply. Indeed, eddies of
both types feature a cold sea surface temperature anomaly and enhanced chlorophyll concentrations in their
center. The locally increased consumption within these eddies represents an essential part of the total
consumption in the open tropical Northeast Atlantic Ocean and might be partly responsible for the formation of
the shallow oxygen minimum zone. Eddies south of 12°N carry weak hydrographic anomalies in their cores and
seem to be generated in the open ocean away from the boundary. North of 12°N, eddies of both types carry
anomalously low salinity water of South Atlantic Central Water origin from the eastern boundary upwelling
region into the open ocean. Water mass properties and satellite eddy tracking both point to an eddy generation

near the eastern boundary.
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1. Introduction

The Eastern Tropical North Atlantic off northwest Africa (ETNA: 4°N to 22°N and from the shelf at the eastern
boundary to 38°W, Fig. 1) is one of the biologically most productive areas of the global ocean (Chavez and
Messié, 2009; Lachkar and Gruber, 2012). In particular, the eastern boundary current system close to the
Northwest African coast is a region where northeasterly trade winds force coastal upwelling of cold, nutrient rich
waters, resulting in high productivity (Messié et al., 2009). The ETNA region is characterized by a weak large-
scale circulation (Brandt et al., 2015), but pronounced mesoscale variability (here referred to as eddies) acting as
a major transport process between coastal waters and the open ocean (Schiitte et al., 2015; Thomsen et al., 2015).
In the ETNA, open ocean eddies with particularly high South Atlantic Central Water (SACW) fractions in their
cores have been found offshore, where typically North Atlantic Central Water (NACW) dominates (Karstensen
et al., 2015; Pastor et al., 2008). Due to low lateral mixing, SACW from the generation regions near the coast is
trapped in the eddies’ cores and transported offshore over long distances (Schiitte et al., 2015). The impact of the
eddy transport on the coastal productivity was investigated by Lachkar and Gruber (2012), who were able to
show that high (low) eddy driven transports of nutrient-rich water from the shelf into the open ocean results in
lower (higher) biological production on the shelf. Besides acting as export agents for coastal waters, coherent
eddies in the ETNA have been reported to establish and maintain a sealed ecosystem (Fiedler et al., 2016; Hauss
et al., 2015; Karstensen et al., 2015; Loscher et al., 2015). Coherent/isolated mesoscale eddies can exist over
periods of several months or even years (Chelton et al., 2011). Enhanced vertical fluxes of nutrients and the
dynamical isolation of the eddy interior from surrounding waters create very distinct biogeochemical conditions
within these eddies, that can be very different from the surrounding water masses (Fiedler et al., 2016). Hypoxic
to suboxic conditions have been observed in cyclonic eddies (CEs) and anticyclonic modewater eddies (ACMEs)
caused by a combination of eddy dynamics and biogeochemical cycling within the eddies (Karstensen et al.,
2015). The appearance of the low oxygen concentrations at shallow depth (about 50 to 100 m, just beneath the
mixed layer) has been attributed to the combination of high productivity in the surface waters of the eddy,
enhanced respiration of sinking organic material at subsurface depth and the isolation of the eddy core from the
surrounding conditions. As such, these eddies resemble an environment similar to the “dead-zone” formation in

coastal areas and lakes and therefore have been termed “dead-zone” eddies (Karstensen et al., 2015).

The ventilation and consumption processes of thermocline waters in the ETNA result in two separate oxygen
minima (Fig. 1b): a shallow one with a core depth of about 80 m and a deep one at a core depth of about 450 m
(Brandt et al., 2015; Karstensen et al., 2008). The deep minimum is the core of the OMZ and is primarily created
by sluggish ventilation of the respective isopycnals (Luyten et al., 1983; Wyrtki, 1962). It extends from the
eastern boundary into the open ocean and is located in the so-called shadow zone, with the more energetic
circulation of the subtropical gyre in the north and the equatorial region in the south (Karstensen et al., 2008;
Luyten et al., 1983). The shallow oxygen minimum intensifies from the equator towards the north with minimal
values near the coast at about 20°N (Brandt et al., 2015) (Fig. 1a). It is assumed that the shallow OMZ originates
from enhanced biological productivity and an increased respiration associated with sinking particles in the water
column (Brandt et al., 2015; Karstensen et al., 2008; Wyrtki, 1962). In this paper we draw a connection between
the enhanced consumption and associated low-oxygen concentration in “dead-zone” eddies and the formation of
the regional observed shallow oxygen minimum zone. To assess the influence of “dead-zone” eddies on the
oxygen budget of the upper water column, a sub-region between the ventilation pathways of the subtropical gyre

and the zonal current bands of the equatorial Atlantic was chosen. This region includes the most pronounced
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shallow oxygen minimum and is in the following referred to as shallow oxygen minimum zone (SOMZ, Fig. 1a).

The probability of “dead-zone” eddy occurrence per year is more or less evenly distributed in the ETNA (Fig.
1a). Particularly in the SOMZ there seems to be neither a distinctly high nor an explicitly low “dead-zone” eddy
occurrence. However, due to the absence of other ventilation pathways, the influence of “dead-zone” eddies on
the shallow oxygen minimum budget may be elevated and a closer examination worth the effort. The eddies in
this study were identified in 19 years of sea level anomaly (SLA) and sea surface temperature (SST) data based
on methods published by Schiitte et al. (2015). After their formation near the eastern boundary, Rossby wave
dynamics and the basin scale circulation force eddies in the SOMZ to generally propagate westwards. The
dynamically protected eddy cores transport temperature, salinity, nutrient, carbon and oxygen conditions of their
formation region far offshore. At about 100 m depth, biogeochemical processes further increase the nutrient and
oxygen anomalies with respect to the surrounding waters. In order to further investigate the physical,
biogeochemical and ecological structure of dead-zone eddies, an interdisciplinary field study was carried out in
the ETNA, north of Cape Verde, using dedicated ship, mooring and glider surveys supported by satellite and
Argo float data. The analysis of the field study data revealed surprising anomalies in eddy meta-genomics
(Loscher et al., 2015), zooplankton (Hauss et al., 2015), carbon chemistry (Fiedler et al., 2016) and nitrogen
cycling (Karstensen et al. 2016). Furthermore, analyses of particle flux time series, using sediment trap data from
the Cape Verde Ocean Observatory (CVOO), were able to confirm the impact of highly productive dead-zone
eddies on deep local export fluxes (Fischer et al., 2015).

In this paper, we determine the average characteristics of “dead-zone” eddies in ETNA, addressing their
hydrographic features as well as occurrence, distribution, generation and frequency. Based on oxygen anomalies
and eddy coverage we estimate their contribution to the oxygen budget of the SOMZ. The paper is organized as
follows. Section 2 addresses the different in-situ measurements, satellite products and methods we use. Our

results are presented in section 3, discussed in section 4 and summarized in section 5.

2. Data and methods

2.1 In-situ data acquisition

For our study we employ a quality-controlled database combining shipboard measurements, mooring data and
Argo float profiles as well as autonomous glider data in ETNA. For details on the structure and processing of the
database, see Schiitte et al. (2015). For this study we extended the database in several ways. The region was
expanded to now cover the region from 0° to 22° N and 13° W to 38° W (see Fig. 2). We then included data
from five recent ship expeditions (RV Islandia ISL_ 00314, RV Meteor M105, M107, M116, M119), which
sampled extensively within the survey region. Data from the two most recent deployment periods of the Cape
Verde Ocean Observatory (CVOO) mooring from October 2012 to September 2015 as well as Argo float data
for the years 2014 and 2015 were also included. Furthermore, oxygen measurements of all data sources were
collected and integrated into the database. As last modification of the database we included data from four
autonomous gliders that were deployed in the region and sampled two ACMEs and one CE. Glider IFM11
(deployment ID: ifm11_depl01) was deployed March 13, 2010. It covered the edge of an ACME on March 20
and recorded data in the upper 500 m. Glider IFMO5 (deployment ID: ifm05_depl08) was deployed June 13,
2013. It crossed a CE on July 26 and recorded data down to 1000 m depth. IFM12 (deployment ID:

3
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ifm12 depl02) was deployed January 10, 2014 north of the Cape Verde island Sdo Vicente and surveyed
temperature, salinity and oxygen to 500 m depth. IFM13 (deployment ID: ifm13 depl01) was deployed on
March 18, 2014 surveying temperature, salinity and oxygen to 700 m depth. IFM12 and IFM13 were able to
sample three complete sections through an ACME. All glider data were internally recorded as a time series along
the flight path, while for the analysis the data was interpolated onto a regular pressure grid of 1 dbar resolution
(see also Thomsen et al., 2015). Gliders collect a large number of relatively closely spaced slanted profiles. To
reduce the number of dependent measurements, we limited the number of glider profiles to one every 12 hours.

The processing and quality control procedures for temperature and salinity data from shipboard measurements,
mooring data and Argo floats has already been described by Schiitte et al. (2015). The processing of the gliders’
temperature and salinity measurements is described in Thomsen et al. (2015). Oxygen measurements of the
shipboard surveys were collected with Seabird SBE 43 dissolved oxygen sensors attached to Seabird SBE 9plus
or SBE 19 conductivity-temperature-depth (CTD) systems. Sampling and calibration followed the procedures
detailed in the GO-SHIP manuals (Hood et al., 2010). The resulting accuracies were <1.5 umol kg™, Within the
CVOO moorings, a number of dissolved oxygen sensors (Aanderaa optodes type 3830) were used. The optodes
were calibrated at dedicated CTD casts and in the laboratory with water featuring 0% air saturation before
deployment and after recovery following the procedures described by Hahn et al. (2014). We estimate their
accuracies at <3 pmol kg'. A number of the Argo floats were equipped with oxygen sensors. As a full
calibration of these is usually not available, the measured data based on the factory calibration was included into
the database after a strict visual control removing suspicious profiles. The different manufacturers of Argo float
oxygen sensors specify their accuracy at least better than 8 pmol kg™ or 5%, whichever is larger. Note that early
optodes can be significantly outside of this accuracy range, showing offsets of 15-20 pmol kg™, in some cases
even higher. All four autonomous gliders were equipped with Aanderaa optodes which were calibrated on
dedicated CTD casts following the procedures of Hahn et al. (2014). As gliders move through the water column
the oxygen measurements are not as stable as those from moored optodes analyzed by Hahn et al. (2014). We

thus estimate their accuracy to about 3 pmol kg™

As final result the assembled in-situ database of the ETNA contains 15059 independent profiles (Fig. 2). All
profiles include temperature, salinity and pressure measurements while some 38.5% include oxygen
measurements. The total number is composed of 13% shipboard, 22.5% CVOO mooring, 63% Argo float and
1.5% glider profiles. To determine the characteristics of different eddy types from the assembled profiles, we
separated them into anticyclones, CEs, ACMEs and the “surrounding area” not associated with eddy-like

structures following the approach of Schiitte et al. (2015).

2.2 Satellite data
We detected and tracked eddies following the procedures described in Schiitte et al. (2015). In brief we used the

delayed-time reference dataset of Sea Level Anomaly (SLA; version 2014). The data is produced by
Ssalto/Duacs and distributed by AVISO (Archiving, Validation, and Interpretation of Satellite Oceanographic),
with support from CNES [http://www.aviso.altimetry.fr/duac/]. We used the multi-mission product, which is
mapped on a 1/4° x 1/4° Cartesian grid and has a temporal resolution of one day. The anomalies were computed
with respect to a twenty-year mean. Data of the SLA and of the geostrophic velocities, derived from the SLA

and also provided from AVISO, for the period January 1998 to December 2014 were chosen.
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For Sea Surface Temperature (SST) the dataset “Microwave Infrared Fusion Sea Surface Temperature” from
Remote Sensing Systems (www.remss.com) is used. It is a combination of all operational microwave (MW)
radiometer SST measurements (TMI, AMSR-E, AMSR2, WindSat) and infrared (IR) SST measurements (Terra
MODIS, Aqua MODIS). The dataset thus combines the advantages of the MW data (through-cloud capabilities)
with the IR data (high spatial resolution). The SST values are corrected using a diurnal model to create a
foundation SST that represents a 12-noon temperature (Wwww.remss.com). Daily data with 9 km resolution from
January 2002 to December 2014 is considered.

For sea surface chlorophyll data (Chl) we use the MODIS/Aqua Level 3 data available at
http://oceancolor.gsfc.nasa.gov provided from the NASA. The data is measured via IR and is therefore cloud

cover dependent. Daily data mapped on a 4 km grid from January 2006 to December 2014 is selected.

2.3 “Dead-zone” eddy detection and surface composites
In order to verify whether low oxygen concentrations (<40 pmol kg™) at shallow depth (above 200 m) are

associated with eddies we applied a two step procedure: First, all available oxygen measurements of the
combined in-situ datasets are used to identify low oxygen values. Next, the satellite data based eddy detection
results (Schiitte et al., 2015) were matched in space and time with the location of anomalously low oxygen
profiles. In this survey the locations of 173 of the 180 low oxygen profiles coincide with surface signatures of
mesoscale eddies. Schiitte et al. (2015) showed that ACMEs can be distinguished from normal anticyclonic
eddies by considering the SST anomaly (cold in case of ACMEs) and SSS anomaly (fresh in case of ACMEs) in
parallel to the respective SLA anomaly. The satellite based estimates of SLA and SST used in this study are
obtained by subtracting low-pass filtered (cutoff wavelength of 15° longitude and 5° latitude) values from the
original data to exclude large-scale variations and preserve only the mesoscale variability (see Schiitte et al. 2015
for more detail). All eddy-like structures with low oxygen profiles are visually tracked in the filtered SLA
(sometimes SST data) back- and forward in time in order to obtain eddy propagation trajectories. The surface
composites of satellite-derived SLA, SST and Chl data consist of 150 km x 150 km snapshots around the

obtained eddy centers. For construction of the composites the filtered SLA and SST is used as well.

2.4 Reconstruction of oxygen concentrations in “dead-zone” eddy cores
About 30 % of the profiles from the combined in-situ dataset conducted in CEs or ACMEs do not have oxygen

measurements available. However, we are only interested in oxygen measurements in isolated CE or ACME
cores. These isolated eddy cores carry anomalously low salinity SACW of coastal origin in their cores, while the
surrounding waters are characterized by an admixture of more saline NACW (Schiitte et al., 2015). The fresh
cores indicate a generation site near the coast and strong isolation due to reduced lateral mixing with the more
saline surrounding waters during their westward migration into the open ocean. Due to this strong isolation and
an intensified biogeochemical cycling within the eddies, the oxygen content in the eddy cores decreases rapidly
(Karstensen et al., 2015). The salinity-c4 diagram (Fig. 3a) based on the profiles with oxygen measurements
indicates that low saline waters in the eddy cores are related to low oxygen concentrations (considering here only
eddies which are located in the open ocean, west of 19°W). To compensate for missing oxygen measurements a
salinity-oxygen relation in combination with isolation time and associated oxygen consumption within the eddy
cores was derived. To assess the consumption within the eddies, an average oxygen utilization rate per day based

on the available oxygen measurements is derived for both eddy types. In detail, the distance of the eddy to the
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eastern boundary and the associated propagation time is derived We assume a mean westward eddy propagation
of 3 km d”' (Schiitte et al., 2015). Further we assume a typical oxygen profile at the eastern boundary (mean of
all profiles east of 18°W) as initial oxygen condition in the eddy core (see Fig. 3b). The mean eddy consumption
rate is now the difference from the initial oxygen condition and the actual oxygen concentration in the eddy core
divided by the propagation time. If an eddy without oxygen measurements and SACW water mass characteristics
(less saline and colder water than the surrounding water) is identified we assume a strong isolation of the eddy.
Using the consumption rates of isolated CEs and ACMEs and the associated propagation time a reconstructed
oxygen value within the eddy could be derived. Using this method, oxygen values could be constructed for all
profiles within CEs or ACMEs, even if only salinity and temperature measurements are available. To validate
the method we reconstruct oxygen profiles for the eddies with available oxygen measurements and compared
them (Fig. 3b). An average uncertainty of +12 (16) umol kg™ is associated with the reconstructed oxygen values
(Fig. 3c) of CEs (ACMESs). This uncertainty is even higher in the core region of the eddies. Depending on the
status of isolation of the eddy lateral mixing could take place, which is assumed to be zero in our method.
However, this approach enables us to enlarge the oxygen dataset by 30%. In this paper the reconstructed oxygen

values are only used for the derivation of the mean vertical oxygen anomaly.

2.5 Mean vertical oxygen anomaly of “dead-zone” eddies and their impact on the SOMZ
To illustrate mean oxygen anomalies for CEs and ACMEs as a function of depth and radial distance, all oxygen

profiles (observed and reconstructed) were sorted with respect to a normalized distance, which is defined as the
actual distance of the profile from the eddy center divided by the radius of the eddy (the shape and thus the
radius of the eddy are gained from the last closed contour of the geostrophic surface velocity). The oxygen
profiles were grouped and averaged onto a grid of 0.1 increments between 0 and 1 of the normalized radial
distance. Finally a running mean over three consecutive horizontal grid points was applied. A mean oxygen
anomaly for the CEs and the ACMEs was constructed by the comparison with the oxygen concentrations in the
surrounding waters. To illustrate the influence of the reconstructed oxygen values, the mean vertical oxygen
anomaly is also constructed based only on original measured oxygen values, both anomalies are shown for

comparison.

An oxygen deficit profile due to “dead-zone” eddies in the SOMZ is derived by building an oxygen anomaly of
each eddy type on density surfaces (03). The derived anomalies are multiplied by the mean number of eddies
dissipating in the SOMZ per year (n) and weighted by the area of the eddy compared to the total area of the
SOMZ (Agppz = triangle in Fig. la). Differences in the mean isopycnal layer thickness of each eddy type and
the SOMZ are considered by multiplying the result with the ratio of the mean Brunt-Viisili frequency (N%)
outside and inside the eddy, resulting in an apparent oxygen utilization rate per year (umol kg™ y™') due to “dead-

zone” eddies in the SOMZ on density layers:

2 2
T, N,
Eddy!VSomz
aOUR = n0y —————
AsomzNgaay

where 744, is the mean radius of the eddies.
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3. Results

3.1 Low oxygen eddy observation from in-situ data

Several oxygen measurements with anomalously low oxygen concentrations for the ETNA region (below 40
umol kg™ at shallow depth) could be identified from Argo floats, ship surveys, glider missions and from the
CVOO mooring (Fig. 4). In total, 27 independent eddies with oxygen values <40 umol kg in the upper 200 m
were sampled with 173 profiles from 25 different platforms (Tab. 1). Almost all of the observed anomalous low
oxygen values could be associated with mesoscale structures at the sea surface (CEs or ACMEs) from satellite
data.

In-situ measurements for meridional velocity, temperature and oxygen of the CVOO mooring during the
westward passage of one CE and one ACME with low oxygen concentrations are chosen to show examples of
the vertical structure of the two different eddy types based on temporally high resolution data (Fig. 5). From
October 2006 to December 2006 (Fig. 5a), a 65 km diameter CE passed the CVOO mooring position on a
westward trajectory. At its closest the eddy center was located 20 km north of the CVOO mooring. The
meridional velocities show a strong cyclonic rotation (first southward, later northward) with velocity maxima
between the surface and 50 m depth at the edges of the eddy. In the core of the CE, the water mass was colder
and less saline (not shown) than the surrounding water, the mixed layer (ML) depth is reduced and the
isopycnals are shifted upwards. The oxygen content of the eddy core was decreased with values around 60
pmolkg™ at 115 m depth (or at the isopycnal surface 26.61 kg m™) compared to surrounding waters, which have
a mean (= 1 standard deviation) oxygen content of 113 (+38) pmol kg’l at around 150 m depth or 26.60 (+0.32)
kg m™ during the mooring period between 2006 to 2014.

From January 2007 to March 2007 (Fig. 5b), an ACME passed the CVOO mooring position. The core of the
westward eddy passed 13 km to the north of the mooring. The velocity field shows strong subsurface
anticyclonic rotation at the depths of the core between 80-100 m depth. In contrast to other typical anticyclonic
eddies, the water mass in the eddy core of the ACME is colder and less saline (not shown) than the surrounding
waters. The isopycnals above the core are elevated resulting in shallower MLs both resembling a cyclone.
Beneath the core, the isopycnals are strongly depressed as in a “normal” anticyclone. Thus, dynamically this
resembles a mode water anticyclone, an eddy type, which is e.g. well-known from the Mediterranean outflow
regime (Bower et al,, 1995; Richardson et al., 1989). In contrast to the historical known mode water
anticyclones, the eddy core is shallower (just beneath the ML) and therefore the oxygen concentration is
reduced. The oxygen content in the eddy’s core recorded from the CVOO mooring is strongly decreased with
values around 19 pmol kg™ at 123 m depth (or 26.50 kg m™) compared to the surrounding waters (113 (£38)
pmol kg™). Within the entire time series, the CVOO mooring recorded the passage of several ACMEs with even

lower oxygen concentrations (for more information see Karstensen et al. (2015) or Table 1).

3.2 Combining in-situ and satellite data for “dead-zone” eddy detection in the ETNA

Combining the location and time of in-situ detection of low oxygen eddies with the corresponding SLA satellite
data reveals a clear link to the surface manifestation of mesoscale structures, CE and ACMEs likewise (Fig. 4).
Composite surface signatures for SLA, SST and Chl from all identified anomalous low oxygen eddies from the
in-situ data are shown in Figure 6. The composites for ACMEs are based on 17 independent eddies and on 922
surface maps. The detected ACMEs are characterized by an elevation of SLA, which is associated with an

anticyclonic rotation at the sea surface. The magnitude of the SLA displacement is moderate compared to normal
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anticyclones and CEs (Schiitte et al., 2015). More distinct differences to normal anticyclones are the cold-water
anomaly and the elevated Chl concentrations in the eddy center of the ACMEs. Normal anticyclones are
associated with elevated SST and reduced Chl concentrations. Through a combination of the different satellite
products (SLA, SST, SSS) it is possible to determine “dead-zone” eddies from satellite data alone (further details
in Schiitte et al. (2015)).

The composite mean surface signature for “dead-zone” CEs is based on 10 independent eddies and on 755
surface maps. The CEs are characterized by a negative SLA and SST anomaly. The observed negative SST
anomaly of the “dead-zone” CEs is twice as large (core value CE: -0.12 £0.2 °C; core value ACME: -0.06 £0.2
°C) as the corresponding anomaly of the ACMEs. The Chl concentration in the eddy center is also higher for
CEs compared to ACMEs (core value CE: 0.35 £0.22 log mg m™; core value ACME: 0.21 £0.17 log mg m™).

Note, that we only considered the measured low oxygen ACMEs and CEs from Table 1 to derive the composites.

Using the eddy-dependent surface signatures in SLA, SST and Chl the “dead-zone” eddies could be tracked and
an eddy trajectory could be derived (e.g. Fig. 4). All detected eddies were propagating westward into the open
ocean. North of 12°N, most of the eddies set off near the coast, whereas south of 12°N the eddies seem to be
generated in the open ocean. Detected CEs have a tendency to deflect poleward on their way into the open ocean
(Chelton et al., 2011), whereas ACMEs seem to have no meridional deflection. However, during their westward
propagation the oxygen concentration within the “dead-zone” eddy cores decreases with time. Using the
propagation time and an initial coastal oxygen profile (Fig. 3b) a mean apparent oxygen utilization rate per day
could be derived for all sampled eddies (Fig. 7). On average the oxygen concentration in the core of an isolated

CE (ACME) decreases by about 0.10 (0.19) + 0.12 (0.08) pmol kg™ d™".

3.4 Mean oxygen anomalies from “dead-zone” eddies in the ETNA

In Figure 8 we compare the mean oxygen anomalies based purely on observations with those based on the
extended profile database including observed and reconstructed oxygen values (see section 2.4). It shows the
mean oxygen anomalies against the surrounding water for CE (Fig. 8a) and ACME (Fig. 8b) versus depth and
normalized radial distance. On the left side of each panel the anomaly is based on the in-situ and reconstructed
oxygen values (736 oxygen profiles; 575 in CEs; 161 in ACMEs), whereas on the right side the anomaly is based
only on the in-situ oxygen measurements (504 oxygen profiles; 395 in CEs; 109 in ACMEs). The distinct mean
negative oxygen anomalies for CEs and ACME:s indicate the low oxygen concentrations in the core of both eddy
types compared to the surrounding water. The strongest oxygen anomalies are located in the upper water
column, just beneath the ML. CEs feature maximum negative anomalies of around -100 umol kg™ at around 70
m depth in the eddy core, with a slightly more pronounced oxygen anomaly on the left part including the
reconstructed values compared to the right part based only on observed oxygen concentrations (Fig. 8a). This is
contrary for the ACME with stronger oxygen anomalies on the right part than on the left (Fig. 8b). Both methods
deliver maximum negative anomalies of around -120 pmol kg™ at around 100 m depth in the ACME core. At
that depth, the diameter of the mean oxygen anomaly is about 100 km for ACMEs and 70 km for CEs. Beneath
150 m depth, magnitude and diameter of the oxygen anomalies decrease rapidly for both eddy types. Figure 8c is
based on both, the in-situ and reconstructed oxygen values, and shows the horizontal mean oxygen anomaly
profile of each eddy type against depth obtained by horizontally averaging the oxygen anomalies shown in Fig.

8a,b. The maximum anomalies are -100 pmol kg™ at around 90 m for ACMEs and -55 pmol kg™ at around 70 m
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for cyclones. Both eddy types have the highest oxygen variance directly beneath the ML (in the eddy core) or
slightly above the eddy core. The oxygen anomaly (and associated variance) decreases rapidly with depth

beneath the eddy core and is smaller than around -10 = 10 pmol kg™ beneath 350 m for both eddy types.

4. Discussion

The minimum oxygen concentrations for ETNA between the surface and 200 m depth (Fig. 1) from the MIMOC
climatology (Schmidtko et al., 2013) illustrates that oxygen values below 50 pmol kg™ are not a common feature
of the large scale oxygen field in the ETNA. However, oxygen concentrations below the canonical value of 40
pmol kg (Stramma et al., 2008) are found in oxygen profiles taken from various observing platforms (ships,
moorings, floats) and could nearly entirely be co-located with mesoscale features. In the current analysis we
could identify 27 independent low oxygen eddies (10 CEs and 17 ACMEs) from our database. Eddies are
defined as coherent structures with a lifetime of several weeks to more than a year (Chelton et al., 2007).
Although the ETNA is expected to have a low activity of long-lived eddies (Chaigneau et al., 2009; Chelton et
al., 2011), we could identify 234 CEs and 18 ACMEs per year in the ETNA with a radius > 45 km and a tracking
time of more than 3 weeks. For eddy detection we used an algorithm based on the combination of the Okubo-
Weill method and a modified version of the geometric approach from Nencioli et al. (2010) with an adjusted
tracking for the ETNA (for more information see Schiitte et al. (2015)). Tracking ACMEs in SLA data was
rather difficult due to the small signal to noise ratio (not the case for the CEs), which led to a failure of the
automatic tracking algorithms in most cases. However, we used other satellite data in parallel (Fig. 6). As
discussed in Schiitte et al. (2015) in case of coincidence of low SST and low sea surface salinity (not shown
here) as well as intense near surface phytoplankton blooms (Karstensen et al. 2015) we expected a high
likelihood that a low oxygen eddy was present. Note, all tracks of ACMEs and CEs shown in Figure 4 were
visually verified. The weak surface signature of ACMEs suggests that their frequency of occurrence might be
underestimated (e.g. in Schiitte et al. (2015) but also in other studies). Moreover, we identified a few occurrences
of ACMEs based on shipboard ADCP as well as hydrographic measurements (e.g. during the research cruises of
Ron Brown 2009 and Meteor 119) that did not have a significant SLA signature.

Anticyclonic rotating eddies with a low oxygen core are only observed for modewater type anticyclones (i.e.
ACMESs), but not for “normal” anticyclonic eddies. We could show here that the ACMEs and CEs with a low
oxygen core tend to have also anomalous water mass properties (cold and fresh). In summary, the heat, salt, and
oxygen anomalies of ACMEs in the ETNA are fundamentally different (cold/fresh) from normal anticyclones
(warm/salty) (Schiitte et al. 2015). Consequently a further distinction into the two types of anticyclonic eddies in
global (Chelton et al., 2011; Zhang et al., 2013) as well as regional eddy assessments is necessary.

It has been shown that the low-oxygen eddies in the ETNA could be separated into two different regimes, north
and south of 12°N (Fig. 4). The eddies north of 12°N are generally generated along the coast and in particular
close to the headlands along the coast. Schiitte et al. (2015) suggested that these eddies are generated from
instabilities of the northward directed alongshore boundary current. However, the detailed formation processes
need to be further investigated. The formation of the eddies south of 12°N needs to be further investigated as
well, because their generation, dynamics and water mass anomalies are different from the ACMEs in the north.
The southern eddies do transport low-oxygen anomalies, but do not originate from a coastal boundary upwelling
system. Following the trajectories it seems that the ACMEs are generated in the open ocean between 5°N and

7°N. The generation mechanism could be related to the presence of strong tropical instabilities in that region
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(Menkes et al., 2002; von Schuckmann et al., 2008).

As the “northern” and “southern” eddies have different generation mechanisms and locations as well as different
characteristics they need to be discussed separately. The core of the eddies generated north of 12°N is
characterized by less saline and cold SACW (Schiitte et al., 2015) and thereby forms a strong hydrographic
anomaly against the background field. On the contrary, the core of the eddies generated south of 12°N does not
show any significant hydrographic anomalies. However, both eddy regimes feature eddies which generate during
their westward propagation locally open ocean upwelling systems with high productivity at the surface and
enhanced respiration beneath the ML (Karstensen et al., 2016). In combination with the eddy dynamics and its
associated isolation of the CE (ACME) core, the oxygen content is decreasing on average by about 0.10 (0.19) +
0.12 (0.08) pmol kg d' in the ETNA. The apparent oxygen utilization rate (aOUR) is based on 504 oxygen
measurements in CEs and ACME:s. It is in the range of recently published aOUR estimates for CEs (Karstensen
et al., 2015) and ACMEs (Fiedler et al., 2016) based on single measurements in “dead-zone” eddies. An
important point regarding the method to derive the aOURs is the initial coastal oxygen concentration, which is
highly variable in coastal upwelling regions (Thomsen et al., 2015). However, all observed CEs or ACMEs
contain a negative oxygen anomaly, partly because they transport water with initial low oxygen concentrations
from the coast into the open ocean and additionally because the oxygen consumption in the eddies is more
intense then in the surrounding waters (Karstensen et al. 2015a, Fiedler et al. 2015). Due to the smaller Coriolis
parameter closer to the equator the southern eddies should be more short-lived compared to eddies north of 12°N
(Chelton et al., 2011). This would suggest that, to achieve similarly strong negative oxygen anomalies, the
oxygen consumption in the eddies south of 12°N must be even stronger than in the ACMEs further north.
Pronounced productivity patterns in tropical instability waves and vortices have been reported in the past

(Menkes et al., 2002), but were not connected to low oxygen eddies before.

The mean oxygen profiles from the coast and inside of all CEs and ACMEs (Fig. 3b) indicate no pronounced
oxygen difference beneath 250 m depth. The largest anomalies have been observed in the eddy cores at around
100 m depth (Fig. 8). As a result of the dynamic structure, the core water mass anomalies of the ACMEs are
more pronounced than the one of the CE (Karstensen et al. 2016) and consequently the oxygen anomalies are
stronger. This is supported by the differences in the oxygen anomaly based on the measured plus reconstructed
and the measured oxygen values. The reconstruction of oxygen values assumes a complete isolation of the eddy
core. The left side of Figure 8, which includes the reconstructed oxygen values, features a larger oxygen
anomaly than the right side based on measured oxygen values only. Consequently the CEs seem to be not
completely isolated and the evolving oxygen anomaly is affected by low lateral mixing. On the contrary, the
oxygen anomaly of ACMEs is smaller for the reconstruction than for the measured oxygen values. It seems that
the ACMEs are more effectively isolated resulting in enhanced apparent consumption in the ACME core. One
should mention, however, that one possible error source of the reconstructed oxygen values could be the

assumption of a linear decrease of oxygen with time.

In the following, an estimate of the contribution of the negative oxygen anomalies of “dead-zone” eddies to the
oxygen distribution of the SOMZ is presented. The SOMZ is located west of the boundary current coastal
region, south of the subtropical gyre region and north of the zonal equatorial current bands. It covers the

unventilated eastern boundary shadow zone and thereby is the region of the most pronounced shallow oxygen

10
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minimum (see Fig. 1a). The satellite-based eddy tracking reveals that on average 14 (2) CEs (ACMEs) each year
are propagate from the upwelling system near the coast into the SOMZ and dissipate here. By deriving the
oxygen anomaly on density surfaces an oxygen loss profile due to “dead-zone” eddies in the SOMZ is derived
(Fig. 9). Note that due to the lower oxygen values within the eddies compared to the surrounding waters in the
SOMZ, the release of negative oxygen anomalies to the surrounding waters is equivalent to a local (eddy
volume) enhancement of the oxygen utilization by -7.35 (-2.41) umol kg™ yr'' for CEs (ACMEs) for the depth
range of the shallow oxygen minimum in the SOMZ, i.e. 50 to 150 m depth.

An equivalent view is, by investigating a simple mix ratio of higher with lower oxygen waters in a box model
approach of the SOMZ. When averaging the oxygen concentrations of the eddies in the considered depth range,
i.e. 50 to 150 m depth, a mean oxygen concentration of 73 (66) pmol kg for CEs (ACMEs) is derived. The
background field oxygen concentration (118 pmol kg'l, averaged over the same depth range between 50 and 150
m depth derived from the MIMOC climatology Schmidtko et al. (2013)) includes the effect of low oxygen
eddies. Considering the respective oxygen concentrations and volumes of the SOMZ and the eddies (multiplied
by their frequency of occurrence per year), we estimate the theoretical background oxygen concentration for the
SOMZ without eddies to 125 umol kg’ Naturally due to the dispersion of negative oxygen anomalies, the
oxygen concentrations in the SOMZ without eddies must be higher than the observed values. Attributing the
difference of these values (oxygen concentration respiration without eddies (125 umolkg'l) and observed values
with eddies (118 pmolkg™) solely decreased due to the dispersion of eddies, we find that around 6% of the
observed oxygen concentrations in our box model can be associated to the dispersion of eddies. Consequently,
the oxygen consumption in the region is a mixture of the large-scale metabolism in the open ocean (Karstensen
et al. 2008) and the enhanced metabolism in low oxygen eddies (Karstensen et al. 2016, Fiedler et al. 2015). This
estimates should be considered as a lower limit due to the problems in detecting and tracking ACMEs (weak
SLA anomaly) and the assumption of zero lateral ventilation within the eddies. The real amount of “dead-zone”
eddies dissipate in the SOMZ is probably higher as only eddies which could be followed with tracking
algorithms directly from the coast into the transition zone and have a greater radius than 45 km and a lifetime
more than 21 days are considered.

This additional respiration term can be important in numerical simulations, where up to now only the large scale
consumption is taken into account. These results question the assumption that the oxygen consumption is
determined by the metabolism of the large-scale community alone. The observations presented here suggest

instead that hot spots of locally enhanced consumption may possibly need to be considered in the future.

5. Conclusion
In this study, we investigated the vertical structure of oxygen depleted eddies in the ETNA based on satellite (a

combination of SLA and SST) and in-situ oxygen and hydrography data (ship data, mooring data, profiling
floats, underwater glider). We frequently detected oxygen concentrations below the canonical value of 40 pmol
kg within the ETNA that are associated with CEs and ACMEs. Lowest oxygen concentration in these eddies
was observed at shallow depth between 50 to 150 m. Both eddy types are characterized by a positive Chl
anomaly, and therefore the enhanced productivity and subsequent respiration of the organic material is
responsible for creating the low oxygen core during the westward propagation of these eddies from their

formation region along the West African coast into the open ocean. Our assessment reveals that 234 CEs (18

11
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ACMEs) are generated each year (mostly on the eastern side) in the ETNA and can be tracked longer than 3
weeks, which here are considered as coherent eddies. On average the oxygen concentration in the core of such an
isolated CE (ACME) decreases by about 0.10 (0.19) £+ 0.12 (0.08) pmol kg'l d”'. Beside the eddies originating in
formation regions along the West African coast, we observe low oxygen eddies (primarily ACMEs) relatively
close to the equator, south of 12°N. These eddies may be generated from flow instability processes occurring
during the formation of tropical instability waves.

However, both types of eddies (north of 12°N and south of 12°N) contain their minimum oxygen concentration
in the depth range where a shallow oxygen minimum is found in ETNA. The additional consumption within
these low oxygen eddies represents a substantial part of the total consumption in the open ETNA and might be

partly responsible for the formation of the shallow oxygen minimum.
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Tables

Table 1: All available oxygen measurements below 40pmol kg in the ETNA. The * indicates recent
observations which are not included in Fig. 4 due to not existent delayed time satellite products.

Time min O, between 0-200 m Associated eddy type
11 Ship-Cruises:
(81 profiles)
Meteor 68/3 Summer 2006 17 CE
L’Atalante GEOMAR 3 Winter 2008 25 ACME
Meteor 80/2 Winter 2009 32 ACME
Meteor 83/1 Winter 2010 20 ACME
Meteor 96 Spring 2013 38 ACME
Meteor 97 Summer 2013 28 ACME
Islandia Spring 2014 10 ACME
Meteor 105 Spring 2014 4 ACME
Meteor 116 Spring 2015 17 ACME*
Meteor 119 Autumn 2015 30 ACME*
Maria S. Merian 49 Winter 2015 35 CE*
9 Argo floats:
(24 profiles)
6900632 Autumn 2008 14 CE
1900652 Winter 2008 26 ACME
1900650 Summer 2009 27 ACME
1901360 Autumn 2014 34 CE
1901361 Autumn 2014 21 CE
1901362 Autumn 2014 26 CE
1901363 Autumn 2014 37 CE
1901364 Autumn 2014 24 ACME
1901365 Autumn 2014 24 ACME
4 Gliders:
(32 profiles)
IFM 11 Spring 2010 19 ACME
IFM 05 Summer 2013 9 CE
IFM 12 Winter 2014 1 ACME
IFM 13 Spring 2014 1 ACME
9 CVOO events:
(36 profiles)
Optode at 127 m depth Winter 2007 15 ACME
Optode at 79 m depth Autumn 2008 38 CE
Optode at 54 m depth Winter 2010 2 ACME
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Optode at 53 m depth Winter 2012 17 ACME
Optode at 53 m depth Spring 2012 30 CE
Optode at 45 m depth Summer 2013 29 ACME
Optode at 45 m depth Winter 2013 9 CE
Optode at 43 m depth Winter 2015 2 ACME*
Optode at 43 m depth Summer 2015 6 ACME*
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4 Figure 1: a) Map of the ETNA including contour lines of the oxygen minimum of the upper 200m (in pmol kg’
5 ') as obtained from the MIMOC climatology (Schmidtko et al., 2013). The color indicates the percentage of
6 “dead-zone” eddy coverage per year. The black triangle defines the SOMZ. The black crosses indicate the
7 position of the CTD stations of the research cruise M97, which are used to represent the vertical oxygen profile
8 shown on the right. b) mean vertical oxygen profile showing the shallow oxygen minimum centered around 80
9 m depths and the deep oxygen minimum centered at 450 m depth.
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Figure 2: Map of ETNA containing all available profiles between 1998 and 2014. The green cross marks the
CVOO position, blue dots mark shipboard CTD stations, red dots mark the locations of glider profiles and black
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Figure 3: a) Salinity-oy diagram with color indicating the oxygen concentrations. The black line separates the
173 profiles with minimum oxygen concentration of <40 pmol kg™ (left side / more SACW characteristics) from
profiles of the surrounding water (right side / more NACW characteristics), taken from the same devices shortly
before and after the encounter with a low-oxygen eddy. b) Mean oxygen concentration versus depth of the
coastal region (east of 18°W, solid black line), of all CEs (solid blue line) and all ACMEs (solid green line) with
available oxygen measurements. The dashed line represents the reconstructed mean oxygen concentration for the
same CEs (blue) and ACMEs (green). ¢) Difference between the reconstructed and measured oxygen

concentrations in CEs (blue) and ACME:s (green) with associated standard deviation (horizontal lines).
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Figure 4: Minimum oxygen concentration (contour lines, pmol kg) in the tropical Northeast Atlantic Ocean
between the surface and 200 m depth as obtained from the MIMOC climatology (Schmidtko et al., 2013).
Superimposed colored dots are all low oxygen measurements (below 40 pmol kg™ in the upper 200 m) which
could be associated with eddy-like structures. The size of the dots represents a typical size of the mesoscale
eddies. The associated trajectories of the eddies are shown in green for ACMEs and in blue for cyclones. The
oxygen concentrations are from the combined dataset of shipboard, mooring, glider and Argo float

measurements.
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3 Figure 5: Meridional velocity, temperature and oxygen of an exemplary a) CE and b) ACME at the CVOO
4 mooring. Both eddies passed the CVOO on a westward trajectory with the eddy center north of the mooring
5 position (CE 20 km, ACME 13 km). The CE passed the CVOO from October to December 2006 and the ACME
6 between January and March 2007. The thick black lines in the velocity plots indicate the position of an upward
7 looking ADCP. Below that depth calculated geostrophic velocity is shown. The white lines represent density
8 surfaces inside the eddies and the thin grey lines isolines of temperature and oxygen, respectively. Thin black
9 lines in the temperature and oxygen plot mark the vertical position of the measuring devices. For the oxygen plot
10 saturation at the surface is assumed and data is linearly interpolated between the measuring device and surface.
11
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3 Figure 6: Composites of surface signature for SLA, SST and Chl from all detected “dead-zone” eddies: a)
4 ACMEs and b) cyclones. The solid black cross marks the eddy center and the solid black circle the average
5 radius. Due to significant cloud cover the number of Chl data are much less when compared the SLA and SST
6 data, thus there is more lateral structure.
7
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3 Figure 7: Depth profiles of a mean apparent oxygen utilization rate (aOUR, pmol kg™ d") within CEs (blue) and

4 ACMEs (green) with associated standard deviation (horizontal lines).
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Figure 8: Vertical structure of oxygen from the composite a) CE and b) ACME in the ETNA presented as a half
section across the eddies. The left side of each panel (-60 to 0 km) is based on reconstructed and measured
oxygen profiles whereas the right side (0 to 60 km) is based on measured oxygen profiles only. The grey lines
represents the density surfaces inside the eddies. ¢) Mean profiles of the oxygen anomalies based on measured
profiles only, green colors are associated to ACMEs and blue to CEs. The thick dashed line indicates the mean
ML within the different eddy types. The horizontal lines indicate the standard deviation at that point. The grey

vertical dashed line represents zero oxygen.
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Figure 9: Depth profile of apparent oxygen utilization rate (aOUR, umol kg™ y™') for the Atlantic as published

from Karstensen et al. (2008) (dashed black line), the oxygen consumption profile due to “dead-zone” eddies in

the SOMZ (solid black line) and the separation into CEs (blue) and ACMEs (green).
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