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Abstract The vertical variability in the oxygen minimum zone (OMZ) in the eastern South Pacific
(ESP; 0-40°S) is characterized by the influence of anticyclonic intrathermocline eddies (ITEs), which are
subsurface-intensified mesoscale features that are frequently generated in the coastal upwelling zone off
Peru and Chile. The unique lens-shaped signatures that ITEs leave on temperature, salinity, and dissolved
oxygen vertical distributions are used as proxies to assess their influences on vertical OMZ boundaries
and thickness. Data from in situ profiles in the region (World Ocean Database and Argo databases) are
used in correlation analyses between anomalous depths (and vertical displacements) of oxyclines and
isopycnals/isotherms, together with an objective eddy detection method based on satellite altimetry to
identify the location of such profiles (i.e., outside or inside cyclonic and anticyclonic eddies). The results
indicate that most of the vertical fluctuations in the climatological OMZ have a lens-shaped signature and
that those at the mesoscale are largely due to ITEs. ITEs are a main driver of the upper oxycline variability
in the coastal band, the coastal transition zone (CTZ, 3-10° from the coast) and beyond at mid-latitudes
(12-26°S). The influence of ITEs on the upper and lower oxycline variability is mostly observed within the
horizontal (offshore) climatological boundary of the OMZ, suggesting that ITEs play a role in the OMZ
offshore extension in the ESP. ITEs may produce mesoscale variations in the thickness of the surface-
oxygenated layer, resulting in potential changes in prey-predator interactions and in food web functioning.

Plain language sumimary The eastern South Pacific hosts one of the most intense zones of
the world ocean where oxygen concentrations are extremely low, known as the oxygen minimum zones
(OMZ), located at intermediate depths (from 100 m from the surface to a maximum of approximately
800 m depth). The vertical boundaries of this OMZ are influenced by a variety of physical processes;
however, their specific contributions to total variability remain poorly known. This study focuses on the
role of mesoscale intrathermocline eddies (ITEs), which produce a strong lens-shaped signal in the water
column as they move from the coast to offshore, containing high-salinity and low-oxygen waters. The
results show that ITEs drive most of the variability in the upper boundary of the OMZ, and, thus, they
may influence the overall horizontal and vertical extension of the OMZ. The mesoscale variability of the
thickness of the surface-oxygenated layer may structure marine food web functioning and carbon export,
and global warming might amplify this impact if eddy activity increases and the OMZ shoals.

1. Introduction

Oxygen minimum zones (OMZs) are oxygen-deficient bodies of water that occupy large volumes of in-
termediate-depth waters in the eastern tropical and subtropical oceans (Helly & Levin, 2004; Karstensen
et al., 2008; Paulmier & Ruiz-Pino, 2009; Stramma et al., 2010), including anoxic zones (Ulloa et al., 2012).
A marked intensification, expansion, and shoaling of OMZs has been detected in recent decades (Bograd
et al., 2008; Breitburg et al., 2018; Emerson et al., 2004; Stramma et al., 2008), although considerable uncer-
tainty remains in distinguishing long-term trends from multidecadal cycles (Stramma et al., 2012). Under a
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global warming scenario, propositions or predictions have been made about an expansion of OMZs due to
mechanisms involving changes in oxygen solubility, ventilation of the deep ocean, and/or biological oxygen
consumption or respiration (see Couespel et al., 2019; Keeling et al., 2010; Matear & Hirst, 2003; Oschlies
et al., 2018; Schmidtko et al., 2017; Shaffer et al., 2009). The expansion may persist for at least several
centuries even after atmospheric carbon dioxide stops rising (Yamamoto et al., 2015). Coarse-resolution
Earth system climate models reproduce the global trend well but are unable to correctly reproduce regional
changes in dissolved oxygen (DO) concentration (Cabré et al., 2015; Stramma et al., 2012). Indeed, their
solutions are influenced mainly by the parameterization of biogeochemical processes and diapycnal mixing
(Duteil & Oschlies, 2011; Frenger et al., 2018), and by their capacity to resolve lateral eddy diffusion and
mixing (Bahl et al., 2019; Gnanadesikan et al., 2012). Biogeochemical processes in OMZs are largely driven
by microbial communities associated with anaerobic metabolism (e.g., denitrification, anammox), which
are highly relevant in terms of fixed nitrogen loss, as well as its impact on primary production rate, carbon
sequestration, and greenhouse gas production. Vertical movements in the upper limit of the OMZ (oxycline)
are expected to alter such rates (Arévalo-Martinez et al., 2015; Jiao et al., 2014; Kalvelage et al., 2015), and
also have a direct impact on most aerobic organisms through an expansion or contraction of their habitat
within the upper mixed layer-seasonal thermocline, changes in their depth distribution within the OMZ
or by alterations in their patterns of diel vertical migration (Bianchi et al., 2013; Gilly et al., 2013; Wishner
et al., 2020).

The eastern South Pacific (ESP) region hosts one of the most productive coastal upwelling ecosystems in
the world (Carr & Kearns, 2003) and a relatively shallow and intense OMZ, the waters of which constitute
the main source of coastal upwelling (Albert et al., 2010; Fuenzalida et al., 2009; Huyer et al., 1987; Morales
et al., 1999). In this region, the OMZ is mostly associated with equatorial subsurface water (ESSW), which
is distributed along the shelf and shelf break zones off Ecuador, Peru and Chile (Silva et al., 2009). This
oxygen-depleted water mass (isopycnals 26.2-26.8 kg/m?) is transported poleward from the equator along
the continental slope by the Peru-Chile Undercurrent (PCUC) and as far south as 48°S (Silva & Neshy-
ba, 1979). The ESSW is continuously oxygenated by two other water masses along its pathway, including
the subantarctic water (SAAW) from above and the Antarctic intermediate water (AIW) from below (Lla-
nillo et al., 2013). The OMZ in the region has a tongue-like shape with the greatest vertical extent close to
the coast and near the equator, narrowing poleward and toward the open ocean (Fuenzalida et al., 2009;
Llanillo et al., 2018).

The vertical boundaries of this OMZ, but especially the upper oxycline, display a broad range of spatial and
temporal scales of variation (Bertrand et al., 2011; Grados et al., 2016; Swartzman et al., 2008). The physical
processes that are known to directly or indirectly (through biogeochemical processes) influence the vertical
variability in the OMZ in this region include wind-induced coastal upwelling and Ekman pumping (Penven
et al., 2005), large-scale circulation (PCUC; Pizarro-Koch et al., 2019; Silva et al., 2009), fine-scale to mesos-
cale processes (e.g., internal waves, fronts, filaments, eddies; Chaigneau et al., 2011; Grados et al., 2016;
Hormazabal et al., 2013; Morales et al., 2012; Stramma et al., 2013; Vergara et al., 2016), and high fre-
quency (gravity) and low-frequency (inertial) waves (Blanco et al., 2002; Echevin et al., 2014; Hormazabal
et al., 2002; Huyer et al., 1987; Morales et al., 1999; Pizarro, 2002; Ramos et al., 2006, 2008).

Most of the physical processes involved in the vertical OMZ variability in the ESP produce a similar sig-
nature in the water column, which is also reflected in the distribution of isotherms/isopycnals. Such a
signature involves a rise or depression of the seasonal and permanent pycnoclines (corresponding to the
upper and lower oxyclines, respectively), producing a vertically coherent signature throughout the water
column. In other cases, it involves a rise of the seasonal pycnocline and a depression of the main pycnocline,
producing a lens-shaped signature in the water properties. In the case of physical processes restricted to the
upper layer, such as surface eddies, only the seasonal pycnocline may be affected, leading to a more com-
plex pattern of vertical variation in the OMZ; in the ESP, trapped fluid within cyclonic eddies have a typical
vertical extent of 240 m compared to 530 m in anticyclonic eddies (Chaigneau et al., 2011). In addition,
biological processes can lead to deviations in the oxycline fluctuations from those of isopycnals in regions
of low-oxygen waters. This includes DO production from subsurface photosynthesis at or near the upper
oxycline (Garcia-Robledo et al., 2017; Vergara et al., 2016) and DO consumption from respiration by vertical
migration toward the upper oxycline (Bianchi et al., 2013). Overall, the scarcity of observational time series
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in the ESP has been a difficulty in the evaluation of the individual impact of the different processes involved
in vertical OMZ variability. To the best of our knowledge, no attempt has been made to assess the extent to
which these mechanisms drive the vertical OMZ variability in the ESP based on in situ time series.

For the most part, the vertically coherent fluctuations in the seasonal and permanent pycnoclines off Peru
and Chile have been attributed to surface mesoscale eddies (Morales et al., 2012; Stramma et al., 2013),
seasonal wind-induced Ekman pumping (Penven et al., 2005; Ramos et al., 2006), and interannual low-fre-
quency coastal-trapped waves (Kelvin waves; Blanco et al., 2002; Huyer et al., 1987; Morales et al., 1999;
Ramos et al., 2006), which then radiate offshore as Rossby waves (Ramos et al., 2006). The vertical dis-
placements of isopycnals produced by those processes can reach ~250 m (see references above), whereas
coastal upwelling and intraseasonal/seasonal low-frequency waves seem to generate smaller displacements
(30-50 m; Echevin et al., 2014; Ramos et al., 2006).

Lens-shaped fluctuations in the isopycnals in the ESP can result from variability in the PCUC, i.e., me-
andering and fluctuations in its poleward expansion (Pizarro-Koch et al., 2019), high-order baroclinic
modes associated with low-frequency Rossby waves forced at the equator (Ramos et al., 2006, 2008), and/
or subsurface-intensified (intrathermocline) anticyclonic eddies (ITEs) (Johnson & McTaggart, 2010). In
this region, ITEs are common features characterized by low-oxygen (<1 ml/L, equivalent to 44.6 umol/kg),
high-salinity (34.2-34.6) water lenses at the subsurface level (100-400 m depth) due to their near coastal
formation associated with PCUC instabilities and the associated ESSW (Contreras et al., 2019; Czeschel
et al., 2015; Hormazabal et al., 2013; Morales et al., 2012; Stramma et al., 2014, 2013; Thomsen et al., 2016).
In contrast with the other lens-shaped processes mentioned above, ITEs in the ESP contribute to the trans-
port of significant volumes of water and biogeochemical tracers from the coastal upwelling area toward
the subtropical South Pacific gyre (Combes et al., 2015; Frenger et al., 2018; Johnson & McTaggart, 2010).
The vertical displacements of the isopycnals observed in ITEs can reach 50 m in the seasonal pycnocline
(upper oxycline) and 250 m in the permanent pycnocline (lower oxycline). The seasonal fluctuation in the
poleward expansion of the PCUC may compete with ITEs located near the coast in terms of driving vertical
displacements of the seasonal pycnocline, but this mechanism is unlikely for the permanent pycnocline
(Pizarro-Koch et al., 2019). High-order baroclinic modes of low-frequency Rossby waves have been reported
to generate relatively smaller displacements at the semiannual (~10 m, concentrated near the surface above
100 m depth; Ramos et al., 2006) and interannual (~30 m; Ramos et al., 2008) scales. Owing to the relatively
strong vertical displacements ITEs produce locally, they might play a significant role in the vertical OMZ
variability.

In this study, we took advantage of the lens-shape signature in the water column properties and the surface
expression in the sea surface height of ITEs to identify their effect on the vertical variability in the OMZ
boundaries in the ESP. In situ profiles of temperature, salinity, and DO concentration within the OMZ
region and correlation analyses between anomalous vertical displacements of oxyclines and isopycnals/iso-
therms were used to obtain a spatial characterization of the influence of ITEs. This analysis was conducted
in combination with the application of an objective eddy detection method based on satellite altimetry to
identify whether such profiles were located outside or within eddies and to distinguish between profiles in
cyclonic eddies (CEs) and anticyclonic eddies (AEs). In this study, the emphasis was placed on the upper
oxycline because of its relevance in terms of biogeochemical cycling within the OMZ and habitat compres-
sion for a great proportion of marine life other than microbes.

2. Data and Methods
2.1. World Ocean Database (WOD2013) and Argo Profiles

In situ ocean vertical profiles of temperature, salinity and DO concentration over the 1928-2016 period were
obtained for the ESP region from three different sources, including the World Ocean Database 2013 (1928-
2013, WOD2013; Boyer et al., 2013; http://www.nodc.noaa.gov/OC5/WOD13), the International Argo Pro-
gram (2000-2016; Argo, 2000; downloaded from http://www.argo.ucsd.edu on 23 February 2018), and Argo
profiles available from the Chilean community (O. Ulloa, pers. com.). The WOD2013 database is a compila-
tion of profiles from ocean stations (OSD), some profiling floats not present in the Argo database (PFL), and
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CTD-O data (conductivity-temperature-depth-oxygen) obtained from

1000 several oceanographic cruises focused on the characterization of water

900 mass distributions from the mesoscale to regional-basin scales (Boyer

800 et al., 2013). Data obtained from free-drifting profiling floats (Argo type)

700 _g have already allowed the characterization of mesoscale processes, such

5 as subsurface eddies (Chaigneau et al., 2011; Johnson & McTaggart, 2010;

. 3 Pegliasco et al., 2015), and their nearly random sampling procedure is

500 particularly suitable for the purposes of the present study. To avoid sam-

400 pling uncertainties, only quality-controlled data were considered in this

300 study (“accepted values” and “good data” from the WOD2013 and Argo

120°W 108°W  96°W  84°W  72°W datasets, respectively; see documentations at https://data.nodc.noaa.gov/

woa/WOD13/DOC/wod13readme.pdf and https://argo.ucsd.edu/data/

how-to-use-argo-files). Additional postprocessing was applied to profiles
presenting some noisy signals within the upper and/or lower oxycline.

600
400

200 A total of 9,506 profiles (28% of the total profiles available) were detected

to show a well-defined OMZ (DO < 1 ml/L) located between the surface
and deep oxygenated water masses in the study region (Figure 1). For
each profile, the depth of isopycnals in the 25.5-27.5 kg/m® range (with
steps of 0.1 k/ m®) and the depth of isotherms in the 3-23°C range (with
steps of 1°C) was calculated. These ranges correspond to hydrographic
properties observed in the ESSW water mass associated with the OMZ in

(9)e2s-b60]) sajyoid Jo JoquInNN

120°W 108°W  96°W  84°W  72°W
the ESP (Hormazabal et al., 2013; Morales et al., 2012; Silva et al., 2009;
Figure 1. Climatological (time-mean) depth distribution of the upper Stramma et al., 2013). The depths of the upper and lower oxyclines were
(contours) and lower (background color) oxycline in the ESP from the determined by identifying the boundaries of the depth range with DO
World Ocean Atlas 2013 (WOA 2013) product (a) and distribution of concentrations < 1 ml/L. However, it was first verified that from sur-

WOD2013 (gray dots) and Argo (black dots) CTD-O profiles in the ESP
where low-oxygen waters were detected (b). In b, the spatial subdomains
used to aggregate profiles are superimposed (see Section 2.4), and

face to bottom, DO decreased (increased) through the upper (lower)
oxycline. When DO crossed the 1 ml/L threshold more than two times

the background color code represents the number of profiles in each over a profile (i.e., more than one upper or lower oxycline was found), a
subdomain that were available for the analysis. In both figures, the blue gradual smoothing was applied until it was crossed only twice. In these
line indicates the horizontal or offshore climatological boundary of the cases (~22% of the profiles within the OMZ), identical smoothing was

OMZ (DO: 1 ml/L). CTD-O, conductivity-temperature-depth-oxygen; DO,
dissolved oxygen; ESP, eastern South Pacific; OMZ, oxygen minimum

zone; WOD, World Ocean Database.

applied to the temperature and density profiles for data coherence. Then,
the OMZ thickness was estimated. The selection of the 1 ml/L threshold
was based on the following elements: (a) it is consistent with physiolog-
ical data, indicating that a DO concentration range of 60-120 umol/kg
(~1.35-2.7 ml/L) was already seriously hypoxic for many marine organ-
isms (Ekau et al., 2010), (b) it was previously considered for OMZ studies in the ESP (Fuenzalida et al., 2009;
Hidalgo et al., 2005; Morales et al., 1999), and (c) it is consistent with the levels of DO observed in the core
of ITEs off Chile (Hormazabal et al., 2013; Morales et al., 2012) and Peru (Stramma et al., 2013; Thomsen
et al., 2016).

2.2. Satellite Data and Eddy Tracking

Satellite altimetry data over the 1993-2016 period were obtained from the Pujol et al., 2016 product (Pu-
jol et al., 2016; http://www.aviso.altimetry.fr). This product accurately represents the mesoscale activity in
coastal regions of eastern boundary upwelling systems, where mesoscale features have been proven to play
a crucial role in the export of coastal water masses toward the open ocean (Capet et al., 2014). These data
were used to identify the presence of mesoscale eddies and to identify when a given in situ profile was locat-
ed outside or inside a cyclonic eddy (CE) or an anticyclonic eddy (AE).

Objective eddy detection was carried out using the “py-eddytracker” procedure (http://imedea.uib-csic.es/
users/emason/py-eddytracker) based on the detection of closed contours in sea level anomalies (Mason
et al., 2014) from satellite altimetry data. Before running the eddy detection algorithm, daily fields of sea
level anomalies were spatially high-pass filtered by removing a smooth field obtained from a Gaussian filter
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with a zonal (meridional) major (minor) radius of 10° (5°). Contours of sea level anomalies were computed
at 0.2 cm intervals for levels —100-100 cm, and closed contours were searched from 100 (—100) cm down-
ward (upward) to identify cyclones (anticyclones). To be selected as the effective perimeter of an eddy, an
identified closed contour must meet a series of criteria related to amplitude (1-150 cm), radius (0.35-4.46°),
and number of local extrema (limited to 1). To maximize eddy detection along individual sections, we did
not filter out highly irregular closed contours. Indeed, the weak surface signal of ITEs makes it challenging
to detect their presence in altimetry satellite data (Assassi et al., 2016; Stramma et al., 2014).

2.3. Detection of Lens-Shape versus Vertically Coherent Signature in Hydrographic Profiles

Climatological (time-mean) hydrographic profiles from the World Ocean Atlas (WOA 2013; Locarnini et al.,
2013; Zweng et al., 2013; Garcia et al., 2014) were used to calculate anomalies of the depth of isopycnals,
isotherms, upper and lower oxyclines, as well as of OMZ thickness for each CTD-O and Argo profile (see
Section 2.1). To do so, the WOA 2013 values were spatially interpolated at the longitude/latitude position of
each profile. Anomalies were then estimated by substracting the climatological average from data in each
profile.

The lens-shaped signature, known to characterize ITEs (McGillicuddy, 2016), was distinguished from the
signature of processes producing vertically coherent displacements of isopycnals by linear correlation anal-
yses based on a conceptual scheme of the patterns of vertical variability in the OMZ boundaries (Figure 2).
Pearson's correlations were performed between subsets of data (see Section 2.4) of the anomalous depth
(and vertical displacements) of isopycnals in the 25.5-27.5 kg/m”® range (and isotherms in the 3-23°C range)
and of the vertical OMZ boundaries, including the upper and lower oxycline and its thickness (or rate of
expansion). The statistical significance was tested using the t-test.

For a given subset of profiles, correlation coefficients were computed as follows:

n oMZ OMZ ISOPYCNAL(() ISOPYCNAL(i)
pzl(Zp -Z )-(Zp -Z

- 2 ) —_— 2
\/ ;:l(ngZ _ ZOMZ) \/ ;:1 [Z;SOPYCNAL(I) _ ZISOPYCNAL(;)J

RISOPYCNAL(i) _

where p represents profiles, n is the number of profiles in the subset (i.e., sample size; n—1 when we con-
sider displacement), Z[(,)MZ is the pth sample of anomalous depth (or vertical displacement) of the upper

or lower oxycline, or the sample of OMZ thickness (or rate of vertical expansion), Z;SOPYCNAL([) is the pth

sample of depth (or vertical displacement) of the ith isopycnal (ISOPYCNAL(I) = 0.1 - (i—1) + 25.5 kg/m’,

where i = 1-21), and Z°™ and Z ISOPYCNAL(i) are the average over the n profiles. The same procedure was

applied for the isotherms (ISOTHERM(i) = i + 2°C, where i = 1-21).

Basically, a dominant signature of lens-shaped processes in the upper oxycline is identified when anoma-
lous vertical displacements in the upper oxycline correlate negatively with those in the lower isopycnals/
isotherms, and positively with those in the upper isopycnals/isotherms. The same applies for the lower
oxycline when its anomalous vertical displacements correlate negatively with those in the upper isopyc-
nals/isotherms, and positively with those in the lower isopycnals/isotherms (Figure 2a). The local vertical
expansion and contraction of the OMZ is reflected in a positive (negative) correlation between the rate of
expansion of the OMZ and vertical displacements in the lower (upper) isopycnals/isotherms. In contrast,
the OMZ experiences mostly vertically coherent displacements when vertical displacements in the upper
and lower oxyclines correlate positively with those in isopycnals/isotherms over the whole water column
(Figure 2b), as it is expected in surface cyclonic and anticyclonic eddies for instance. In this case, the OMZ
thickness may remain unaltered, or its variations may correlate positively with vertical displacements in iso-
pycnals/isotherms in the water column owing to the limitation of the upward position of the upper oxycline
by the surface mixed layer ventilation. In the case of surface eddies, the patterns of OMZ vertical variability
may represent a mixture of these two patterns if the lower oxycline (permanent pycnocline) is located below
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Figure 2. Conceptual scheme of the patterns of vertical variability in the OMZ boundaries (light blue color in top
panels) and the associated data dispersion diagrams and expected correlations between the oxycline and isopycnal
depths (central and bottom panels) due to processes producing displacements with (a) lens-shaped or (b) vertically
coherent signatures. Top panels: black (red) lines are the upper and lower oxyclines (isopycnals/isotherms), and dotted
lines represent the perturbations of isopycnals/isotherms following the lens-shaped (green) and vertically coherent
(blue) signatures; depth references are indicative and correspond to observations of the OMZ in the ESP. Central
(bottom) panels: depth of the upper (lower) oxycline versus the depth of the lower (upper) isopycnals/isotherms for
each case and the corresponding sign of the significant correlation coefficients (R); black crosses represent the isolines
(theoretical sinusoids) and gray areas are indicative of a more realistic dispersion. Note that in the lens-shaped case, R
values will be positive between the depth of the upper (lower) oxycline and that of the upper (lower) isopycnals. ESP,
eastern South Pacific; OMZ, oxygen minimum zone.

the depth range occupied by a surface eddy, so that a lens-shaped signature can be only identified in the
upper oxycline (seasonal pycnocline).

2.4. Spatial Characterization of the Vertical Variability in the OMZ Boundaries

To characterize the spatial pattern of vertical OMZ variability, the selected profiles were first sorted into
five arbitrary meridional bands extending from 0° to 40°S (Figure 1). The coastal band was defined by the
subdomain extending from the 500 m isobath to 3° offshore to exclude the continental shelf, the adjacent
band defined the coastal transition zone (CTZ: 3-10°), and three further offshore bands were considered
(10-20°, 20-30°, and 30-40° offshore of the 500 m isobath). The profiles were subsequently aggregated into
2° latitude bins.

Correlation analyses of depth anomalies or vertical displacements were performed separately in each of the
subdomains defined above, considering three types of datasets (each one with at least six profiles). First, the
pool of depth anomalies of oxyclines and isopycnals/isotherms available in each subdomain over the 1928-
2016 period were analyzed, without accounting for the spatiotemporal coherence between them. Second,
the analyses were focused on the vertical displacements between those profiles displaying spatiotemporal
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coherence to resolve the mesoscale field in each subdomain. Third, the same procedure was repeated along
individual sections that resolved the mesoscale in each subdomain.

In the last two types, the collocation of each CTD-O and Argo profile with satellite altimetry data over the
1993-2016 period and objective eddy detection (see Section 2.2) made it possible to identify whether a pro-
file was located outside or inside an eddy. Then, the correlation analyses were repeated in each subdomain
for each subset of vertical displacements outside eddies, inside CEs and inside AEs.

Two profiles were considered to resolve the mesoscale field if the “horizontal distance” and “time-lapse” be-
tween them did not exceed certain thresholds with regard to the average distance between two stations for
sampling the same eddy (i.e., eddy diameter) and to the average duration, as a fixed station can be affected
by a passing eddy given its size and westward propagation speed (i.e., eddy diameter divided by propagation
speed). Eddies are larger and move faster at lower latitudes such that thresholds, horizontal distances and
time-lapses depend on latitude, with two different regimes detected north and south of 10°S (Chaigneau
et al., 2009). Based on this pattern (see Figure 1d in Chaigneau et al., 2009), we established linear regres-
sions between both thresholds and latitude (positive in the Southern Hemisphere) for the two regimes:

South of 10°S: Horizontal distance (km ) = —4,3333 x Latitude °S) + 303,3333 1.1)
Timelapse (d) = 1,6142 x Latitude(°S ) + 35,7422 1.2)

North of 10°S: Horizontal distance (km ) = ~12 x Latitude(°S) + 380 (2.1)
Timelapse(d) = 3,518 x Latitude(°S ) + 16,7033 (2.2)

3. Results
3.1. Examples of the Impact of the ITE Signature on Vertical OMZ Variability

A visual analysis of individual sections of CTD-O profiles provides examples of the lens-shaped signature
represented in Figure 2a. The influence of ITEs on producing such a shape is supported by concurrent ob-
servations of anticyclonic swirls in the satellite altimetry data.

First, the imprint of ITEs inside the OMZ (Figure 3) is exemplified by a section sampled at 20-22°S and
200-300 km from the coast (71-74°W). Over a 3-month period in 2008, three occurrences of the lens-shaped
signature associated with ITEs were recorded along the section. Simultaneous elevations (depressions) of
the upper (lower) isotherms, isopycnals and oxycline are clearly detected from April 8th to 26, 2008, May 5
to 14, 2008, and May 29 to July 1, 2008 and were associated with a marked high-salinity subsurface anom-
aly (Figures 3a-3d). Satellite altimetry reveals that the same ITE seems to have been sampled during these
three instances (Figures 3g, 3h, 3j, and 31-30). Other profiles sampled over the edge of surrounding CEs
and vertical movements due to these structures were rather vertically coherent (Figures 3a, 3c, and 3d).
The impact of ITEs overwhelmed the effect of these processes over the whole section, as attested by the
lens-shaped signature in the correlation patterns obtained between the depth of oxyclines and isopycnals/
isotherms (Figure 3p).

Second, a section sampled 400-600 km away from the coast (24-26°S, 74-78°W) over a 10-month period
in 2012-2013 (Figure 4) provides an example of ITE imprints on the horizontal borders of the OMZ off
northern Chile. Three ITEs were sampled along this section. The first profiles were sampled in the region
between two ITEs, which were later sampled at their centers around May 27 and from July 26 to August
5, 2012 (Figures 4e-4h). In waters between these ITEs, the high-salinity subsurface anomaly was lost (Fig-
ure 4b), and the OMZ became thinner due to a simultaneous deepening (shoaling) of the upper (lower)
oxycline (Figure 4d). The second ITE was sampled at its center from July 26, to August 5, 2012 (Figure 4h)
and later from September 4, to October 4, 2012 (Figure 4j). The OMZ became thinner from October 4, to
December 3, 2012 when profiles were sampled outside an AE (Figure 4k). Then, a third ITE hosting a thick
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Figure 3. Vertical sections of (a) temperature (°C), (b) salinity, (c) density (kg/m?), and (d) DO (ml/L) as a function of the accumulated distance between
consecutive profiles (x-axis) from the “CL001072” profiling float in the PFL data set (March 30 to July 1, 2008, WOD2013), together with selected snapshots (e-
o) of sea level anomalies (Pujol et al., 2016) within the time period of the section. Temperature, density and DO values out of the ranges 3-23°C, 25.5-27.5 kg/
m?, and 0-1 ml/L, respectively, are shaded white. In each snapshot, stars indicate the eddy center, circles show the coordinates of all the stations sampled since
the date of the preceding snapshot, and the color scale represents the sea level anomaly (blue in CE, red in AE). Vertical lines and circles in subplots a-d and
e-o, respectively, are alternately differentiated in color to distinguish different sets of profiles (a—d) in each snapshot (e-0). The bottom-right corner diagram (p)
represents the individual patterns of Pearson's correlation between the depth of isopycnals in the 25.5-27.5 kg/m? range, shown in red (isotherms in the 3-23°C
range, shown in blue) and the depth of the upper/lower limits of the OMZ (dashed and solid lines, respectively), considering the profiles in subplots 3a to 3d.
DO, dissolved oxygen; OMZ, oxygen minimum zone; WOD, World Ocean Database.

OMZ and a well-marked high-salinity subsurface maximum were followed for a 4-month period between
December 3, 2012 to April 2, 2013 (Figures 41-40).

Third, a section sampled 1,400-1,700 km away from the coast (18-20°S, 84-87°W) over a 13-month period
in 2015-2016 (Figure 5) provides a very explicit example of the transport of low DO anomalies by ITEs
beyond the horizontal, offshore borders of the OMZ. Along this section, profiles with an OMZ were en-
countered only within lens-shaped structures that satellite altimetry data confirmed to be ITE structures.
Four ITEs surrounded by oxygenated water masses (DO > 1 ml/L) were actually sampled and detected from
altimetry data during the following dates: January 21 to February 9, 2015 (Figure 5e), April 18 to July 16,
2015 (Figures 5g-5i), August 5 to October 13, 2015 (Figures 5j and 5k), and December 11, 2015 to January
19, 2016 (Figures 5m and 5n). Low DO anomalies outside the OMZ are probably not exclusively associated
with ITEs; however, the fact that they were only encountered within ITEs in this latter example suggests a
noticeable role of ITEs in anomalous deformations of the horizontal climatological boundary of the OMZ
(blue line in Figure 1).
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Figure 4. Same as in Figure 3 but for the “99010250” profiling float in the PFL data set (May 27, 2012 to April 2, 2013; WOD2013). (a—d) Vertical lines indicate
the profiles considered in the correlation analysis (color) or not (dashed gray). WOD, World Ocean Database.

3.2. Vertical OMZ Variability Using the Whole Set of Profiles

In the case of correlation analyses (using 9,506 profiles) performed without including spatiotemporal coher-
ence between profiles (see Section 2.4), the vertical depth anomalies in the climatological OMZ appear to be
dominated by a lens-shaped signature (Figure 6). However, latitudinal heterogeneity is detected, and cor-
relations noticeably weaken (especially for the lower oxycline) as the OMZ becomes more intense toward
the equator (Figure 1a). The pattern observed in OMZ thickness is very similar to that displayed by depth
anomalies in the lower oxycline.

In the coastal band (Figures 6a-6c¢), three latitudinal subregions can be distinguished. Off southern Peru
and Chile (south of 14°S), the correlation patterns for both oxyclines and the OMZ thickness indicate a
dominant lens-shaped signature of variability. The density in the core of lens-shaped patterns is estimated
to decrease from 26.6 kg/m® to 26.4 kg/m’ and temperature to increase from 11°C to 13°C (not shown)
toward the equator, which is especially clear in the upper oxycline and the OMZ thickness. In a narrow
band off central Peru (10-14°S), such pattern is less clear for the upper oxycline (i.e., a significant negative
correlation with the lower isopycnals associated with poorly significant positive ones with the upper isopy-
cnals), whereas the lower oxycline and the OMZ thickness display a vertically coherent signature. Notably,
the density in the core of the lens-shaped pattern found for the upper oxycline drops to 26 kg/m® (16°C for
temperature, not shown) in this area. Off northern Peru (0-10°S), the upper oxycline variability appears
to be mainly affected by vertically coherent processes, while those of the lower oxycline and the OMZ
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Same as in Figure 4 but for the Argo float 6900527 (January 20, 2015 to February 27, 2016; Argo database).

thickness are dominated by a weak lens-shaped signature with a density of 26.4 kg/m® in its core (12°C for
temperature, not shown).

The correlation patterns obtained by merging all the profiles located in the CTZ (3-10° from the coast; Fig-
ures 6d-6f) are similar to those in coastal waters, but the lens-shaped signature is more clearly detected espe-
cially off central Peru (10-14°S), where the density in the core of the lens-shaped pattern (26.4 kg/m?) is not
found to drop as in the coastal band. In offshore waters beyond the CTZ (10-40° from the coast; Figures 6g—
60), the subregion with a dominant lens-shaped signature expands slightly toward the equator (up to 6°S),
but significant correlations progressively disappear toward the southern latitudes. This pattern is explained
by the tongue distribution of the OMZ in the ESP (Figure 1a), with decreasing offshore extension toward the
pole, so that the number of offshore profiles falling in the OMZ gradually decreases with increasing latitude.

3.3. Vertical OMZ Variability in the Mesoscale Field

The role of mesoscale processes, especially eddies, on the vertical OMZ variability can be deduced from cor-
relation analyses of the vertical displacements of the oxyclines and isopycnals/isotherms between profiles
resolving the mesoscale (see Section 2.4), further associated with a collocation of CTD-O (1928-2013) and
Argo profiles (2000-2016) with satellite altimetry data (1993-2016) and an objective detection of mesoscale
eddies (see Section 2.2). Figure 7 presents a focus on the upper oxycline because of its higher relevance to
biogeochemical cycles and the distribution of pelagic organisms in regions with intense OMZs.
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Figure 6. Diagrams of Pearson's correlations among depth anomalies in the upper oxycline (left), the OMZ thickness
(center) and the lower oxycline (right) with respect to the depth anomalies of isopycnals in the 25.5-27.5 kg/m” range
at different meridional (y-axis) and latitudinal bands (x-axis), without considering spatiotemporal coherence in the
hydrographic profiles over the 1928-2016 period (see Section 2.4). Only significant correlations (p < 0.05) are colored.
A negative correlation between the depth of the upper (lower) oxycline and the depth of the lower (upper) isopycnals/
isotherms, together with a positive correlation with those of the upper (lower) isopycnals/isotherms, indicates that the
upper (lower) oxycline is dominated by a lens-shaped signature. OMZ, oxygen minimum zone.

In comparing with the previous analysis (Section 3.2) which did not account for spatio-temporal coherence
between profiles (see Figure 6), correlation patterns obtained from the displacements of the upper oxycline
at the mesoscale (1928-2016 period; Figure 7, first column) are found to be very similar, but correlations
are noticeably lower and less significant; the same result is obtained for the lower oxycline analyses (not
shown). This demonstrates the importance of mesoscale processes in driving the vertical OMZ variability
south of 8°S in the coastal band and the CTZ and, to a lesser extent, in offshore waters south of 4°S. North
of those latitudes, the mesoscale variability in both oxyclines appears to be mostly dominated by a weak
influence of vertically coherent processes.

When restricting the latter correlation analyses to the period covered by satellite altimetry data (1993-2016;
Figure 7, second column) to evaluate more specifically the impact of mesoscale eddies on the vertical OMZ
boundaries, correlation patterns are similar to those described for the 1928-2016 period (Figure 7, first col-
umn). They are only slightly modified in the coastal band and the CTZ (Figures 7f and 7g), while remaining
nearly unchanged beyond the CTZ (Figures 7h-7j). In the coastal band, the vertically coherent signature
off northern Peru (<8°S; Figure 7a) is lost (Figure 7f) and the same occurrs in the CTZ (Figure 7g) for the
lens-shaped signatures north of 16°S (Figure 7b). Thus, it was not possible to evaluate the role of mesoscale
eddies in these areas.

The vertically coherent displacements detected in the CTZ and further offshore off northern Peru (0-8°S;
Figures 7g and 7h) are encountered both inside and outside eddies (Figures 71, 7m, 7q, 71, 7v, and 7w), which
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inside CEs (fifth column) are shown. Only significant correlations (p < 0.05) are colored.

suggests that the mesoscale eddies involved are surface eddies. By contrast, south of 8°S, a large part of the
lens-shaped signature, observed when all profiles are considered (Figure 7, second column), can be attrib-
uted to vertical displacements outside eddies (Figure 7, third column). However, displacements in AEs also
appear to explain an important part of this lens-shaped signature (Figure 7, fourth column). Particularly,
the lens-shaped signature encountered in the CTZ on the southern flank of the OMZ (16-26°S, Figure 7g)
is almost exclusively due to AEs (Figure 7q). In the coastal band (Figure 7p) and the offshore subdomains
beyond the CTZ (10-40° from the coast, Figures 7r-7t), AEs also explain some patterns of lens-shaped
signatures encountered at specific locations (see Section 4.2.1), which are not explained by displacements
observed outside eddies or inside CEs (Figure 7, third and fifth columns). Given their lens-shaped signature,
these AEs are likely to be subsurface-intensified ITEs. In CEs, a vertically coherent signature is primarily
found (Figure 7, fifth column), which corresponds to the vertical displacements of the isopycnals common-
ly observed in surface-intensified eddies.

The importance of the lens-shaped signature in the vertical OMZ variability at the mesoscale was also
evaluated through the proportion of individual sections within each subdomain, for which a significant
negative correlation was found between the displacements of the upper (lower) oxycline and lower (upper)
isopycnals (p < 0.05 for at least one isopycnal in the 25.5-27.5 kg/m® range; Figure 8). Individual sections
are considered to consist of all profiles, or only profiles outside eddies, inside CEs or inside AEs in these
sections. Although based on a small number of sections (<20; Figures 8a-8d), this analysis confirms the
results in Figure 7 (see above). For both oxyclines, this proportion is generally higher when considering only
profiles outside eddies or inside AEs (Figures 8f, 8g, 8j, and 8k) than when considering profiles inside CEs
(Figure 8h-8l). The mesoscale variability in the upper oxycline is confirmed to be ubiquitously dominated
by a lens-shaped signature south of 8°S (Figure 8e). The proportion is higher when profiles are located
inside AEs (Figure 8g) compared to outside eddies or inside CEs (Figures 8f-8h), in both the coastal band
off northern Chile-southern Peru (18-22°S) and the CTZ (to 20° from the coast) in the southern border of
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(fourth row).

the OMZ off northern Chile and Peru (north of 26°S). This AEs imprint is lost further offshore, where the
lens-shaped signature is mostly found for profiles outside eddies (Figure 8f). Figure 8 also demonstrates
that the mesoscale variability in the lower oxycline is mostly dominated by a lens-shaped signature in the
horizontal borders of the OMZ (i.e., in the CTZ equatorward of 6°S and in the southern border of the OMZ
outside the coastal band; Figure 8i). This lens-shaped signature is generally dominant outside eddies and
inside CEs in the coastal band and in offshore waters beyond 20° from the coast (Figures 8j-81), while it is
dominant in AEs only in the CTZ (to 20° from the coast) and in the southern border of the OMZ (Figure 8k).

A quantitative measure of the effect of mesoscale eddies on upper oxycline variability is provided by ana-
lyzing the vertical displacements observed between profiles outside eddies, inside CEs and inside AEs. The
distribution of the absolute displacements of the upper oxycline is shown for each meridional band. Profiles
with a lens-shaped signature were separated from those showing vertically coherent displacements (dots
and lines, respectively; Figure 9). It is noteworthy that the distributions were normalized by the total num-
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ber of profiles available in each category, since the number of profiles detected outside eddies is an order of
magnitude higher than inside eddies, so they are expressed in %. The distribution for profiles outside eddies,
inside CEs and inside AEs are very similar. Yet, the displacements inside AEs (red) are slightly greater than
those outside eddies (blue) or inside CEs (green) when >40 m and the opposite is found for those <40 m.
Thus, there is a slightly higher probability of observing important displacements (>40 m) inside AEs than
outside AEs. This fact is especially evident in the coastal band (Figures 9a and 9b), as well as in offshore
waters beyond the CTZ (20-40° from the coast; Figures 9g, 9h, 9i and 9j). The same pattern is found when
comparing displacements associated with lens-shaped and vertically coherent signatures. A higher per-
centage of displacements >40 m is generally found when displacements are associated with a lens-shaped
signature, and the opposite is found for displacements <40 m.

4. Discussion
4.1. A Dominant Lens-Shaped Pattern of Vertical OMZ Variability

The dominance of either lens-shaped or vertically coherent signatures in the vertical OMZ variability,
which emerged in our correlation analyses, depends on the local expression (amplitude) and the recurrence
of perturbations induced in the isotherms/isopycnals/oxyclines by a variety of physical processes. All these
processes have a wide range of wavelengths and temporal frequencies, and the vertical displacements that
they produce can vary by one order of magnitude (from 30 m to 250 m) off Peru and Chile. Then, our cor-
relation analyses are biased by nonhomogeneous spatiotemporal sampling of the WOD2013 and Argo data-
sets. It is also worth mentioning that the temporal resolution of our data set (at best daily) does not resolve
high frequency internal waves, which usually affect the upper oxycline along the shelf break off Peru and
display a lens-shaped signature of isopycnals (Grados et al., 2016).

Our analysis of WOD2013 and Argo data in the eastern South Pacific suggests that vertical anomalies in
the climatological OMZ mostly take the form of opposite vertical displacements of the upper and lower
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oxyclines. Since this is generally associated with opposite vertical displacements of the seasonal and perma-
nent pycnoclines, this lens-shaped signature can be attributed to physical rather than biological processes.
As expected, our results indicate that a great part of this lens-shaped vertical OMZ variability has nothing
to do with mesoscale processes, which is noticeably the case for the lower oxycline near the equator and the
upper oxycline at the southern border of the OMZ (see Sections 3.2 and 3.3). Changes in the horizontal dis-
tribution of water properties at the regional scale are caused by long-term trends (e.g., ocean deoxygenation;
Breitburg et al., 2018), low-frequency wave activity and changes in the mean circulation which affect the
depth of the upper and lower oxyclines. For instance, the interannual equatorial waves associated with the
eastern Pacific El Nifio modify the circulation through the radiation of extratropical Rossby waves (Ramos
et al., 2008; Vega et al., 2003) and the geostrophic adjustment forced by the poleward advection of equatorial
warm waters (Colas et al., 2008; Dewitte et al., 2012), and such events are associated with a deepening of
the upper oxycline (Morales et al., 1999). The seasonal to interannual variability in the Equatorial Current
System (Kessler & Gourdeau, 2006) also leads to fluctuations in the water mass transport by the PCUC
(Combes et al., 2015; Pizarro-Koch et al., 2019) which is another source of variability for both oxyclines.

Notably, vertically coherent signatures are only found for the upper oxycline off northern Peru (north of
10°S) and the lower oxycline off central Peru (10-14°S). Off northern Peru, this suggests a direct impact of
low-frequency wave activity (Belmadani et al., 2012; Echevin et al., 2014; Huyer et al., 1987), while off cen-
tral Peru this could result from the preferential generation of Rossby waves by intraseasonal coastal-trapped
waves in this area (Belmadani et al., 2012).

4.2. Impact of ITEs on the Vertical OMZ Variability in the Mesoscale Field

Mesoscale processes do contribute to the lens-shaped signature in the vertical OMZ variability south of 8°S
in the coastal band and the CTZ, and south of 4°S further offshore, and most of this is clearly attributed to
AEs at specific locations in the coastal band and in the southern border of the OMZ in the CTZ (3-20° from
the coast). Their lens-shaped signature suggests that they are actually subsurface-intensified ITEs. Notably,
the smoothing process applied to some noisy profiles (Section 2.1) likely reshapes some fine-scale vertical
variability in the upper and lower oxycline, but we verified that this process does not create artificial struc-
tures resembling ITEs (not shown). As discussed in the following section, the observed meridional changes
in the influence of ITEs on the vertical OMZ variability in the coastal band are in line with previous obser-
vational and modeling evidence in the ESP.

4.2.1. Coastal Waters

In coastal waters of Chile (south of 14°S), the density in the core of lens-shaped patterns from correlation
analyses are estimated to increase poleward from 26.4 kg/m? to 26.6 kg/m’ (Figures 6a—-6c) and temperature
to decrease from 13°C to 11°C (not shown). These trends are in fair agreement with the poleward evolution
of water mass properties in the PCUC (Silva et al., 2009) and the available observations of young ITEs off
Peru (Stramma et al., 2013; Thomsen et al., 2016) and Chile (Hormazabal et al., 2013; Morales et al., 2012).
This finding is consistent with the mixing of the ESSW transported by the Peru-Chile Undercurrent with
the colder and denser SAAW off Peru and Chile (Silva et al., 2009).

In the coastal area, ITEs have only been detected off southern Peru (12-18°S; Altabet et al., 2012; Stramma
et al., 2013; Thomsen et al., 2016) and central-southern Chile (28-38°S; Hormazabal et al., 2013; Morales
etal., 2012). This corresponds to the latitudes where lens-shaped patterns clearly emerge in the variability in
the upper oxycline inside AEs (Figure 7). A subsurface eddy detection analysis based on a multidecadal hy-
drodynamic modeling study in the ESP (Combes et al., 2015), in fair agreement with the latter observations,
suggests that ITEs are preferentially generated off southern Peru (12-18°S) and central-southern Chile
(22-40°S), while they are rare north of 12°S off Peru. Thus, ITEs appear to dominate the upper oxycline
variability precisely where their presence has been observed and simulated (see Figure 7 and Section 3.2).
By contrast, ITEs do not affect the variability in the lower oxycline off southern Peru (12-18°S, not shown).
In this area, the lower oxycline (Fuenzalida et al., 2009) indeed stands below the depth range occupied by
ITEs (<600 m; Hormazabal et al., 2013; Stramma et al., 2013, 2014).
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An increasing influence of ITEs on the vertical OMZ variability from Peru to Chile would be expected
from the poleward attenuation of low-frequency waves (Belmadani et al., 2012). However, the lens-shaped
signature at the mesoscale in the coastal band off Chile is mostly due to vertical displacements outside
eddies. At the southern tip of the OMZ, the PCUC indeed undergoes large variability at the intraseasonal
scale (20-90 days; Illig et al., 2018a, 2018b), which likely overwhelms the effect of ITEs on the vertical OMZ
variability at the mesoscale level.

4.2.2. Offshore Waters

The signature of ITEs in offshore waters is generally found on the southern border of the OMZ for both
the upper and lower oxyclines. In agreement with cross-shore sections of water mass properties in the
ESP (Silva et al., 2009), the core of the lens-shaped patterns makes colder and denser from the coast to
the CTZ and beyond it (Figure 7). This is especially true from 10°S to 22°S (southern Peru), where the
density in the core of lens-shaped patterns increases by ~0.3 kg/m? between the 3-10° (CTZ) and 20-40°
bands. ITEs are found to dominate the vertical OMZ variability in the CTZ (3-20° from the coast) south of
16°S (Figure 7), implying that surface eddies, barotropic modes of Rossby waves and Ekman pumping (see
Introduction) only play a minor role in this area. This finding suggests an impact of ITEs on the offshore
extension of the coastal OMZ. Based on Argo and satellite altimeter data, Pegliasco et al. (2015) estimated
that 55% of all anticyclones in the Peru-Chile upwelling system are subsurface-intensified. This estimate
agrees with the probability (generally lower than 60%) of finding the lower oxycline variability inside AEs
being dominated at the mesoscale by a lens-shaped signature (Figure 8). However, the same probability for
the upper oxycline generally ranges between 40% and 80%. Such a surprising feature may simply result from
greater displacements of the lower isopycnals in ITEs compared with surface AEs, while the difference in
displacements of the upper oxycline is comparatively weak. Beyond the CTZ (20-30° from the coast), the
lens-shaped signature in the upper and lower oxycline variability is mostly driven by vertical displacements
outside eddies (Figure 7). However, the sea surface height signature of ITEs is weak in the offshore region
(Frenger et al., 2018; Stramma et al., 2014). Hence, we expect that some profiles sampling ITEs have been
erroneously classified as being outside eddies, which may lead to underestimating the effect of ITEs on the
upper oxycline variability in offshore waters beyond the CTZ.

4.2.3. Impact of ITEs on the Horizontal Shape of the OMZ

Making the assumption of uniform dissipation rates of ITEs in the ESP and a poleward oxygenation of the
Peru-Chile Undercurrent, the latter result raises the question of whether or not the shape of the large-scale
OMZ in the ESP, characterized by a decreasing offshore extension toward the pole (Fuenzalida et al., 2009),
may partly arise from a combination of slowing westward eddy propagation (Chaigneau et al., 2009) and
increasing oxygenation in ITEs toward the pole (Silva et al., 2009). This finding would imply that interan-
nual variations in the shape of the large-scale OMZ in the ESP (including the potential role of ITEs in OMZ
ventilation) are affected by the volume of ITEs generated near the coast and by the intensity of transport
by the Peru-Chile Undercurrent, which carries low-oxygen anomalies poleward along the coast. In a mod-
eling study, Combes et al. (2015) found that while the transport by the Peru-Chile Undercurrent increases,
the number and volume of ITEs decrease during strong El Nifio events. These authors speculated that this
occurrence was due to a weakening of baroclinic instability caused by the relaxation of isopycnals along the
coasts off Peru and Chile. Although very speculative, the large-scale OMZ may concomitantly contract to-
ward the coast and expand poleward during El Nifio events (and the opposite would occur during La Nifia)
with potential implications for the spatial distribution of marine organisms/populations whose habitats
are constrained by oxygen availability (Bertrand et al., 2011). This idea should be tested using modeling
approaches.

Even if ITEs do not noticeably drive the large-scale distribution of the OMZ, the horizontal borders of the
OMZ are likely to be shaped by the low DO anomalies hosted by ITEs. As shown in our series of examples
(see Section 3.1), ITEs indeed propagate westward, transporting low DO anomalies trapped in the coastal
core of the large-scale OMZ (Hormazabal et al., 2013; Thomsen et al., 2016) toward more oxygenated off-
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shore waters. Thus, ITEs together with surface CEs (Chaigneau et al., 2011) actively modulate ventilation
processes at the horizontal borders of the OMZ through cross-gradient horizontal eddy advection (Betten-
court et al., 2015; Vergara et al., 2016).

4.3. Potential Influence of ITEs on the Marine Food Web

North of 12°S, the distribution of fish communities in the surface ocean likely responds to the variability
in the upper oxycline at the mesoscale level due to both surface eddies and coastal-trapped waves and at
the submesoscale level due to fronts and internal waves (Grados et al., 2016). South of 12°S, we found that
ITEs strongly affect the variability in the depth of the upper oxycline in the CTZ, bringing very low-oxygen
anomalies close to the surface (50-100 m depth; Hormazabal et al., 2013; Stramma et al., 2013).

Mesoscale eddies can host high levels of plankton biomass compared with the surrounding waters, thereby
causing aggregation patterns of pelagic fishes (Gaube et al., 2014; Gode et al., 2012; Hormazabal et al., 2013;
Logerwell & Smith, 2001; Nakata et al., 2000) and top predators (Tew Kai & Marsac, 2010). At the same
time, the compression of the fish habitat always occurring on top of ITEs could locally exclude species and/
or modify predator-prey relationships (Gilly et al., 2013; Prince & Goodyear, 2006). The foraging success
of large predators may be enhanced due to increased ambient light and prey concentration in the narrow
surface-oxygenated layer on top of ITEs, while the possibility for prey to hide from predation at depth is
limited by hypoxia (Gilly et al., 2013). Fish may also be easier to catch in human fisheries on top of ITEs
(Bertrand et al., 2011; Stramma et al., 2011). Thus, the generation of ITEs at the coast may contribute to
reducing the habitat volume for fish (Bertrand et al., 2004, 2010) and to spatially structuring the food web
at the mesoscale level along the southern border of the OMZ, especially in the CTZ, as already suggested in
the productive coastal area off Peru (Bertrand et al., 2004, 2008).

It is worth mentioning that the influence of ITEs on the food web may be modulated at the interannual
scale by ENSO variability, and at longer time scales, it may also strengthen in the future. The current shoal-
ing of the OMZ due to global deoxygenation already tends to compress the vertical habitat of high-oxy-
gen-demand pelagic fishes and large predators (Stramma et al., 2011). On the one hand, the effects of
ITEs should increase with a shallower OMZ, as observed during La Nifia events (Chavez, 2003) and as
expected under a scenario of increased stratification led by global warming (Echevin et al., 2012; Oerder
et al., 2015) and/or ocean deoxygenation (Breitburg et al., 2018; Keeling et al., 2010; Stramma et al., 2008).
On the other hand, the number and volume of ITEs may increase during La Nifia events, and the opposite
may occur during El Nifio (Combes et al., 2015). An intensification of the Peru-Chile Undercurrent under
global warming (Oerder et al., 2015) may also lead to more ITEs through stronger perturbations of its
flow (Thomsen et al., 2016). The food web may then be affected by an intensification of ITE activity under
global warming, especially during La Nifia events if ITEs are more frequent and the OMZ is shallower
during such events.

5. Conclusion

The unique signature that ITEs leave on the vertical distribution of temperature, salinity and DO concentra-
tion provides a clue to the mechanisms that drive the mesoscale variability in the vertical OMZ boundaries
in the ESP region. We propose that a great part of the fluctuations in the upper and/or lower oxycline at
the mesoscale comes from the activity of ITEs beyond the coastal band. We found that ITEs are the most
relevant source of variability for the upper oxycline in the CTZ and probably also further offshore on the
southern border of the OMZ. This finding suggests that the low DO anomalies transported by ITEs contrib-
ute to shaping the horizontal borders of the OMZ. Depth variations of the surface-oxygenated layer induced
by ITEs may affect the habitat volume for fish as well as for other organisms in the surface layer, creating
mesoscale variability in the structure of marine food webs and in carbon export. An intensification of ITE
activity coupled with OMZ shoaling, in the context of global warming and ocean deoxygenation, would
probably amplify their effects on food web functioning. Modeling strategies that couple state of the art
physical-biogeochemical-ecological modeling should then be applied to verify the present findings and to
assess the potential indirect effect of ITEs on the marine food web.
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