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Damian L. Arévalo-Martı́nez,
Radboud University, Netherlands

*CORRESPONDENCE

Matı́as Pizarro-Koch

matiaspizarro@udec.cl

RECEIVED 01 February 2023
ACCEPTED 16 May 2023

PUBLISHED 04 July 2023

CITATION

Pizarro-Koch M, Pizarro O, Dewitte B,
Montes I, Paulmier A, Garçon V,
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Oxygen minimum zones (OMZs) are extended oceanic regions for which

dissolved oxygen concentration is extremely low. They are suspected to be

expanding in response to global warming. However, currently, the mechanisms

by whichOMZ varies in response to climate variability are still uncertain. Here, the

variability of the subtropical OMZ off central Chile of a regional coupled

physical–biogeochemical regional model simulation was analyzed for the

period 2000–2008, noting that its fluctuations were significant despite the

relatively weak amplitude of the El Niño/Southern Oscillation (ENSO). In

particular, the interannual variability in the OMZ volume (OMZVOL, defined as

the volume with dissolved oxygen concentration (DO) ≤ 45mM) was

approximately 38% larger than that of the seasonal cycle, with maximum and

minimum anomalies of OMZVOL taking place during two cold La Niña (LN) years

(2001 and 2007). Themodel analyses further reveal that these anomalies resulted

from a combined effect of changes in (1) the oxygen-poor waters poleward

transport by the Peru–Chile undercurrent (PCUC), (2) the intensity of quasi-zonal

jets influencing the transport of water to and from the OMZ, and (3) the zonal DO

transport related to mesoscale eddy activity. Specifically, the interannual

variability of the PCUC modulated primarily the DO contents of the OMZ core

[(DO) ≤ 20mM] and secondarily the OMZVOL, while cross-shore DO transport

by the zonal jets and the eddy fluxes played a major role in ventilating and

shaping the offshore extent of the OMZ. When the OMZVOL was maximum

(minimum), the PCUC transport was slightly increased (reduced), which was
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associated with a reduction (increase) in the ventilation of the OMZ through

negative (positive) anomalies of zonal advection and DO eddy fluxes. Our results

demonstrate that significant natural interannual variability in the subtropical OMZ

off Chile originates from the interplay between oceanic equatorial

teleconnection (PCUC transport) and local non-linear dynamics (the zonal jets

and mesoscale eddies).
KEYWORDS

subtropical Eastern Pacific, oxygen minimum zone, ENSO (El Niño/Southern Oscillation),
Peru-Chile undercurrent, mesoscale eddy flux
1 Introduction

In the present and projected global warming scenario, both

model and observations indicate that the ocean is currently losing

oxygen (Bopp et al., 2013; Schmidtko et al., 2017; Grégoire et al.,

2021) and the deoxygenation trend will continue through the

twenty-first century (e.g., Bindoff et al., 2019). This condition

involves negative effects on marine ecosystems and the

biogeochemical cycles (e.g., carbon, nitrogen, and many others) in

regions where dissolved oxygen (DO) concentration is already low

(Keeling et al., 2010; Breitburg et al., 2018; Pitcher et al., 2021), such

as the oxygen minimum zones (OMZ) formed in Eastern Boundary

Upwelling Systems (EBUS) (Karstensen et al., 2008; Paulmier and

Ruiz-Pino, 2009; Garçon et al., 2019). Consensus among

simulations participating in the Coupled Model Intercomparison

Project (CMIP) has remained low in terms of the oxygen long-term

trend in the OMZs (Cabré et al., 2015; Oschlies et al., 2018;

Kwiatkowski et al., 2020), pointing out the limitations of the

global low-resolution Earth System Model simulations in

accounting for the non-linear upwelling dynamics in EBUS

(Gruber, 2011) and a certainly important role of natural climate

variability in these regions.

The sparse observational data suggests that natural climate

variability in oxygen is certainly obscuring the long-term trend

associated with external forcing of anthropogenic sources (Frölisher

et al., 2009; Gilbert et al., 2010; Long et al., 2016; Graco et al., 2017;

Ito et al., 2017). Therefore, a better understanding of the drivers

related to the OMZ variability at the range of frequencies associated

with basin-scale natural climate modes, such as the ENSO, is needed

(Frischknecht et al., 2015; Mogollón and Calil, 2017; Espinoza-

Morriberón et al., 2019). Among the EBUS experiencing a

significant variability of the OMZ associated with the interannual

to decadal timescales, the Humboldt Current System (HCS) is an

archetype. This system is under the influence of the tropical Pacific

climate variability through the efficient oceanic teleconnections

pathways at different timescales (Pizarro et al., 2002; Ramos et al.,

2008; Dewitte et al., 2012; Vergara et al., 2017; Sprintall et al., 2020).

In addition, the HCS hosts one of the most intense and relatively

shallow OMZ in the world (Huyer et al., 1987; Fuenzalida et al.,

2009; Albert et al., 2010), which makes it an ideal laboratory for a

better understanding of the OMZ climate variability despite the
02
scarcity in long-term data sets (Garcıá-Reyes et al., 2015; Breitburg

et al., 2018). Moreover, due to the large latitudinal extent of the OMZ

in the HCS (from the equator to the subtropical region ~40°S), several

physical and biogeochemical mechanisms interact heterogeneously

over its spatial and temporal variability (Paulmier et al., 2006; Pitcher

et al., 2021), which also undergo significant natural climate variability

at a wide range of frequencies from intraseasonal to interannual and

decadal time scales (Duteil et al., 2018; Duteil, 2019). Currently, a

greater focus has been placed on the ENSO-OMZ relationship in the

Northern HCS (Peruvian coast) from both observations (Gutiérrez

et al., 2008; Graco et al., 2017; José et al., 2019) and model simulations

(Mogollón and Calil, 2017; Espinoza-Morriberón et al., 2019), but less

is known about the interannual fluctuations of the OMZ in the

subtropical HCS off the Chilean coasts.

Previous modeling studies have shown the importance of the

advective and eddy cross-shore (mainly zonal in our study region)

fluxes in the seasonal variability of the OMZ off Peru and Chile. For

example, Bettencourt et al. (2015) showed two key roles of the

mesoscale eddies at the oceanic OMZ boundary between 380 and

600 m depth off Peru. On the one hand, the trajectory and mean

position of the turbulent fluxes delimit and maintain the OMZ

boundaries, and on the other hand, the high-frequency variability of

these fluxes injects DO into the OMZ, being larger than the mean

advective flux. Subsequently, Vergara et al. (2016) suggested the

existence of distinct seasonal regimes for the ventilation of the

Peruvian OMZ by eddies at its boundaries, whereas Espinoza-

Morriberón et al. (2019) showed the impact of the enhanced

mesoscale variability over the OMZ ventilation during the warm

ENSO phase through the interaction between the horizontal and

vertical eddy fluxes. Along with these mechanisms, the Peru–Chile

undercurrent (PCUC) has been recognized as the main poleward

transport pathway of the oxygen depleted Equatorial Subsurface

Water (ESSW) mass along the Peruvian and Chilean coasts,

extending southward the OMZ (e.g., Wooster & Gilmartin, 1961;

Silva and Neshyba, 1979; Silva et al., 2009). Therefore, the variability

of the OMZ features is associated with the PCUC variability (e.g.,

Hormazábal et al., 2006). Pizarro-Koch et al. (2019) showed a close

relationship between the variability of the PCUC transport with the

seasonal cycle of the OMZ in the extra-tropical region, where an

intense southward transport by the PCUC is related to a larger

OMZ volume off central Chile. However, this modulation is not
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homogeneous alongshore due to simultaneous processes, such as

disturbances in the PCUC transport by the meridionally alternating

jets [so-called striations; cf., Belmadani et al. (2017)] and mesoscale

eddy activity. The latter suggests that these zonal jets and the mean

eddy flux also shape the offshore boundary of the OMZ modulating

its cross-shore extension, even when they are lower than the mean

seasonal flux. In this study, we analyze the interannual fluctuations

of the OMZ volume of the subtropical HCS off central Chile (30°S–

38°S) in a regional simulation of a coupled physical–biogeochemical

model. This simulation was analyzed in a previous study focusing

on the seasonal cycle (Pizarro-Koch et al., 2019). This latter study

showed that the seasonal variations of the OMZ off Central Chile

can be interpreted as resulting from the interplay of mean and

(mesoscale) eddy‐induced transports of DO. We extend here the

analysis to the investigation of interannual fluctuations first

observing that they are as large as that of the seasonal cycle

despite a relatively low variance in tropical forcing over the

period of study (2000–2008). Our motivation is thus to better

understand the mechanisms associated with natural variability in

the OMZ volume. Natural variability refers here to changes not

linearly related to ENSO, which manifests in this simulation as

opposite variations in OMZ volume during two cold La Niña years

(2001 and 2007). This marked asymmetry is in response to ENSO

forcing calls for revisiting this simulation (Pizarro-Koch et al., 2019)

focusing on interannual timescales. This also complements previous

studies that focused on the response of the OMZ to warm El Niño

events (Mogollón and Calil, 2017; Garçon et al., 2019).

The rest of the paper is organized as follows: In Section 2, we

present a brief description of the coupled model setup and its

validation and details in the methods and diagnostics. In Section 3,

we diagnosed processes (DO budget, PCUC transport fluctuations,

and eddy flux) behind the interannual variability of the subtropical

OMZ contrasting in particular the years 2001 and 2007. Finally,

discussion and concluding remarks are presented in Section 4.
2 Model description and methods

2.1 Model

2.1.1 High-resolution coupled physical–
biogeochemical regional model setup

The Regional Ocean Model System (ROMS) AGRIF version of

the hydrodynamical model was used and coupled to the BioEBUS

biogeochemical model. ROMS is a split-explicit (i.e., the barotropic

and baroclinic momentum equations are resolved separately using

different time steps), free surface oceanic model, which solves the

rotating primitive equations, based on the Boussinesq

approximation and the hydrostatic vertical momentum balance

(Shchepetkin and McWilliams, 2003; Shchepetkin and

McWilliams, 2005; Penven et al., 2006). ROMS is discretized

using curvilinear coordinates in the horizontal and terrain-

following (or sigma levels) coordinate transformations in the

vertical. BioEBUS is a nitrogen-based biogeochemical model

derived from the N2P2Z2D2 model of Koné et al. (2005), specially

developed for EBUS (Gutknecht et al., 2013). BioEBUS provides an
Frontiers in Marine Science 03
estimate of 10 nitrogen state variables associated with six

compartments, having two size classes for phytoplankton (small—

flagellate, large—diatoms), zooplankton (small—ciliates, large—

copepods), and detritus (small and large size). Furthermore, four

other compartments include dissolved organic nitrogen (DON) and

three dissolved inorganic nitrogen (DIN) compartments

represented by nitrate (NO3
−), nitrite (NO2

−), and ammonium

(NH4
+). In addition to nitrification, BioEBUS considers specific

microbial OMZ processes interacting within the DIN pool, such as

denitrification and anammox. Initial and boundary conditions for

nitrate and DO are provided by the CARS-2009 climatology (Dunn

and Ridgway, 2002; Ridgway et al., 2002). For NO2
−, NH4

+,

and DON, the initial and lateral boundary conditions are

established using constant (in time) profiles similar to those

described by Koné et al. (2005). The reader is referred to

Gutknecht et al. (2013) for more detailed information about the

BioEBUS biogeochemical model.

The configuration used in this study (hereafter referred to as

PCCC12) is based on the hydrodynamical solution of Dewitte et al.

(2012) coupled to the BioEBUS model setup of Montes et al. (2014).

This latter study tuned the BioEBUS model so as to realistically

simulate the OMZ off Peru [see also Bettencourt et al. (2015)]. The

parameter values of the model are provided in Appendix A of

Montes et al. (2014). The model domain extends from the North

Equatorial Pacific (12°N) to eastern South Pacific (40°S), and from

the South American coast to 95°W, with 37 sigma levels and a

horizontal resolution of 1/12°. The model was originally run for 50

years (1958–2008); however, here, we use only the last 9 years

(2000–2008), which corresponds to the period when there is a larger

confidence in the realism of the atmospheric forcing. The latter is

based on the statistical downscaling of the low-resolution (2.5° ×

2.5°) NCEP‐NCAR dataset using QuikSCAT data that covers the

period 2000–2008, implying a better skill of the statistical model for

that period (Goubanova et al., 2011; Cambon et al., 2013). PCCC12

has been also analyzed extensively over that period, indicating that

it is skillful in simulating many aspects of the mean and seasonal

circulation and OMZ (Vergara et al., 2016; Vergara et al., 2017;

Pizarro-Koch et al., 2019). The following provides new material to

evaluate the realism of the simulation for interannual timescales.
2.1.2 Model validation
We focus here on the validation of the model variability at

interannual timescale over the period 2000–2008 considering that

the model simulation was previously validated for the mean

circulation and seasonal cycle (Dewitte et al., 2012; Vergara et al.,

2016; Vergara et al., 2017; Pizarro-Koch et al., 2019; Conejero et al.,

2020). We take advantage of a monthly ship-based time series of

DO from the University of Concepcion at 36°30′S over the

continental shelf (~90 m depth) for the period 2003–2008 (see

Sobarzo et al. (2007) and Escribano et al. (2012) for more details)

and current observations from the subsurface mooring located over

the continental slope at 30°S. From this mooring, two Aanderaa

current meters (RCM 8) at 220 and 480 m depth were used. Finally,

satellite‐derived (level‐3 products of the Moderate Resolution

Imaging Spectro‐radiometer‐MODIS‐Aqua mission) sea surface
frontiersin.org
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temperature (SST) and chlorophyll‐a (Chl‐a) concentration

avai lab le f rom the Nat ional Aeronaut ics and Space

Administration Jet Propulsion Laboratory PO.DAAC (https://

podaac.jpl.nasa.gov/) are used (see Appendix).

The results of the comparison between model and observations

indicate that the model simulates with some realism both the

amplitude and the pattern of the observed SST (see Figures A1A,

B) and Chl‐a (see Figures A1D, E) variability, although there is a

tendency for the model to have a lower variability, which is more

pronounced for primary production than for SST. Figure A2

indicates that the model has also some skill in simulation DO

variability. The correlation between observed and model oxycline

depth reaches in particular 0.60 (p< 0.05). The variability of the

model and observation has also a comparable amplitude, although

the model tends to yield a weaker value (see Table A1). The statistics

for meridional current are provided in Tables A1, indicating that

the model has also some skill in accounting for the interannual

variations in the circulation. In particular, at the depth

corresponding to the PCUC core (220m), the correlation between

model and observation reaches 0.48 (p<0.05). This complementary

validation with respect to previous works supports the expectation

that the model can account for fluctuations of the OMZ

characteristics at interannual timescales.
2.2 Methods

2.2.1 DO budget analysis
The evolution of the DO in BioEBUS is determined by the

advection–diffusion equation (Gutknecht et al., 2013). In this

regard, the DO budget is performed at interannual timescales by

estimating the anomalies (deviation from the mean climatology) of

the tendency terms in Equation (1) for the rate of DO change.

∂DO
∂ t

= −∇ ·(v  !DO) + Kh ∇
2 DO +

∂

∂ z
(Kz ∂

DO
∂ z

)

+ SMS(DO) (1)

On the right-hand side, the first three terms represent DO

advection (with~v the velocity vector); Kh  and Kzare the horizontal

and vertical eddy diffusion coefficient, respectively [Kh  is equal to

100 m2s−1 in our model, and Kzis calculated based on the K-profile

parameterization mixing scheme; Large et al. (1994)]. Note that the

hydrodynamic model also has numerical diffusion associated with

inherent spurious diapycnal mixing of the numerical scheme, so

that  Kh  is empirically adjusted. The SMS(sources minus sinks)

term includes all biogeochemical processes considered by the model

that act as sources and sinks, in this case, for DO. The total physical

term (named PHYS below) is the summed up of the advective term

(ADV = −∇ · (~vDO)) and the horizontal (Kh ∇2
h DO) and vertical

( ∂
∂ z (Kz

∂DO
∂ z )) mixing, hereafter calledHmix and Vmix, respectively.

Note that ADV also contains diffusion (through numerical

diffusion) and non-linear advection that can be interpreted as

mixing (like that generated by mesoscale eddies), so that Hmix is

not the “full” mixing that is taking place in the model (cf., Vergara
Frontiers in Marine Science 04
et al., 2017). The ADV can also be represented separately through its

contributions related to the different components as: the zonal

(Xadv = −u∂(DO)/∂x), meridional (Yadv = −v∂(DO/∂y) and vertical

(Zadv = −w∂(DO)/∂z) advection, where u, v, and w are the zonal,

meridional, and vertical velocity components, respectively.

2.2.2 Estimation of the subtropical OMZ volume
and PCUC transport

The OMZ volume (hereafter OMZVOL) was estimated following

the methodology by Pizarro-Koch et al. (2019), choosing the water

volume with a DO level limit ≤ 45 mM (~1 ml L−1) between 30°S and

38°S. This threshold is used, since it characterizes the hypoxic

waters (e.g., Naqvi et al., 2010), which impact mostly the ecosystems

far from the anoxic center of the ESP-OMZ off Peru. Here, the

variability of the OMZ was analyzed using the OMZVOL and the

mean DO inside this volume (OMZ intensity, denoted by OMZDO).

In our analysis, both OMZVOL and OMZDO monthly anomaly time

series were low-pass filtered using a 7-month running mean.

The transport associated with the Peru–Chile undercurrent

(hereafter PCUCTR) was estimated through spatially averaging the

southward flow (only velocities with absolute values higher than

0.02 m s−1) in a rectangular box with a cross-shelf extension

spanning from the coast to ~100 km and between 80 and 800 m

depth (vertical extension). This corresponds approximately to the

location of the mean PCUC in the range of latitudes corresponding

to our region of interest (see Figure 3 in Pizarro-Koch et al., 2019).

The southward flow corresponds here to the negative meridional

component of the currents. The PCUC anomalies were 7-month

low-pass filtered similarly as the OMZ time series described above.

In addition, the mean DO inside the region encompassed by the

mean position of the PCUC (for values of mean meridional velocity

higher than −0.02 m s−1) was also estimated. It is referred to

hereafter as PCUCDO.

2.2.3 Remote and local forcing
Since the remote equatorial forcing is composed of Kelvin

waves having different characteristics (vertical structure, energy,

and phase speed), it is important to consider the waves that have

the most energy with clear propagating characteristics. In the far

eastern Pacific, these correspond to the wave of the gravest vertical

modes (1–3) (Dewitte et al., 1999). We thus derive the

contribution of the Kelvin waves of the first three baroclinic

modes to sea level anomalies based on a vertical mode

decomposition of the SODA Reanalysis. The method consists in

projecting the pressure and zonal current fields onto the vertical

modes derived from the mean vertical stratification at each grid

point along the equator. We further projected the obtained

quantities on the theoretical meridional structures of the

equatorial waves in order to derive the equatorial Kelvin waves’

amplitude (in equivalent sea level). Here, we will consider a time

series of the Kelvin wave amplitude at 90°W along the equator for

the summed-up contribution of the first three baroclinic modes,

which corresponds to the longitude of the open boundary of the

regional model.
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The zonal (Taux) and meridional (Tauy) wind stress (hereafter

ZWS and MWS, respectively) are from the model forcing, which is

based on the Fairall et al. (2003) bulk parameterization using wind

speed as inputs. Interannual variability of the wind stress was

estimated in a coastal band spanning 210 km. In addition, the

wind stress curl (hereafter WSC) was estimated in this coastal band

excluding the five grid points close to the coast due to the limitation

of the QuickSCAT data to account realistically for the wind drop-off

(Astudillo et al., 2017).

2.2.4 Estimation of the DO eddy fluxes
In order to further interpret the processes at work, we estimated

the DO eddy fluxes. In particular, the mean non-linear advection

that is part of PHYS can be interpreted as the divergence of the DO

eddy flux. The latter corresponds to the flux associated to the

interannual fluctuations in DO and currents. It writes as follows:

( 〈 fDO : ~u 〉, 〈 fDO :~v 〉Þ, where the tilde refers to monthly mean

anomalies relative to the climatological seasonal cycle.

We also estimated the mesoscale DO eddy flux that is associated

with mesoscale eddy activity assumed to be dominated by energy in

the range of frequencies higher than ~3 months. These fluxes can

also be experienced interannual variations, which is estimated as the

covariance between horizontal velocity fluctuations (u’, v’) and DO’,

i.e., ⟨u′DO′⟩3‐m and ⟨v′DO′⟩3‐m, where “⟨⟩3‐m” stands for a 3‐

month moving average, and the prime refers to the intraseasonal

anomalies calculated as the departure from 3-month running mean

of the total fields like in Pizarro-Koch et al. (2019).

2.2.5 ENSO indices
Over the period of interest, ENSO variability can be

characterized by an index accounting for Central Pacific SST

variability. This index, named the C index, is obtained from the

decomposition in Empirical Orthogonal Function (EOF) of the SST

anomalies in the tropical Pacific (120°E–80°W; 11°S–11°N)

following Takahashi et al. (2011). SST is from HadISST v1.1. data

set (Rayner et al., 2003). The C index accounts for both warm CP El

Niño events (C>0) and La Niña events (C<0). Defining CP events

when the C index in DJF is above 1 (1 standard deviation), one finds

two CP El Niño (03/2002, 05/2004) and three La Niña events (1999/

2000, 2000/2001, and 2007/2008). Note that an El Niño event also

took place in 2006/2007, but this event had its peak SST in the

eastern Pacific and was classified as an Eastern Pacific (EP) El Niño

event (Yu et al., 2012). To characterize the variability in the region

of influence of this type of event, we will use the E index that is

obtained similarly as the C index [see Takahashi et al. (2011)].

Despite the relatively low variance of the E index over the period of

interest, it still informs on equatorial Kelvin wave activity in the

eastern Pacific because SST is sensitive to vertical advection

processes there. Note that any historical ENSO indices can be

approximated by the linear combination of the E and C indices

(Takahashi et al., 2011). In particular, the ONI index (SST

anomalies averaged over the region (170°W–120°W; 5°S–5°N)

can be approximated by 0.52E + 0.62C through bilinear

regression analysis. The mechanisms modulating the OMZ at

ENSO timescales are numerous (Pitcher et al., 2021), so that the
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interpretation of the relationship between the ENSO indices and the

OMZ metrics defined here is not straightforward. Still, we find a

significant correlation between them and the C index in particular,

with the C index ahead by a few months, confirming the key role of

CP El Niño and La Niña variability in modulating the OMZ

properties over this period.
3 Results

3.1 Variability of the subtropical OMZ (a
study case: 2001 versus 2007)

The 9-year (2000–2008) mean value of the subtropical OMZVOL

off central Chile (30°S–38°S) was ~4.5×104 km3, with a thickness

and offshore extension decreasing southward (Figures 1A, B). The

core of the OMZ in this region was located over the continental

slope centered at ~300 m depth (see shading blue color Figure 1B),

and the mean OMZDO for the whole period was 32 mM. The

OMZDO time series showed a large variability and was

significatively anti-correlated with the OMZVOL at 95%

confidence level (Figure 1C; r =−0.62 at 3-months lag) with the

OMZDO ahead of the OMZVOL by 3 months. The OMZVOL time

series also showed an interannual variability during the study

period with maximum and minimum values during 2001 and

2007, respectively (Table 1; Figure 1C). Even though changes

related to the ENSO cycles—in both the model and observed

ENSO indices—were weak during 2000–2008 with a standard

deviation of about 0.6°C, meanwhile, the historical series (1950–

2020) of the ONI index showed a slightly larger standard deviation

(0.8°C). During 2000–2008, the interannual changes in the

OMZVOL were larger than those associated with the typical

seasonal variability (Figure 2A; Table 1). In particular, the

OMZVOL in 2001 is 38% larger than the mean value. Two other

relative maxima with positive anomalies were observed in 2006 and

2008, but< 5% over the mean value. In fact, the OMZVOL showed

mostly negative anomalies during the period 2003–2008 with a

minimum during 2007 that was 23% smaller than the mean value.

The OMZ 3D structure during these 2 years (2001 and 2007) with

maximum/minimum anomalies is shown in Figures 2B, C, which

illustrates the drastic change in OMZVOL when these years are

compared, being 3 (1.7) times larger in 2001 than in 2007 when a

threshold of 20 (45) mM is used (Table 1).

With regards to the water column structure, T-S-DO diagram and

alongshore sections of averaged DO over the first 80 km from the coast

for 2001 and 2007 are presented in Figures 3A–D, along with their

difference in Figure 3F. Together with this, the water masses proportion

(in %) as a function of latitude from the surface to 1,500 m depth was

also estimated following the definition by Silva et al. (2009) (Figure 3G).

The larger differences in DO concentration were observed in the core of

the OMZ and around the upper oxycline, mainly south of 34°S. During

2007, the ESSW showed a reduced proportion inside the OMZ—

consistent with a large increase of OMZDO observed this year—

particularly important south of 34°S, while the AAIW and SAAW

showed an increase (Figure 3G). In contrast, in 2001, when the
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OMZVOL was much larger (and OMZDO relatively low; Figure 2B), the

proportions of the water masses showed only slight changes compared

to their mean values. Figure 1C also shows that some fluctuations of the

OMZ_DO are not related to changes in the OMZ_VOL, suggesting

internal redistribution of DO (below<45 μM).
3.2 DO budget analysis

To analyze the drivers of DO inside the OMZ off central Chile, we

used the advection-diffusion Equation (1). Here, we followed a

similar methodology as in Pizarro-Koch et al. (2019) who analyzed

the seasonal variability for the same region. Table 2 shows the average

values and the RMS values for the different terms that make up this

equation for the entire period (2000–2008). The different terms were

averaged inside the mean volume conforming the OMZ (i.e., the fixed

volume with a mean DO value lower than 45 mM, as shown in

Figure 2B). The anomalies of the different terms for the mean

OMZVOL involved in the balance (1) are shown in Figure 4. It is
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worth mentioning that a linear regression indicates a slight negative

(positive) trend of the DO rate of change (DO) of ~ −1.62 m s−1 mM
(1μM) observed during the studied period (2000−2008; Figure 4A),

which may be related to low-frequency variability like, e.g., decadal

changes (not analyzed in this study). According to the physical terms,

the three components of advective anomalies are of the same order of

magnitude (Figure 4B), whereas the terms involving small-scale

(subgrid) mixing are lower by two orders of magnitude

(Figure 4C). This implies that PHYS anomalies, which represent all

the physical terms in Equation (1), are mainly dominated by the

advection terms (ADV) and is significantly (95% confidence)

correlated with them (particularly, the correlations between PHYS

and each of the advection anomalies components are: r = 0.64 with

Xadv, r = -0.51 with Yadv, and r = 0.77 with Zadv). Additionally,

PHYS anomalies (dashed red line in Figure 4B) is highly correlated (r

= 0.8) with ∂DO/∂t at zero lag (red line in Figure 4A). The horizontal

advection terms,Xadv and Yadv (magenta and blue lines, respectively

in Figure 4B), are inversely correlated (r=-0.9) compensating each

other and suggesting that over this period, the Zadv anomalies largely
TABLE 1 Root mean square (RMS) and descriptive statistics of the seasonal and interannual variability of the OMZVOL (in km3) and OMZDO (µM).

Seasonal
RMS

Interannual
RMS

2001
Average

2007
Average

[2000–2008]
Average Max Min

OMZVOL (≤ 45 mM)a 2.30E+03 7.50E+03 5.50E+04 3.20E+04 4.00E+04 6.30E+04 2.60E+04

OMZVOL (≤ 20 mM)b 1.80E+04 3.70E+03 1.50E+04 4.90E+03 1.10E+04 2.20E+04 1.20E+03

OMZDO
a 0.7 1.4 28.1 31 28.4 33 24

OMZDO
b 0.6 0.8 12 14 12.2 17 9
fron
Superscript "a" denotes the complete volume of the oxygen minimum zone (OMZ) that is encompassed by the dissolved oxygen (DO) threshold of ≤ 45 mM. Superscript "b" represents the OMZ
core volume represented by the DO threshold of ≤20 mM
B

C

A

FIGURE 1

Climatological mean of the dissolved oxygen (DO) at 300 m depth in the eastern South Pacific Oxygen Minimum Zone (ESP-OMZ) obtained from
CARS 2009 climatology (A). The area of study defined here such as the extra-tropical region of ESP-OMZ is located between 30°S - 38°S and 76° W
– and the coast (black square). A 3-D annual mean volume of the extra-tropical OMZ modeled defined here as the region with 9-year (2000-2008)
mean DO < 45 mM (red isosurface) (B). The shading color represents the spatial DO distribution modeled at 300m depth. The interannual anomalies
of the OMZ volume (black line; OMZVOL), the DO within OMZ (blue dashed line; OMZDO) obtained from the model, and the Central El Niño indice (C
indice; red line) (C). The shaded area corresponds to the years 2001 and 2007.
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govern PHYS anomalies. Note that this does not imply that

horizontal advection is not important for explaining DO variability

along a vertical section or at particular depths within the OMZ (see

Section 3.4).

During 2001, PHYS anomalies were slightly positive, while in 2007,

they were slightly negative. In both cases the previous year (i.e., 2000 and

2006), PHYS showed positive anomalies, while Xadv term showed an

inverse phase during 2000 (negative anomalies) and 2007 (positive

anomalies). Due to the different terms involved in the balance being

spatially averaged in the whole OMZ volume, there is little difference

between 2001 and 2007 regarding the magnitude of these terms,

although both years show large differences in OMZVOL. On the other

hand, interannual anomalies of the SMS was less than that of PHYSwith

an RMS value reaching 5.8 × 10−8 mM s−1, which contribute

approximately 30% of the DO rate of change (∂DO/∂t). The main

processes that governed the SMS term were the oxic decomposition and

nitrification processes (Figure 4D). Only a large negative anomaly of oxic

decomposition processes was observed during 2007 associated with the

contraction of the OMZ. For comparison, the RMS of the seasonal cycle

for all the above terms and their mean values for 2001 and 2007 years are

indicated in Table 2. Additionally, Figure 5 shows the seasonal evolution

of OMZDO and DO rate of change (∂DO/∂T) during 2001 and 2007,

which are contrasted with the climatological seasonal cycle. We also

display the evolution of the PHYS and SMS terms. Consistently, both

PHYS and ∂DO/∂t time series show similar seasonal variability, which

emphasizes the prominent role of physical processes in controlling the

averaged seasonal variability of DO inside the OMZ. Overall, PHYS

shows a larger (smaller) annual and semi-annual amplitude of the
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seasonal cycle in 2001 (2007) with respect to the climatological mean,

with a maximum during the austral winter season (Figure 5C).

Meanwhile, the SMS shows a similar magnitude for both years (2001

and 2007) and climatological mean, but during 2001, a phase shift by 2

months of the seasonal cycle was observed (Figure 5D).
3.3 Physical OMZ drivers

In this section, we analyze the physical drivers described by

Pizarro-Koch et al. (2019) for the seasonal cycle of the OMZ in

order to evaluate if they operate at interannual timescales and if they

can explain the asymmetry of the response of the OMZ between the

two La Niña events of 2001 and 2007. These include the poleward

flow (i.e., Peru–Chile undercurrent) that represents the conduit by

which the OMZ off Chile is connected to the tropical OMZ off Peru,

the local wind forcing (meridional wind stress (MWS) and wind

stress curl (WSC)), and the equatorial Kelvin forcing. In addition,

the DO transport associated with mesoscale activity (i.e., the eddy

fluxes and zonal jets) with the OMZ extent will also be evaluated.

3.3.1 Peru–Chile undercurrent

First, the PCUCTR and PCUCDO anomalies at different latitudes

were assessed (see Figure 6). In general, for the entire period, a

reduction in PCUCTR was associated with an increase in PCUCDO

(r = −0.6, significant at 95% confidence level) with the larger

changes in PCUCTR between 2004 and 2008 over the entire
FIGURE 2

Seasonal cycles (black square-line) and monthly time series between of the extratropical OMZ volume between 2000-2008 years (A). The 2001 and
2007 years are represented by red and blue square-line, respectively. The climatological seasonal cycle and its standard deviation of the volume are
shown by black square-line and error bar. Panels (B, C) show 3-D distributions of the annual mean extratropical OMZ volume for the years 2001 and
2007, respectively, represented by red isosurfaces.
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B

C D E

F G

A

FIGURE 3

T‐S‐DO diagrams obtained from a meridional section during 2001 (A) and 2007 (B) for the coastal band (Only water encompassing the region within
the first 80 km from the coast and from the surface to 1500 m depth in the whole domain were considered). Annual mean of the DO meridional
section during 2001 (C) and 2007 (D). The vertical mean of the DO sections (E) and the difference between both periods (F). Background color in
(mM) and the isopycnals of 1026.2 and 1026.8 kgm−3 are shown overlaid in white. Water masses percentage estimated between 1026.2 and 1026.8
kgm−3 isopycnals (G). The water masses are Subantarctic Water, (SAAW; 11.5°C, 33.8), Equatorial Subsurface Water (ESSW; 12.5°C, 34.9) and Antarctic
Intermediate Water (AAIW; 3°C, 34). The water mass and their thermohaline indices (T, S) indicated above were obtained from Silva et al., 2009 and
were used here to compute the water mass proportions.
TABLE 2 Root mean square (RMS) of the seasonal and interannual variability of the DO concentration and the different terms of the DO budget in a
fixed volume defined as the region with 9‐year (2000–2008) mean DO ≤ 45 mM, as shown in Figure 1B.

DO Budget Terms Seasonal
RMS

Interannual
RMS

Mean [2000–2008]
Average

2001
%

2007
%

DO 3.2 5.1 32 −19 28

∂DO/∂t 5.40E−07 2.21E−07 −2.80E−08 −283 160

PHYS 1.02E−06 1.02E−06 1.78E−06 19 29

Xadv 1.60E−06 1.59E−06 −4.43E−06 22 −58

Yadv 6.00E−07 1.40E−06 3.85E−06 6 −41

Zadv 4.80E−07 9.20E−07 2.35E−06 46 −21

Hmix 7.40E−09 8.90E−09 −2.86E−08 18 −39

Vmix 1.01E−08 8.90E−09 4.76E−08 17 15

SMS 2.21E−07 9.53E−08 −1.45E−06 3 14

Photosynthetic production 1.95E−09 5.20E−10 6.86E−09 −4 2

Oxic decomposition 1.48E−07 1.18E−07 −7.32E−07 −6 42

Excretion 2.54E−08 7.73E−09 −1.02E−07 3 4

Nitrification 1.00E−07 8.48E−07 −6.60E−06 14 −17
F
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The mean (2000−2008) and annual mean to 2001 and 2007 for DO and each term of the DO budget is also presented. Note that annual mean values for 2001 and 2007 are expressed as a
percentage relative to 2000–2008 mean. The physical term (PHYS) is the summed‐up contribution of all advection and mixing terms to the rate of change of DO (∂DO/∂t). The advection terms
are the zonal (Xadv), meridional (Yadv), and vertical (Zadv) advections. The subgrid mixing terms are the summed‐up contribution of the horizontal diffusion (Hmix) and vertical diffusivity
(Vmix). The biogeochemical fluxes (SMS) represent the “source‐minus‐sink” contribution to the ∂DO/∂t due to biogeochemical processes. The SMS term is decomposed in photosynthetic
production, oxic decomposition, excretion, and nitrification. The DO is in mM and DO budget terms are in mM s−1.
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region. In particular, a significant weakening (positive anomalies) of

the PCUCTR was observed during 2007, consistent with the

minimum OMZVOL and the increase in PCUCDO. In contrast, a

slight increase in the PCUCTR during 2001 was observed to be

associated with a negative anomaly of PCUCDO (Figure 6). The

Pearson’s correlation between PCUCTR and OMZVOL was rather

small with a maximum value for correlation of −0.4 (significant at
Frontiers in Marine Science 09
95% confidence level) reached at 3−4 months lags (PCUCTR ahead

OMZVOL), while the magnitude of the correlation between PCUCTR

and OMZDO peaked at 0.75 at 3–4 months lags (significant at the

95% confidence level), indicating that the PCUCTR variability plays

a more important role over the OMZDO than over the whole

OMZVOL. Note that using a threshold of DO< 20 mM for

accounting for the OMZ core, the correlation between the
B

C

D

A

FIGURE 4

Interannual DO budget within the mean OMZ volume (see Figure 1B). Interannual anomalies of DO and DO rate of change (∂DO/∂T) (A). The
different terms of the right-hand side of Equation (1) are also shown (B) the physical term (PHYS red dashed line) is the summed-up contribution of
advection and mixing. The advection term (ADV) is composed, in turn, by zonal (Xadv, magenta line), meridional (Yadv, blue line), and vertical (Zadv,
cyan line) advections. The mixing terms are the summed-up contribution of the horizontal diffusion (Hmix; gray line) and vertical diffusivity (Vmix,
dark green line) (C). The biogeochemical fluxes (SMS, light green line) represent the “source-minus-sink” contribution to the DO rate of change due
to biogeochemical processes; among them are photosynthetic production (dark-green line), oxic decomposition (dark-magenta line), excretion
(skyline), and nitrification (yellow line) (D).
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OMZVOL20 (OMZDO20) and the PCUCTR increases to r = −0.6 (r =

0.8) at zero-lag and becomes significant at the 95% confidence level.

These results indicate that the PCUC modulates the OMZ mostly

over the continental slope, where the PCUC and OMZ cores are

located, but its fluctuations cannot explain the variability of the

whole OMZ volume.

We now consider three metrics associated with local and remote

forcings of the PCUC: the equatorial Kelvin wave (EKW) and the local

wind forcing accounted for here by MWS and WSC. Using a
Frontiers in Marine Science 10
multilinear regression analysis, we assess the relationship between

the PCUC variability and these forcings in an alongshore-average

(between 30° and 38°S) cross-shore section (see time series in

Figure 7A). In the multilinear regression analysis, the PCUCTR is

the predictand, whereas the local forcings (MWS and WSC) and

remote forcing (EKW) are the predictor variables taken at zero lag.

The results indicate that the PCUCTR variability is dominantly

accounted for by MWS having the largest contribution of 40%

(r2 = 0.43), compared to 22% and 19% for EKW and WSC,
B

C

D

A

FIGURE 5

Seasonal cycle of OMZDO (A) and DO rate of change (B); (∂DO/∂T) during 2001 (red line) and 2007 (blue line) CLIM correspond to the climatology
seasonal cycle (in this case, the OMZ is considered as fixed volume defined as the region with 9-year (2000-2008) mean DO ≤ 45 mM; see
Figure 1B). The seasonal DO Budget is represented by the summed-up contribution of PHYS (C) and SMS (D). PHYS is the summed-up contribution
of advection plus mixing, and SMS represents the “source-minus-sink” contribution to the ∂DO/∂T due to biogeochemical processes; among them
are photosynthetic production, oxic decomposition, excretion, and nitrification.
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respectively. This series can be interpreted as the coastal sea level (or

pycnocline depth near the coast) variability, which for very low

frequency (interannual periods) varies in phase along the coast of

South America (e.g., Pizarro et al., 2001). These fluctuations then

propagate offshore as a long Rossby wave. Then, when the coastal

EKW series is decreasing after a maximum we can expect that the

maximum has propagated offshore, generating an eastward pressure

gradient force which is in geostrophic balance with a northward flow,

that is with a weakening of the PCUC. This weakening of the PCUC

after a maximum in the EKW series is consistent with that observed in

Figure 7A. There, the current was weaker in 2007 (positive PCUCTR

anomalies, black line) several months after the maximum of the EKW

series (red line). The negative correlation between EKW and PCUCTR

indicates that the PCUC is ahead of EKW,within about only 3-month.

These results may be influenced for relatively high-frequency

fluctuations when the interannual variability is weaker or the impact

of atmospheric ENSO teleconnection over the PCUCTR over this
Frontiers in Marine Science 11
period. During 2001 associated with a slightly strengthened PCUCTR,

the WSC showed a weak amplitude and MWS anomalies reached

values around -0.01 N m2 while these atmospheric forcings were twice

larger during 2007. Contrary, the EKW showed smaller anomalies

(upwelling) during 2007 than 2001 (Figure 7). In summary, the

interannual variability of the PCUCTR results from both equatorial

and local forcing and both can be modulated by the ENSO cycles.

Longer simulations are required to clarify the PCUCTR dynamics at

interannual time scales and how it is locally and remotely modulated.

This case study focused on 2 peculiar events suggests that the PCUCTR

dynamics at interannual time scales could also act as a driver of the

low-frequency OMZ variability.

3.3.2 Eddy and advective oxygen fluxes
The meridional and zonal components of the DO fluxes in the

oxygen minimum layer—averaged between the isopycnal surfaces

26.6 and 26.8 kg m−3—are shown in Figure 8. The spatial structure
B

C D

A

FIGURE 6

Interannual anomalies of the alongshore southward transport associated to the PCUC modeled (in Sv, 1 Sv = 106 m3s−1) (A) and mean DO inside the
PCUC defined by the isopleth of −0.02 m s−1 in the first 100 km from the coast and between 80 and 800 m depth (C). Positive anomalies in PCUCTR

and PCUCDO indicate a weakening of the PCUC and ventilation, respectively. The root mean square (RMS) of the interannual variability of PCUCTR

and PCUCDO is shown in panels (B, D), respectively. Note that for panel (A), positive (negative) values indicate weak (strong) southward transport.
BA

FIGURE 7

(A) Interannual anomalies of the alongshore mean PCUC transport modeled (black line; in Sv, 1 Sv = 106 m3 s−1). Additionally Equatorial Kelvin Wave at
90°W; −0.25°S (EKW in cm; red line), meridional wind stress (MWS in N m−2; magenta line), and wind stress curl (WSC in N m−3, blue line). (B) Lagged
correlation between PCUC anomalies and EKW, MWS, and WSC, respectively. Note that lag is in months.
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of the meridional component DO-eddy fluxes (hereafter, MEF) and

DO-advective flux (hereafter, MAF) shows high spatial coherence

with a predominant southward flux (negative) in a coastal band

(Figures 8A–F). However, the MAFs represented approximately

~88% of alongshore DO fluxes with mean (maximum) value

approximately 1 (4) m s−1 mM near the slope. Overall, during

2001, MEF and MAF showed a similar spatial pattern than that

observed in mean conditions. Meanwhile, during 2007, MEF and

MAF had a large bias respect to the annual mean, both in

magnitude and direction. On the other hand, we observe that the

zonal component of the DO-eddy fluxes (hereafter, ZEFs) was lower

than the mean DO-advective fluxes (hereafter, ZAFs), but still with

amplitudes of the same order of magnitude (Figures 8G–L). Over

the whole study region, the spatial structure of ZEFs showed a

predominant eastward (positive) flux being a ventilating

mechanism for the OMZ (Figure 8G), while in ZAFs,

meridionally confined bands of positive (onshore) and negative

(offshore) flux can be observed. These bands may be related to the

presence of meridionally alternating zonal jets or striations

observed in the eastern South Pacific (cf., Belmadani et al., 2017).

The location and intensity of these ZAF bands changed between

2001 and 2007, which was more pronounced and intense during

2007 (Figures 8J–L). Specifically, during 2001, when the OMZVOL

was maximum, the spatial annual mean of the ZAFs decreased

~30% compared with the 9-year mean (2000–2008), whereas

during 2007, when the OMZVOL was minimum, the ZAF values

were slightly higher and positive (onshore flux) than

climatological mean.
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The OMZ oceanic boundary was evaluated through a

meridional section with a center at 74°W, spanning a depth range

of 50–500 m, for the annual means of 2001 and 2007. The cross-

shore component of both ZEF and ZAFs were analyzed (see

Figure 9) integrated between 50–500 m depth and its vertical

mean section. It is worth mentioning that ZAFs and ZEFs were of

the same order of magnitude during both years (2001 and 2007),

but the spatial patterns of the DO fluxes were different (Figures 9A,

B). Overall, ZAFs showed marked positive (onshore) and negative

(offshore) bands along the section with maximum values

approximately ~5 m s−1 mM between 50 and 150m depth and

negative net fluxes upper ~300m. Meanwhile, ZEF is mainly

positive between 50 to 500 m depth, indicating the ventilation

role over the oceanic OMZVOL. In this sense, the large positive

advective transport of DO (ZAFs) locate between 35.5°S and 37.5°S

could be contributing to the ventilation of the southern part of the

OMZ and to the associated reduction of the OMZVOL observed

during 2007 (Figures 2C, 3B). In contrast, during 2001, the mean

ZEF was reduced (Figure 9B) mainly between 200 and 500m depth,

showing that changes in the ZEF are consistent with the reduction

(increase) in the whole OMZ volume.

In summary, during 2007, the PCUC transport decreased

significantly, leading to a reduced southward oxygen-poor water,

which also involves weak MEFs. Simultaneously, the zonal currents

(ZAFs) and mesoscale turbulence DO fluxes (ZEFs) increased

eastward (to the coast) transporting oceanic oxygen-rich water to

the OMZ. These anomalies of the eddy fluxes seem to be responsible

for the rapid reduction in OMZVOL and the increasing OMZDO
B C D E F
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FIGURE 8

Climatological and annual mean DO Fluxes in 2001 and 2007 integrated between the 26.4 and 26.8 kg m−3 Isopycnals. The meridional (zonal) eddy
fluxes are depicted in panels (A–C, G–I), while the meridional (zonal) advective fluxes are depicted in panels (D–F, J–L). The magnitude of fluxes is
represented by the background color (in m s−1 mM). Note that positive (negative) values indicate east (west) and north (south) direction.
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observed during 2007. In contrast, during 2001, while the PCUCTR

and MEFs had values close to their climatological mean, the ZEFs

that contribute to ventilating the OMZ were abnormally smaller

than its mean value; meanwhile, the ZAFs were slightly negative,

indicating a large westward (offshore) DO transport.
4 Discussion and concluding remarks

In this work, we have focused on understanding the opposite

response of OMZ metrics [i.e., OMZ volume (OMZVOL) and

intensity (OMZDO)] during two cold events in the tropical Pacific

in a high-resolution coupled physical/biogeochemical model

simulation. These two metrics are shown to be moderately anti-

correlated between them, i.e., lower values of OMZDO are not

necessarily related to larger values of OMZVOL and vice versa,

suggesting a combination of processes controlling the DO budget

and its internal re-distribution within DO 45 μM isopleth. Our

motivation was also to evaluate if processes controlling OMZ

variability at seasonal timescales (Pizarro-Koch et al., 2019) can

also operate at interannual timescales, observing furthermore that

the OMZ variability over the period of interest (2000–2008) was as

large as that of the seasonal cycle despite the relatively low ENSO

variance (i.e., absence of extreme events). The analysis reveals that a

distinct feature of the two cold events is that the first one (2001)

marks the late stage of evolution of La Niña, while the latter marks

the onset of a cold event in 2007. In particular, the 2001 La Niña

belongs to a prolonged cool period (~3 years) that followed the

strong 1997/1998 EP El Niño, so that the OMZ has been
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anomalously replenished with deoxygenated waters during 1999

and 2000. On the other hand, the 2007 La Niña followed the weak

2006 mixed-type El Niño, implying that the OMZ is close to its

climatological state when the 2007 La Niña event starts to develop.

Our results indicate that this opposite response can be understood in

terms of the interplay of both local and remote oceanic processes

including the southward transport of oxygen-poor waters (mainly

ESSW) through the PCUC and the subsurface mesoscale circulation.

In 2007, the abnormal southerly position of the South Pacific

Subtropical High resulted in increased equatorward alongshore

winds off central Chile, intensifying the coastal upwelling and

cooling of the entire shelf water column (Schneider et al., 2017).

As a consequence, the PCUC experienced a substantial reduction in

the presence of large positive anomalies of MWS and an intense

negative WSC, which were in phase with the passage of a

downwelling intraseasonal EKW, a remote forcing mechanism.

This anomalous weakening of the PCUC led to an increase in the

DO content inside the OMZ, a marked decline of the OMZVOL, and

changes over the ESSW distribution in the study region.

Concurrently, an increase in the DO fluxes was observed in the

cross-shore direction across the oceanic boundary of the OMZ,

primarily attributable to the intensification of the meridional

alternating zonal jets in the eastward direction (DO advection)

and, secondarily, to the eddy fluxes. In contrast, during 2001, a

positive anomaly of the OMZVOL was observed; however, it was not

directly related to an increase in the PCUCTR. In general, the

poleward transport exhibited a minimum (negative) anomaly

during the year 2000, while during 2001, it approached the 9-year

(2000–2008) mean state. In terms of local forcings, the MWS and
BA

FIGURE 9

Annual mean of the zonal DO transport along meridional section at 74°W between 30° and 38°S during 2001 and 2007 periods represented
separately by the sum between the mean zonal advective fluxes (ZAF; A) and the zonal mesoscale eddy fluxes (ZEF; B). The shading color
represented eastward (red) and westward (blue) flux (in m s−1 mM). The inset at the right and bottom of each main panel shows the vertical mean
section and integrated between 50–500m depth, respectively. Note that the black line represent the climatological mean, respectively.
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WSC were small, while the remote forcing (EKW) exhibited a

weaker amplitude compared to that in 2007 and out-of-phase with

the PCUCTR. In addition, the cross-shore DO advection was

associated with large negative fluxes transporting oxygen-poor

waters westward (offshore) together with an expanding OMZVOL.

Furthermore, the zonal DO eddy fluxes, which permanently

contribute to ventilate the OMZ, were abnormally low.

Accordingly, the present study suggests the interannual

variability of the PCUC primarily modulates the DO contents

(intensity) of the OMZ core and secondarily the whole OMZVOL.

Thus, indirectly, the PCUC through its instabilities plays a key role

promoting the generation of subsurface mesoscale eddies (Colas

et al., 2012; Thomsen et al., 2016; Frenger et al., 2018; Contreras

et al., 2019), impacting the cross-shore DO transport represented by

the zonal jets and the eddy fluxes, which are important in

ventilating and shaping the offshore extent of the OMZVOL

(Pizarro-Koch et al., 2019). In addition, the role of the subsurface

mesoscale circulation is important to explain the large interannual

OMZ variations found in this study, even when the mesoscale

circulation off Central Chile is not linearly modulated by ENSO

(Conejero et al., 2020). Therefore, the interplay between the PCUC

dynamics and the mesoscale activity may significantly contribute to

modulate the interannual intrinsic variability of the OMZ off central

Chile regardless to ENSO dynamics.

Although the impacts of ENSO on ocean temperature and

productivity have been investigated extensively in previous studies

(Barber and Chavez, 1983; Philander, 1983; Escribano et al., 2004;

McPhaden, 2012), their effects on the OMZ have only recently received

more attention, as demonstrated by a limited number of studies

comprising both observational (Morales et al., 1999; Escribano et al.,

2004) and modeling approaches (Llanillo et al., 2013; Mogollón and

Calil, 2017; Espinoza-Morriberón et al., 2019). Despite this, previous

studies related to OMZ-ENSO have focused on strong EP events near

to the Peruvian coast (Graco et al., 2017; Mogollón and Calil, 2017;

Espinoza-Morriberón et al., 2019) with a main focus on

biogeochemical processes and nutrient cycling and the general

response of the OMZ characteristics to strong ENSO events.

Therefore, this study is the first to characterize changes in the

physical mechanisms controlling the spatiotemporal variability of the

southern tip eastern Pacific OMZ during two moderate cold La Niña

events. In this sense, our results have implications for understanding

the natural variability of the OMZ off Chile, highlighting the

importance of the PCUC not only for the southward transport

(advect) of deoxygenated waters from the Peru upwelling system but

also in the ability to modulate the eddy subsurface activity along the

coast through baroclinic instabilities, inducing DO eddy fluxes. Both

processes are influenced by the tropical variability, but having a

stochastic component considering the PCUC dynamics is partly

controlled by local winds.

The weak ENSO amplitude over 2000–2008 can be

understood in terms of the sole occurrence of CP El Niño and

La Niña, or mixed-type events (2006) that have a much weaker

amplitude than extreme EP El Niño events of 1982–1983 and

1997–1998. The CP events are associated with a weaker oceanic

teleconnection than the strong EP El Niño (Dewitte et al., 2012)
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but can modulate significantly the upwelling favorable winds off

Chile south of 30°S through atmospheric teleconnection during

the development of ENSO (Cai et al., 2020; Dewitte et al., 2023).

This explains the overall large correlation between the C index

and the OMZ metrics and the direction of the phase-lagged

relationship (C index ahead OMZ metrics) (see Table 3). It is

worth mentioning that for this period the PCUC transport was

also highly correlated with the E index near lag zero (not shown),

suggesting that the equatorial oceanic teleconnection is also

operating despite the relatively weak amplitude of the E index.

This can be understood in terms of the efficient propagation of

intraseasonal Kelvin waves along the coast (Clarke and

Shi, 1991).

Our results have implications for understanding the natural

variability of the OMZ off Chile, and we now discuss perspectives

of this work. First, we note the key role of the PCUC dynamics

for understanding the OMZ interannual variability off Central

Chile even during a period of low ENSO variance. While this is

alike to what takes place at seasonal timescale (Pizarro-Koch

et al., 2019), it also suggests that the details in the oceanic and

atmospheric teleconnections during weak to moderate ENSO

events certainly matters to drive the OMZ variability. In

particular , the PCUC cannot only transport (advect)

deoxygenated waters from the Peru upwelling systems, but it

has also the ability to modulate eddy activity along the coast

through baroclinic instabilities, inducing DO eddy flux. Both

processes are influenced by tropical variability, but they also

have a stochastic component considering that the PCUC

dynamics is partly controlled by local winds, implying the

natural variability in the OMZ core evidenced here. While our

analysis supports such a hypothesis for the source of OMZ

natural variability, the relatively short span of the simulation

used here is certainly a limitation to reach a firm conclusion in

this respect. As a perspective, we thus plan to run the model for

repeated periods of low ENSO variance to further document the

non-linear relationship between the OMZ volume and La Niña

events suggested here. Documenting the physical forcing of the
TABLE 3 Maximum lag correlation between the ENSO indexes and both
OMZVOL and OMZDO.

ENSO Indices

ONI C E

OMZVOL (≤ 45 mM)a −0.58 (8) −0.59 (9) 0.44 (0)

OMZVOL (≤ 20 mM)b −0.62 (7) −0.56 (6) 0.52 (0)

OMZDO
a 0.57 (7) 0.52 (6) −0.47 (−1)

OMZDO
b 0.57 (6) 0.50 (5) −0.51 (−2)
fro
The whole OMZ volume is represented by the DO threshold of ≤ 45 mM, while the OMZ core
is represented by 20 ≤ mM. Parenthesis represent time lags in months. Note that negative
(positive) lag indicates that the OMZ property is ahead (behind) the ENSO indices. ENSO
indexes are represented by the ONI (Oceanic Niño Index), CP (Central Pacific El Niño index),
and EP (Eastern Pacific El Niño).
Superscript "a" denotes the complete volume of the oxygen minimum zone (OMZ) that is
encompassed by the dissolved oxygen (DO) threshold of ≤ 45 mM. Superscript "b" represents
the OMZ core volume represented by the DO threshold of ≤20 mM.
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subtropical OMZ off Chile during low-amplitude ENSO forcing

has thus relevance for extending our view of the diversity in

mechanisms at work in OMZ.
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et al. (2015). Boundaries of the Peruvian oxygen minimum zone shaped by coherent
mesoscale dynamics. Nat. Geosci. 8, 937–940. doi: 10.1038/ngeo2570
Bindoff, N. L., Cheung, W. W. L., Kairo, J. G., Arıśtegui, J., Guinder, V. A., Hallberg,
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Vergara, O., Dewitte, B., Montes, I., Garçon, V., Ramos, M., Paulmier, A., et al. (2016).
Seasonal variability of the oxygen minimum zone off Peru in a high-resolution regional
coupled model. Biogeosciences 13, 4389–4410. doi: 10.5194/bg-13-4389-2016

Vergara, O., Dewitte, B., Ramos, M., and Pizarro, O. (2017). Vertical energy flux at
ENSO time scales in the subthermocline of the southeastern pacific. J. Geophys. Res.
Oceans 122. doi: 10.1002/2016JC012614

Wooster, W. S., and Gilmartin, M. (1961). The Peru–Chile undercurrent. J. Mar. Res.
19, 97–122.

Yu, J. Y., Zou, Y., Kim, S. T., and Lee, T. (2012). The changing impact of el nino on US
winter temperatures. Geophys. Res. Lett. 39 (15). doi: 10.1029/2012GL052483
frontiersin.org

https://doi.org/10.1016/j.ocemod.2005.05.002
https://doi.org/10.1038/302295a0
https://doi.org/10.1016/j.pocean.2021.102613
https://doi.org/10.1175/1520-0485(2001)031%3C1891:ENOSLA>2.0.CO;2
https://doi.org/10.1029/2002GL014790
https://doi.org/10.1029/2019JC015201
https://doi.org/10.1029/2007JC004681
https://doi.org/10.1029/2002JD002670
https://doi.org/10.1175/1520-0426(2002)019%3C1357:OIBFDW%3E2.0.CO;2
https://doi.org/10.1038/nature21399
https://doi.org/10.1016/j.pocean.2016.11.004
https://doi.org/10.1029/2001JC001047
https://doi.org/10.1016/j.ocemod.2004.08.002
https://doi.org/10.1016/0198-0149(79)90006-2
https://doi.org/10.1016/0198-0149(79)90006-2
https://doi.org/10.1016/j.dsr2.2008.12.013
https://doi.org/10.1016/j.pocean.2007.08.022
https://doi.org/10.1002/9781119548164.ch15
https://doi.org/10.1002/9781119548164.ch15
https://doi.org/10.1029/2011GL047364
https://doi.org/10.1002/2016GL070548
https://doi.org/10.5194/bg-13-4389-2016
https://doi.org/10.1002/2016JC012614
https://doi.org/10.1029/2012GL052483
https://doi.org/10.3389/fmars.2023.1155932
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


A B

D E F

C

Pizarro-Koch et al. 10.3389/fmars.2023.1155932
Appendix A: model validation

In this section, we provide additional validation of the model

variability at interannual timescales to complement previous studies

(Dewitte et al., 2012; Vergara et al. 2016, 2017; Pizarro-Koch et al.

2019; Conejero et al., 2020). The oxycline depth (in m), the

subsurface meridional current variability (PCUC in cm s−1 and

the coastal upwelling associated with cold water (SST in °C), and

high primary production (Chl-a in mg m−3) were compared

between the model and the observations.
FIGURE A1

Root mean square (RMS) of the interannual anomalies of Sea
Surface Temperature (SST in °C) for both model (A) and MODIS-
Aqua (B) based on the 2003-2008 period. The RMS values of
chlorophyll-a (Chl-a in mg m-3) are displayed in panels (D, E),
respectively. The bias of SST (C) and Chl-a (F) represent the
difference between RMS modeled and in-situ observation.

TABLE A1 Root mean square (RMS) for interannual anomalies of the
oxygen (in mM) averaged from surface to 60 m depth, oxycline depth
(in m) over the continental shelf at ~36.5°S, meridional current (PCUC;
30°S) at 220 m and 480 m (in cm s−1) for both model and in-situ data.

RMS RMS RMS r

Period
In-
situ Model Difference

(p <
0.05)

Oxycline (m) 33.7 22.5 19.2 0.63
2003-
2008

DO anomalies
(μM) 23.0 34.9 36.9 0.24

2003-
2008

SST (°C) 0.7 0.5 0.7 0.99
2003-
2008

Clh-a (mg m-3) 0.3 0.2 0.4 0.87
2003-
2008

PCUC-220m
(cm s-1) 4.8 8.2 2.6 0.48

2000-
2008

PCUC-480m
(cm s-1) 3.9 4.9 1.3 0.22

2000-
2008

Note the RMS of both Sea surface temperature (SST, in °C) and chlorophyll-a (Chl-a in mg
m−3) were estimated in a coastal band (first 80 km) extending from 30°S to 38°S. The oxycline
depth was estimated from the depth of the maximum vertical gradient in DO. Pearson’s
correlation between model and in situ data is represented by r at 95% confidence. The bias was
estimated as the RMS difference between the model and observation.

A

B

FIGURE A2

Interannual anomalies of the oxygen (DO in mM) averaged from
surface to 60 m depth (A) and oxycline depth (in m) variability over
the continental shelf at ~36.5°S (B; based from a monthly ship-
based time series from the University of Concepcion at 36°30′S over
the continental shelf (~90 m depth) for the period 2003–2008 (see
Sobarzo et al. (2007) and Escribano et al. (2012) for more details) for
both model (black line) and in situ data (red line). The oxycline depth
(B) was estimated from the maximum vertical DO gradient.
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