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ARTICLE INFO ABSTRACT

Keywords: The oxygen minimum zone (OMZ) in the Gulf of California entrance (GCE) is a crucial feature of the northeastern
CROCO-PISCES model tropical Pacific, significantly influencing regional biogeochemical cycles and marine ecosystems. This study
Dissolved oxygen investigates the seasonal and interannual variability of the OMZ upper boundaries using a high-resolution

El Nino-La Nina variability
Marine environment
Northeastern tropical Pacific

physical-biogeochemical coupled model. The model results are evaluated against satellite observations, Argo
profiles, and in situ data, demonstrating its capability to capture key dynamical processes, including mesoscale
eddies, poleward undercurrents, and coastal-trapped waves (CTWs). The high-resolution CROCO-PISCES model
reveals two alternating periods of shoaling and deepening of the OMZ upper boundary in the Gulf of California
Entrance, modulated by seasonal mesoscale dynamics and coastal-trapped wave (CTW) propagation. This study
provides novel insights into the interannual influence of El Nino Southern Oscillation (ENSO) events on OMZ
dynamics, with El Nino driving significant deepening and contraction of the OMZ, and La Nina promoting
shoaling and expansion. These variations are linked to changes in mesoscale dynamics, particularly the modu-
lation of anticyclonic circulation at the Gulf’s entrance by equatorially forced CTWs associated with ENSO. The
study highlights the complex interplay between local and remote oceanographic processes in determining the
OMZ variability in the GCE. This research provides insights into the mechanisms driving OMZ dynamics in the
Gulf of California and underscores the need for integrated observational and modeling approaches to predict the
response of OMZs to ongoing climate variability.

Abbreviations: CROCO, Coastal and Regional Ocean COmmunity model; CTW, Coastal-trapped wave; DO, Dissolved oxygen; ENSO, El Nino-Southern Oscillation;
GCE, Gulf of California entrance; JFM, Winter: January-February-March; AMJ, Spring: April-May-June; JAS, Summer: July-August-September; OND, Fall: October-
November-December; LFBRY, Low Frequency Boundary forcings; NRMSE, Normalized root mean square error; OMZ, Oxygen Minimum Zone; OMZ-core, Upper limit
of the OMZ core DO < 22 umol L''; OMZ-top, Upper limit of the OMZ DO < 45 pmol L'}; OSTIA, Operational Sea Surface Temperature and Ice Analysis; PISCES,
Pelagic Interactions Scheme for Carbon and Ecosystem Studies; SGC, Southern Gulf of California; SLA, Sea Level Anomaly; SST, Sea Surface Temperature.
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1. Introduction

Oxygen minimum zones (OMZs) are ocean areas with persistently
very low dissolved oxygen (DO) concentrations (DO < 45 pmol L%
Fernandez-Alamo and Firber-Lorda, 2006; Karstensen et al., 2008).
They are typically found in the subsurface layer (100-900 m, below the
mixed layer) in regions with poor ventilation and high surface primary
productivity, which supplies large amounts of organic matter that de-
pletes oxygen in the water column as it is degraded, such as at the
eastern boundaries of the tropical oceans (e.g, the eastern tropical Pa-
cific, the eastern tropical Atlantic, and the northern Indian Ocean)
(Helly and Levin, 2004; Fernandez-Alamo and Férber-Lorda, 2006;
Karstensen et al., 2008; Farber-Lorda and Farber-Data, 2023). Although
it is estimated that OMZs occupy only 7 % of the total ocean volume,
they are highly relevant for the ocean biogeochemical cycles (Paulmier
and Ruiz-Pino, 2009). These zones are estimated to contribute ~35 % of
net ocean nitrogen loss by denitrification and anammox processes
(Devol et al., 2006; Ward et al., 2009) and are responsible for ~30-50 %
of the NoO emission to the atmosphere, an important greenhouse gas
(Bange, 2008; McCoy et al., 2023). OMZs significantly influence the
ocean’s ecosystems, acting as a biological barrier for most aerobic or-
ganisms, including most fishes and species of economic interest (Helly
and Levin, 2004; Diaz and Rosenberg, 2008; Gallo and Levin, 2016).

The OMZ in the Northeastern Tropical Pacific is among the most
intense and extensive globally (Fernandez-Alamo and Firber-Lorda,
2006; Karstensen et al., 2008; Stramma et al., 2008). Its spatial extent
depends on the dissolved oxygen (DO) threshold used to define it. A
threshold of 45 umol L is widely adopted, as it represents a critical limit
below which most epipelagic species experience physiological stress,
serving as an ecological boundary (Hofmann et al., 2011). Using this
threshold, the OMZ extends along the eastern tropical Pacific from the
Baja California Peninsula coast (~25 °N) southward to the Ecuador
coast (0 °), merging with the Eastern Tropical South Pacific OMZ
(Fernandez-Alamo and Farber-Lorda, 2006; Paulmier and Ruiz-Pino,
2009). In the Gulf of California, off the Mexican Pacific coast, the
OMZ reaches the large islands region (~28 °N) and typically occurs at
depths of ~100 to ~600 m (Delgadillo-Hinojosa et al., 2006;
Trucco-Pignata et al., 2019). Near the coast, however, it can shoal to
~50 m or even reach coastal waters during wind-driven upwelling
events (Marquez-Artavia et al., 2019; Herrera-Becerril et al., 2022).

The OMZ boundaries are delimited by a complex interaction between
biochemical processes, such as microbial respiration (Kalvelage et al.,
2015; Bretagnon et al., 2018), and dynamical processes, such as venti-
lation and horizontal advection of oxygenated waters from adjacent
waters (Fuenzalida et al., 2009; Brandt et al., 2015). Processes like
coastal upwelling, mesoscale eddies, and coastal trapped waves (CTWSs)
influence the OMZ upper boundary by inducing vertical displacements
of the oxygen-rich mixed layer and shoaling or deepening the oxycline
(Vergara et al., 2016; Auger et al., 2021; Espinoza-Morriberén et al.,
2019). Climate phenomena, such as El Nino Southern Oscillation
(ENSO), also influence the interannual variability of the OMZ bound-
aries, mostly modifying the largescale and mesoscale circulation pat-
terns and therefore, the biochemical processes (Espinoza-Morriberon
et al., 2019; Trucco-Pignata et al., 2019).

This study aims to analyze the seasonal and interannual variability of
the Oxygen Minimum Zone (OMZ) boundary at the Gulf of California
entrance (GCE) and to untangle the dynamic processes driving this
variability. To achieve this, we implemented a regional configuration of
the coupled hydrodynamical-biogeochemical model CROCO-PISCES
(Coastal and Regional Ocean COmmunity model - Pelagic Interactions
Scheme for Carbon and Ecosystem Studies) in the Northeastern Tropical
Pacific, conducting a 13-year simulation (2008-2020) and a sensitivity
analysis to remote forcings. This is the first time a physical-
biogeochemical coupled model, like CROCO-PISCES, is used to study
the seasonal and interannual variability of the OMZ boundary in the Gulf
of California.
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2. Study area

The Gulf of California entrance (GCE) is the zone delimited by the
virtual lines between the tip of the Baja California Peninsula (Cabo San
Lucas) to El Dorado, Sinaloa (~24 °N on the mainland side; the mouth
line) and from Cabo San Lucas to Cabo Corrientes (~20.5 °N) (Lavin and
Marinone, 2003). This region is a complex transition zone where
different currents and water masses converge. In the surface layer,
ramifications of the cold and low-salinity California Current Water
(Table 1) reach the area mainly in winter and spring, interacting with
the warm and high-salinity Gulf of California Water and the warm and
low-salinity Tropical Surface Water. In the subsurface, the nutrient-rich,
oxygen-depleted, and saltier Subtropical Subsurface Water overlays,
enriched with nutrients, and the colder, oxygen-depleted Pacific Inter-
mediate Water (Lavin and Marinone, 2003; Portela et al., 2016;
Trucco-Pignata et al., 2019).

This area is characterized by several dynamic processes that could
influence the OMZ boundary. On the continental side of the GC, the
occurrence of wind-driven coastal upwelling, mainly from fall to spring,
shoals the thermocline/pycnocline and could raise the upper boundary
of the OMZ, primarily near the coast (Herrera-Cervantes et al., 2007).
This area is also influenced by the generation and propagation of
mesoscale eddies, particularly near the Cabo San Lucas (23 °N) and Cabo
Corrientes (20 °N) capes (Fig. 1), which are hotspots for eddy formation
due to the interaction between currents and coastal irregularities
(Kurczyn et al., 2012). Along the coast, the poleward propagation of
CTWs modulates the depth of the pycnocline and could also induce
vertical displacements of the oxycline (Gutiérrez et al., 2014). These
CTWs typically originate from the equatorial region; however, wind
gaps from the gulfs of Tehuantepec, Papagayo (Costa Rica), and Panama
could also generate them (Spillane et al., 1987; Flores-Vidal et al.,
2014). From Cabo Corrientes, some of the CTWs continue along the
coast inside the GC, while others can pass the Baja California peninsula
tip and continue their poleward propagation along the outer side of the
peninsula (Gomez-Valdivia et al., 2015). In the subsurface, the Mexican
Coastal Current (MCC) flows poleward along the coast between Gulf of
Tehuantepec (14 °N) and Gulf of California (~24 °N), mainly during
spring and fall, when it is enhanced by the semiannual CTWs
(Gomez-Valdivia et al., 2015). This poleward flux could advect
oxygen-depleted Subtropical Subsurface Water toward the GCE.

The interannual variability in the Southern Gulf of California (SGC)
is strongly influenced by ENSO, especially during winter, due to its
connection to the Equatorial Pacific by the CTWs corridor along the
continental border and atmospheric teleconnections (Lavin and Mar-
inone, 2003; Herrera-Cervantes et al., 2007; Sanchez-Cabeza et al.,
2022). During La Nina phases, the main seasonal patterns are enhanced:
upwelling-favorable winds are intensified, and the thermocline is
shoaled, resulting in cooler, nutrient-rich waters near the coast. In

Table 1

Water masses in the Gulf of California; CCW: California Current Water, TSW:
Tropical Surface Water, GCW: Gulf of California Water, StSsW: Subtropical
Subsurface Water, PIW: Pacific Intermediate Water, PDW: Pacific Deep Water.
DO classification: oxygen-rich (>90 umol L), oxygen-poor (45-90 umol L™1),
oxygen-depleted (<45 pmol L.

Water O (°C)  Salinity (g Depth(m) DO level

mass kg™

CCW 10-21 < 34.6 0-150 Oxygen-rich

TSW >25.1 < 34.6 0-50 Oxygen-rich

GCW >12 > 35.1 0-150 Oxygen-poor - Oxygen-
rich

StSsW 9-18 34.6-35.1 45-520 Oxygen-depleted

PIW 4-9 34.6-34.9 400-1000 Oxygen-depleted

PDW <4 > 34.5 > 1000 Oxygen-poor

Modified from Portela et al. (2016), updated with data from Trucco-Pignata
et al. (2019).
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Fig. 1. Domain of the model, with mean CROCO SST calculated over the
2010-2020 period. White lines denote the Gulf of California entrance (GCE).

contrast, during El Nino phases, the relaxation of upwelling-favorable
winds deepens the thermocline, bringing warmer, nutrient-poor wa-
ters to the surface and reducing biological productivity (Herrer-
a-Cervantes, 2007; Lluch-Cota et al., 2010; Paez-Osuna et al., 2016).

3. Methods
3.1. The physical-biogeochemical coupled model CROCO-PISCES

The Coastal and Regional Ocean Community model (CROCO; Hilt
et al., 2020) was used to study the hydrodynamics in the Northeastern
Tropical Pacific. CROCO solves the Primitive Equations based on the
Boussinesq and hydrostatic approximations built upon the former ROMS
kernel (Shchepetkin and McWilliams, 2005; Penven et al., 2006). It uses
stretched terrain-following sigma vertical coordinates and an
Arakawa-C horizontal grid. Horizontal advection of temperature and
salinity is calculated using the Rotated and Split 3rd-Order Upstream
Biased Advection Scheme (RSUP3; Lemarié et al., 2012). Vertical mixing
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is parameterized using KPP parameterization (Large et al., 1994). For a
detailed model description, the reader is referred to Shchepetkin and
McWilliams (2005) and, (2009).

The hydrodynamical model CROCO was coupled with the PISCES
biogeochemical model (Pelagic Interaction Scheme for Carbon and
Ecosystem Studies). PISCES simulates the marine biogeochemical cycles
of carbon, nutrients (NOs~, PO+*, Si, and Fe), and dissolved oxygen
(DO). PISCES has four living compartments split into two size classes
(nanophytoplankton and diatoms, and microzooplankton and meso-
zooplankton, respectively) and three non-living compartments (semi-
labile dissolved organic matter, small sinking particles, and large sinking
particles) (Aumont and Bopp, 2006; Aumont et al., 2015). We used the
default model parameters as detailed by Aumont et al. (2015).

CROCO-PISCES computes the oxygen evolution considering
dynamical transport, biogeochemical processes (sources and sinks), and
air-sea exchange. Dynamical transport considers horizontal and vertical
advection, as well as vertical mixing. The biogeochemical processes
include oxygen production by photosynthesis, consumption by dissolved
organic matter remineralization, microzooplankton and meso-
zooplankton respiration, and nitrification (Aumont et al., 2015; see also
Resplandy et al., 2012 and Espinoza-Morriber6n et al., 2019). Our
particular model configuration is described in Section 3.2. Data used to
force the model at the surface boundary and the oceanic lateral open
boundaries are described, respectively, in Section 3.3 Atmospheric
forcings, and Section 3.4 Open boundary conditions. All the information
is also summarized in Table 2. In this work, as a first approach to un-
tangle the OMZ variability in the GC, we focus on oxygen variability
driven by the physical processes (particularly advection) rather than the
biogeochemical processes and air-sea exchange. The omission of
biogeochemical analysis limits a comprehensive understanding of OMZ
variability and will be addressed in future studies.

3.2. Model configuration

We used a rotated rectangular grid to minimize land points and align
the right boundary with the continental margin. The model domain
extends from 13 °N, 134 °W in the northern left corner to 18 °S, 84 °W in
the southern left corner, and 36 °N, 121 °W in the northern right corner,
in front of California, to 10 °S, 78 °W in the southern right corner, in

Table 2
Summary of the different datasets used in the paper, with their original spatial and temporal resolution.
Name Variables Spatial Temporal resolution Use Reference
coverage &
resolution
ETOPO2 Bottom topography Global NA Model configuration Smith and
coverage, Sandwell, (1997)
0.033°
ERAS 10 m wind speed, air surface temperature, Global, 0.25° Hourly Model atmospheric forcings Hersbach et al.,

Fe deposition

Mercator Ocean reanalysis
(GLOBAL MULTIYEAR
PHY 001 030)

WOA 2009

Climatology of Global
PISCES simulation

OSTIA

AVISO+

ARGO biogeochemical floats

CRUISE data

specific humidity, precipitation rate, and
shortwave, longwave downward radiation

Fe atmospheric deposition

Temperature, salinity, sea surface height,

and velocity components

DO, NOg, POy, SiO3

Total alkalinity,

dissolved iron

Sea surface temperature (SST)
Sea level anomaly (SLA)

DO and temperature profiles

DO and temperature

Global, 1°

Global, 1/12°

Global, 1°

Global 2°

Global, 0.05°
Global, 0.25°
Punctual
profiles
Punctual
profiles along
the GC

Monthly climatological
means
Daily

Monthly climatological
means

Monthly climatological
means

Daily
Daily
Punctual profiles

Punctual profiles from
3rd to 16th of June
2015

Model atmospheric forcings

Initial and open ocean
boundary conditions for the
dynamical model

Initial and open boundary
conditions for the
biogeochemical model
Initial and open boundary
conditions for the
biogeochemical model
Model validation

Model validation

Model validation

Model validation

(2018)

Tegen and Fung,
(1995)
CMEMS, 2023

Boyer et al., (2009)

Aumont et al.,
(2015)

Good et al., (2020)
Pujol et al., (2016)
Claustre et al.,
(2020)
Trucco-Pignata

et al., (2019)
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front of Peru (Fig. 1). Since the equatorially-forced CTWs highly in-
fluences the Northeastern Tropical Pacific (Spillane et al., 1987), the
domain’s southern limit was chosen to include the continental border of
the Pacific at the equator. The horizontal grid resolution was ~9 km,
and the vertical discretization had 45 sigma layers, with finer resolution
towards the surface. The bottom topography was interpolated from
ETOPO2 (Earth TOPOgraphy: Smith and Sandwell, 1997) and smoothed
to avoid potential errors in the pressure gradient (Shchepetkin and
McWilliams, 2005).

3.3. Atmospheric forcings

We used the COARE3.0 (Coupled Ocean-Atmosphere Response
Experiment) bulk formulation (Fairall et al., 2003) to compute the wind
stress and heat fluxes imposed at the air-sea interface of the dynamical
model. The 10 m wind speed components, surface air temperature,
specific humidity, precipitation rate, and shortwave and longwave
downward radiation were obtained from ERA5 reanalysis hourly prod-
ucts at 0.25 ° resolution (Hersbach et al., 2018), then averaged to daily
means and interpolated onto the model grid. The Fe atmospheric
deposition required for the PISCES model’s surface forcing was calcu-
lated from Tegen and Fung’s model results (1995), assuming constant
values for iron content and solubility.

3.4. Open boundary conditions

The open ocean boundary conditions for the dynamical model
(temperature, salinity, sea surface height, and velocity components)
were obtained from the Mercator Ocean reanalysis (1/12°, daily prod-
ucts) (GLOBAL_MULTIYEAR PHY_001_030), then averaged every five
days and interpolated into the model boundaries grid (CMEMS, 2023).

The initial and open boundary conditions for the biogeochemical
model were sourced from multiple datasets. DO and macronutrients
(NOs, PO4, SiOs) were obtained from the World Ocean Atlas 2009 (WOA
2009, 1° resolution; Boyer et al., 2009). Dissolved inorganic and organic
carbon were derived from the Global Ocean Data Analysis Project
(GLODAP, 1° resolution; Key et al., 2004). Total alkalinity and dissolved
iron concentrations were taken from the climatology of a global PISCES
simulation (2° resolution; Aumont et al., 2015). The surface forcings,
initial conditions, and boundary conditions were preprocessed using the
CROCOTOOLS package (Penven et al., 2019).

3.5. Model simulations

We performed a 13-year control simulation (2008-2020). The spin-
up was accomplished by repeating the year 2008 three times to reach
a steady state, then the output was used as the initial condition (1
January 2008) for the control simulation. Model variables (outputs)
were stored as five-day averages. To include an equal number of El Nino
and La Nina events, the first two years (2008-2009) were discarded, and
the analyses were performed from 2010 to 2020. This period includes El
Nino periods 2014-2016 and 2018-2019, and La Nina periods
2010-2012 and 2016-2018.

To analyze the influence of remote oceanic forcings, particularly the
equatorially-forced CTWs, on mesoscale dynamics and the OMZ
boundary variability, we performed a sensitivity experiment. This
involved running a simulation (named LFBRY) in which the ocean
boundary forcings are yearly averages. The objective was to filter out
seasonal and intra-seasonal variability while preserving the low-
frequency interannual signal.

3.6. Model’s performance evaluation
To evaluate the model’s performance, the model results were

compared with observations from different data sources (Table 2). The
mean state was evaluated by comparing the modeled annual and
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seasonal means of the sea surface temperature (SST) over the
2010-2020 period with the observed SST means from Operational Sea
Surface Temperature and Ice Analysis (OSTIA) (Good et al., 2020). To
evaluate the interannual performance, we compared modeled and
observed (OSTIA) SST monthly anomaly time series averaged in the
southern GC (Fig. S1). We also compared modeled and observed sea
level anomaly (SLA) time series averaged in the same area (Fig. S2).

The model skill is a normalized metric that quantifies the agreement
between model results and observations, ranging from 0 (no agreement)
to 1 (perfect agreement) (Willmott, 1981). It is calculated as one minus
the normalized sum of squared differences between model outputs and
observations. We estimated the model skill and the root mean square
error normalized to the range of model values (NRMSE) for both
monthly anomaly SST and SLA, time series comparison.To evaluate the
mesoscale activity, we calculated the standard deviation of the 95-day
high-passed sea level anomaly (henceforth named SLA standard devia-
tion) during the 2010-2019 period. We compared it to the SLA standard
deviation obtained from the AVISO (Archiving, Validation and Inter-
pretation of Satellite Oceanographic data) satellite altimetry data,
following the methodology from Liang et al. (2012).

To evaluate the modeled vertical structure, we compared the tem-
perature and DO profiles from biogeochemical-ARGO floats (Claustre
et al., 2020) with profiles from the nearest model grid at the same time.
This analysis included 632 profiles from biogeochemical-ARGO floats.
Since no biogeochemical ARGO floats were available in the GC during
the simulation time period, we also compared the model temperature
and DO with a transect along the GC sampled in June 2015
(Trucco-Pignata et al., 2019).

4. Results
4.1. Model evaluation

The SST annual mean comparison with OSTIA revealed a widespread
cold bias of —0.2 to —0.5 °C across most of the domain, with a larger bias
(up to 1.2 °C) in areas near the northern and southern continental
borders (Fig. S1A). Seasonally, the comparison for winter (JFM) showed
a cold bias [-0.5 to —1 °C] over much of the study area, but a notable
positive (warm) bias within the GC itself. This warm bias ranged from
[0-1 °C] in the SGC to [0.7-2 °C] in the northern GC (Fig. S1B). In
contrast, the summer (JAS) comparison revealed a moderate warm bias
of ~0.5 °C around the GCE and a slight cool bias [-0.1 to —0.3 °C] in the
southern GC (Fig. S1C).

These spatial and temporal patterns in SST bias may have some
implications for the modeled ocean structure. The warm bias within the
GC during winter would induce a modeled thermocline deeper than
observed, which would affect the ventilation of subsurface waters and
the vertical transport of oxygen. Despite these biases, the model suc-
cessfully reproduced the interannual SST variability, with a skill of 0.97
and an NRMSE of 0.06, and correctly captured the strong anomalies
associated with El Nino and La Nina events.

The model adequately captured the range of intra-seasonal and
interannual SST variations (Fig. S2). The model’s skill score for the SST
monthly anomalies below 28°N was 0.97, and the NRMSE was 0.06,
indicating a very satisfactory level of performance. The pronounced cold
anomalies in 2010 and 2011, as well as the warm anomalies in 2014 and
2015 associated with La Nina and El Nino events, were also accurately
reproduced.

The SLA standard deviation comparison (Fig. 2) showed that the
model’s mesoscale variability is slightly lower than that derived from
AVISO. However, the model reproduces well the areas with enhanced
mesoscale activity, such as around Cabo Corrientes and South of Cabo
San Lucas (21°-23°N and 112°-108°W; Fig. 1) (Kurczyn et al., 2012). The
SLA time series comparison between the model and AVISO in the south
GC showed a model skill was 0.96 and an NRMSE of 0.08 (Fig. S3).

Model validation of DO is constrained by the limited availability of in
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Fig. 2. Standard deviation from 95-day high-passed sea level anomaly (SLA-SD) from A) CROCO and B) AVISO altimetry data (2010-2019).

situ oxygen measurements in the GCE, which relies primarily on sparse
ARGO profiles and June 2015 cruise data, thereby restricting the
assessment of fine-scale variability, particularly in coastal regions. The
comparison with ARGO profiles showed that the model was able to es-
timate the thermocline depth correctly albeit slightly more diffusive
(Fig. 3B). The modelled and observed oxyclines were of similar intensity
(~4 pmol L1 m'l) but deeper in the model (Fig. 3A). The mean differ-
ence of the oxycline depth (depth difference for each DO from 20 to 200
pmol L™1) between selected CROCO and ARGO profiles was 17.1
+ 0.1 m. The NRMSE for the CROCO profiles compared to ARGO from
surface to 250 m depth was 0.17 for DO and 0.08 for temperature.

The comparison of the modelled DO and temperature with the June
2015 transect along the GC (Trucco-Pignata et al., 2019), confirmed that
the modelled oxycline was somewhat deeper and more diffuse than the
observed, but reproduced well some of the observed latitudinal patterns
of temperature and the upper limit of the OMZ (44 ymol L™1), particu-
larly the front around 24 °N (Figs. S4 & S5).

In the following, we explore the variability of the OMZ in the GCE
and discuss the processes responsible for it based on the model results.
The impact of the afore-mentioned DO bias is discussed in the last
section.

-50

=

(=)

o
'
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4.2. Seasonal variability

Several DO thresholds have been used to define the OMZ boundaries
according to different criteria. Here, we use the 44 ymol L™! DO con-
centration to define the upper limit of the OMZ, referred to hereafter as
OMZ-top. A similar threshold (44 umol L™!) has been used in previous
studies in the same zone (Sanchez-Velasco et al., 2017; Trucco-Pignata
et al., 2019; Sanchez-Pérez et al., 2021). We also used the 22 pmol Lt
isopleth, also reported as the “severe hypoxia” threshold, to identify the
OMZ core in the model results, hereafter referred as OMZ-core (Helly
and Levin, 2004; Diaz and Rosenberg, 2008; Hofmann et al., 2011;
Farber-Lorda and Farber-Data, 2023).

In the Mexican Pacific coast, the OMZ-top is shallower (<100 m)
next to the coast up to Cabo Corrientes (Fig. 4), then it deepens to the
north along the GC up to ~250 m depth around 28 °N, at the south of the
large islands. The major seasonal variation of the OMZ-top occurs next
to the continental border on the mainland side of the GC (Fig. 4). To
visualize the OMZ boundary variability (OMZ-top and OMZ-core) along
the continental border, we defined a transect along the 500 m isobath
next to the mainland coast (Fig. 4C) and plotted the DO mean concen-
tration over the 2010-2020 period (Fig. 5) and the monthly means

DO CROCO mean at 100 m depth
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Fig. 3. Comparison of the CROCO model results with ARGO floats. A) Dissolved oxygen (DO) and B) temperature means from all available profiles. C) Map with the
location of ARGO profiles and DO from the model at 100 m depth. The dashed line remarks the limits of oxygen minimum zone (OMZ) (44 umol L™!) at that depth.
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Fig. 5. Mean of dissolved oxygen (DO) concentration, over the 2010-2020
period, along a vertical section following the 500 m isobath in the continental
side of the Gulf of California, (Fig. 4C). Dashed line marks the 44 pmol Lt
isopleth (OMZ-top), and continuous line marks the 22 umol L™ isopleth (OMZ-
core). The horizontal dashed line marks the 250 m depth, and the vertical line
at 24 °N denotes where this transect crosses the Gulf of California mouth.

(Fig. S6).

The monthly means of the OMZ-top and OMZ-core along the 500 m
isobath transect revealed a semiannual pattern of two alternating pe-
riods of shoaling and deepening of the OMZ-top and poleward expansion
and contraction of the OMZ-core (Fig. S6). The first shoaling/expansion
period occurs from October to January and reaches its maximum in
December. During this period, the OMZ-top shoals along the coast, be-
tween ~20.5 °N (Cabo Corrientes) and ~25 °N (Topolobampo)
(Fig. 4D), and the OMZ-core extends northward, reaching its seasonal
maximum position (~24.75 °N). Later in winter (February and March),
the model shows a weak deepening of the OMZ-top and contraction of
the OMZ-core to the south, just around the GC mouth. During spring
(April-May), the model shows a second and strongest period of shoaling
and poleward expansion of the OMZ boundary, with a maximum in May.

In this period, the OMZ-top is shallowest, and the OMZ-core reaches its
northernmost position (~25 °N).

In summer (JAS), the model shows a second and the most intense
period of southward contraction, when the OMZ-top is progressively
deepened to the north of ~27 °N, where it abruptly sinks from ~200 m
to ~400 m, creating a front-like pattern. Unlike during other seasons,
the summer deepening of the OMZ-top occurs rather homogeneously
across the gulf width around the GC mouth (Fig. 4C). In summer, the
OMZ-core rapidly contracts to the south; from July, the OMZ-core is
positioned outside of the GC and reaches its southernmost position in
September (~23 °N; Fig. 56). Fig. 6 summarizes this seasonal cycle by
showing the monthly means of the OMZ-top at the GC mouth latitude
(24 °N) in the alongshore transect (Fig. 5) and the OMZ-core north-
ernmost position reached along the same transect. Intraseasonal CTWs
had a weak impact on the variability of the OMZ boundary position, as
the LFBRY simulation showed similar results to the control simulation
albeit smoother transitions in the range variation of OMZ-top depth and
OMZ-core northern position, particularly during the summer contrac-
tion (Fig. 6A&B).

4.3. Interannual variability

To compare the influence of El Nino/La Nina events on the OMZ
boundary, we calculated seasonal means of the OMZ-top and OMZ-core
position during La Nina 2010-2011 and El Nino 2015-2016, both of
which were strong events (Sanchez-Cabeza et al., 2022; Boening et al.,
2012). During La Nina, the OMZ-top was ~50 m shallower than average
in almost all the SGC (Fig. 7A,C & 8B), and the alongshore OMZ-core was
slightly shallower than the climatology, reaching a position around one
degree further north (Fig. 8B).

In contrast, during El Nino 2015-16, the OMZ deepened in the GC.
During fall (OND-2015), the OMZ-top was deeper than the average
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(Fig. 7B,D & 8 A). In winter (JFM-2016), the OMZ-top was deeper, and
the OMZ-core showed a marked deviation from the seasonal mean,
being positioned in a front-like pattern, out of the GC mouth, southern
than 22 °N (Fig. 8B).

CTWs are one of the mechanisms through which the ENSO signal is
propagated from the Equatorial Pacific to the CG, and its passage can be
observed as anomalies of sea level. The Hovmoller plot of the SLA and
OMZ-top anomalies along the 200 m isobath next to the Mexican Pacific
(Fig. 9D) coast shows two periods of positive (downwelling) and nega-
tive (upwelling) anomalies in both variables, which coincides with El
Nino 2015-16 and La Nina 2010-11 events (Fig. 9A,B). The SLA
anomalies showed a continuous pattern along all the transect, which
suggests that the CTWs propagate along the Mexican Pacific coast. In
contrast, the OMZ-top anomalies are more diffuse, particularly at the
north of 22 °N (Fig. 9A). To analyze the influence of the CTWs in the
OMZ-top variability, we calculated the cross-spectrum of SLA and OMZ-
top anomalies in different points south (19 °N) and north (23 °N) of Cabo
Corrientes (see Fig. 9D). This cross-spectrum showed a peak of shared
energy near ~55 days at 19 °N. Still, the peak did not exist at 23 °N.
Expectedly, the peaks were not observed in the spectrums from the
LFBRY simulation (Fig. 9E).

5. Discussion

Our model simulation adequately captured the seasonal and intra-
seasonal variability of physical variables (SST and Sea Surface Height),

suggesting that the main dynamical processes are correctly simulated
(Figs 2, S1, S2 & S3). However, as the model estimated a deeper oxycline
than observations (Figs. 3, S4), the exact position of the OMZ-top and
the OMZ-core is expected to be shallower than simulated. Our simula-
tion also reproduced well the latitudinal variations of the OMZ boundary
(Figs. S4 & S5) and can thus be useful in studying the dynamical pro-
cesses driving these variations, as abundant observations are not
abundant in the region. In fact, to date, not a single biogeochemical
ARGO float with available oxygen measurements has been deployed in
the GC, and the World Ocean Atlas climatology of DO includes very few
observations in the region (Garcia et al., 2024).

The scarcity of in situ measurements, particularly for dissolved ox-
ygen, poses a significant limitation for validating the CROCO-PISCES
model in the GCE. The absence of biogeochemical ARGO floats and
the reliance on sparse cruise data (e.g., June 2015; Trucco-Pignata et al.,
2019) restrict our ability to fully assess the model’s performance,
especially for fine-scale spatial and temporal OMZ variability. The lack
of dense observational data hinders precise bias attribution and
parameter tuning, potentially underestimating the ecological impacts of
hypoxic conditions, such as biological stress on epipelagic species
(Hofmann et al., 2011). Despite these challenges, the model captures
large-scale OMZ patterns, including semiannual cycles and latitudinal
gradients (Figs. 5, S4), validated against available data. Future work
should prioritize the deployment of biogeochemical ARGO floats and
conducting targeted cruises to enhance validation, alongside
higher-resolution simulations to better resolve coastal dynamics.
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5.1. Transition area and decoupling

The OMZ-top and the OMZ-core have similar temporal variability
but different spatial behavior along the GCE and SGC. Cabo Corrientes
acts as a tipping point where the transition area starts. To the south of
the cape, the isopleths are close while to the North the isopleths

decouple: the OMZ-top remains visible along all the SGC, up to the large
islands, while the OMZ-core rapidly deepens, creating a front-like
pattern at depths from ~150 to ~400 m, with a latitudinal variability
around the GC mouth (from ~23-25 °N) (Fig. 5&S6). A similar decou-
pling pattern has been observed by Cepeda-Morales et al. (2013) in a
transect perpendicular to the coast at the Cabo Corrientes latitude. This
decoupling could be a characteristic of a transitional area.

5.2. Influence of poleward undercurrent

The seasonal variability of the OMZ boundary along the continental
side of the GCE is mainly related to subsurface circulation patterns,
particularly with the alternated periods of semiannual poleward un-
dercurrent occurring in fall and spring and the formation of an anticy-
clonic eddy in the GC mouth during winter and summer (Fig. 10)
(Kessler, 2006; Zamudio et al., 2008; Godinez et al.,, 2010;
Gomez-Valdivia et al., 2015). In the GCE, the poleward undercurrent,
which is part of the Mexican Coastal Current flows in a narrow strip
along the continental slope from October to January (fall) and from
April to June (spring) (Fig. 10). It has a maximum velocity of ~0.1 m s~
at depths from ~100 m to ~400 m, approximately in the same depth
range of the Subtropical Subsurface Water is found (Lavin et al., 2013)
(Fig. 11). This flows advects low DO waters from the OMZ northward,
pushing the OMZ-core inside the GC, and shoaling of the OMZ-top. The
months of maximum poleward flow, December and May, coincide with
the northernmost position reached by the OMZ-core, up to ~25 °N along
the coast (see Fig. 6B).

5.3. Influence of an anticyclonic eddy at the GC mouth

Approximately one month after each poleward flow peaks, an anti-
cyclonic eddy begins to form in the SGC, as part of an eddy train formed
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along the GC axis (Fig. 10). This eddy is particularly intense in summer subsurface (~300 m). Its maximum velocities (up to ~0.14 m s’l) are
(Fig. 10C). It extends up to 700 m depth, and the difference in its found from 200 to 600 m during August-September (Pegau et al., 2002;
properties (salinity, temperature, and DO) is more delimited in the Zamudio et al., 2008; Lavin et al., 2013). Our model results agree with
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these observations (Fig. 11C). It has been proposed that the eddy train is
formed by baroclinic instabilities caused by the interaction of the
poleward undercurrent, intensified by the passage of CTWs, with topo-
graphic irregularities (Zamudio et al., 2008). Since the poleward flow is
stronger in spring than in fall, this hypothesis is consistent with the more
intense anticyclonic eddy formed in the GC in late summer than that
formed in winter (Fig. 10A&C). It has also been suggested that some
eddies in the south of GC could be formed by localized wind impulses
and by instabilities caused by the interaction between currents (Lavin
et al., 2009; Pantoja et al., 2012). The results of our sensitivity experi-
ment with filtered remote forcing (LFBRY) showed that a much weaker
summer eddy is also formed in the absence of intra-seasonal equator-
ially-forced CTWs (Fig. S7). This supports the hypothesis that CTWs
enhance the poleward flow and intensify the eddy train but are not
crucial to its formation (Zamudio et al., 2008).

The position of the anticyclonic eddy, close to the GC mouth, pro-
vokes a subsurface inflow to the GC by the peninsula side and an outflow
by the continental side (Fig. 10A&C), forcing the OMZ-core out of the GC
mouth along the mainland side. Our results suggest that a weaker winter
anticyclonic eddy is also formed at the GC mouth (Fig. 10A) and could be
responsible for the weak deepening of the OMZ-top and the less-
pronounced contraction of the OMZ-core in February and March
(Fig. 6). Contrarily, the winter wind acts in the opposite way, shoaling
the OMZ-top by the influence of wind stress curl and wind-induced
coastal upwelling (Lavin and Marinone, 2003; Zamudio et al., 2008).

North of 26 °N the deepening of the OMZ-top during summer is more
pronounced, creating a front-like pattern, very likely to be caused by
interaction between the oxygenated Gulf of California Water and the
poor-oxygenated Subtropical Subsurface Water (Lavin and Marinone,
2003; Trucco-Pignata et al., 2019). While the poleward undercurrent
next to the continental border is narrow, the outflow due to the anti-
cyclonic eddy is wider and covers the eastern half of the GC mouth
(Fig. 10 & 11). This explains why the isolines of the OMZ-top tend to be
aligned with the gulf axis during the expansion periods while they tend
to be perpendicular to the gulf’s axis during the contraction in summer
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(Fig. 4).
5.4. Interannual variability

The characteristics of the OMZ boundary during strong El Nino and
La Nina events showed marked deviations from the average conditions,
mainly in winter (JFM). Most of the differences were related to changes
in the subsurface dynamics that dominate the seasonal patterns, i.e., the
semiannual poleward undercurrent and the anticyclonic circulation at
the SGC.

During La Nina 2010-2011, the OMZ-top was slightly shallower than
average, and the OMZ-core reached ~1° farther north inside the GC,
both in fall and winter (Fig. 8). However, the poleward undercurrent,
responsible for advecting the OMZ-core inside the GC, was not stronger
than average, so the OMZ position difference was not caused by an
enhanced poleward flow (Fig. 12A, B). During La Nina 2010-11, a
sequence of upwelling CTWs reached the GC (Fig. 9B) which could cause
the observed intensification in the anticyclonic eddy in the SGC (S8A,C).
However, this eddy was shallow (~100 m depth) (Fig. 12D), so neither
participated in the contraction of the OMZ-core. Furthermore, during
the previous summer (2010), the subsurface circulation at the GCE,
including the anticyclonic eddy in the mouth, was weaker than average
(not shown). Therefore, the OMZ-core expulsion from the GC by this
eddy was also weaker, so when the following expansion period in winter
started, the OMZ-core was already closer to the GC mouth.

El Nino affects the GC by i) propagating downwelling CTWs, ii)
decreasing upwelling favorable winds, and iii) enhancing the advection
of Tropical Surface Water to the north (Herrera-Cervantes et al., 2007;
Lluch-Cota et al., 2010). El Nino 2015-16 was one of the strongest
events recorded and was preceded by an anomalous warm episode in
2014-2015 (Sanchez-Cabeza et al., 2022). The model showed a period
of propagation of downwelling CTWs, which started in 2014, intensified
during fall-winter 2015-16 and coincided with deepening periods of the
OMZ-top. The observed peak of shared energy (period ~55 days) in the
SLA and OMZ-top cross-spectrum agrees with the time scales of
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equatorially-forced CTWs (Spillane et al., 1987; Gutiérrez et al., 2014)
and suggests that the deepening during El Nino is associated with the
passage of CTWs. However, north of Cabo Corrientes, inside the GCE (23
°N), the peak in the cross-spectrum disappeared, even though the
propagation of CTWs continued (Fig. 9). As the OMZ-top was deeper in
this area (GCE), it may have been less sensitive to the dominant CTWs
low-order modes. Furthermore, the CGE is a transition area where other
processes, such as mesoscale eddies and the presence of water masses
with different properties, may influence the variability of OMZ-top.
The substantial variability of the OMZ boundary modelled in the GCE
during El Nino 2015-16 appears to be related to an intensification of
mesoscale dynamics (Figs. S8B, D). During OND 2015, there was an
intensification in the poleward flow next to the coast, which was broad
and covered the eastern half of the GC mouth. Since the intensification
was not reproduced in the LFBRY simulation, it is expected that it was
enhanced by the arrival of downwelling CTWs (Zamudio et al., 2008;
Gomez-Valdivia et al., 2015). However, owing to the deepening of the
isotherms associated with El Nino, the enhanced poleward advection of
warm, oxygenated Tropical Surface Water rather than oxygen-depleted
Subtropical Subsurface Water took place (Fig. 12C) (Castro et al., 2000).
Later, in winter 2016, the anticyclonic circulation in the GC mouth was
much stronger than average (Fig. 12, Fig. S8), causing the expulsion of
the OMZ-core far more southern than the GC mouth. The OMZ boundary
in the El Nino 2015-16 winter was comparable to an average summer
(Fig. 8). This intensification was not reproduced in the sensitivity
experiment (LFBRY), suggesting that the CTWs associated with El Nino
enhanced the poleward flow related to the intensity of the anticyclonic
circulation in the GCE (Gomez-Valdivia et al., 2015; Farach-Espinoza
et al., 2021). El Nino events are also associated with weakening up-
welling favorable winds (Herrera-Cervantes et al., 2007;
Farach-Espinoza et al.,2021). However, the wind stress estimated by the
model showed an increase of up to 40 % of wind stress in the upper
mid-GC during the 2015 fall (OND), while in JFM there was a slight
decrease (< 10 %) of the wind stress in the lower middle GC (not
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shown). Therefore, it is not expected that the OMZ-top differences could
be related to differences in the upwelling rate.

5.5. Model limitations and future work

Our study utilizes the CROCO-PISCES coupled physical-
biogeochemical model with a horizontal resolution of approximately
9 km to investigate the seasonal and interannual variability of the OMZ
at the Gulf of California Entrance (GCE). The purpose of the model was
to gain a better understanding of OMZ variability, where observational
data are very scarce. While the model effectively captures large-scale
dynamical processes (such as mesoscale eddies, poleward un-
dercurrents, and coastal-trapped waves), it is subject to limitations that
can lead to some discrepancies with observations.

In this work, both the validation and discussion focus on the Gulf of
California area, in particular the entrance and the southern part. We
validated the model against available datasets, including ARGO float
profiles, cruise data from June 2015, and satellite observations (e.g.,
OSTIA SST and AVISO SLA). These comparisons demonstrate that the
model accurately reproduces the general patterns of OMZ variability,
including seasonal shoaling and deepening, as well as interannual re-
sponses to ENSO. However, the modeled oxycline is somewhat deeper
and more diffuse than observed, with a mean depth difference of ~17 m
compared to ARGO profiles. This bias could be more pronounced in
areas such as the Gulf of California, where observational data are sparse,
limiting our ability to assess model performance locally.

Despite this limitation, the model successfully reproduces spatial and
temporal patterns of OMZ variability driven by physical processes. For
instance, it accurately captures the latitudinal patterns of the OMZ
boundary, such as the front-like structure around 24 °N observed in the
June 2015 cruise data (Figs. S4 and S5), which is associated with
mesoscale eddy activity. The model also reproduces the semiannual
cycle of OMZ-top shoaling and deepening, as well as the poleward
expansion/contraction of the OMZ-core (Figs. 5 and 6), aligning with
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known dynamical processes, such as the Mexican Coastal Current and
the anticyclonic eddy in the GCE during summer. These results suggest
that, while the model exhibits a vertical bias in oxygen distribution, it
provides a robust framework for understanding the physical drivers of
OMZ variability, particularly in data-scarce regions. Possible reasons for
discrepancies on the OMZ depth could be:

— Model spatial resolution limitations: The 9 km horizontal resolution
may not adequately resolve fine-scale processes that significantly
influence OMZ depths in the GC. Small-scale dynamics are critical in
shaping oxygen distributions in coastal regions and may not be fully
captured at this resolution.

— Parameterization of Biogeochemical Processes: The model’s param-
eterization of biogeochemical processes (via PISCES) relies on
generalized assumptions that may not be optimally tuned for the
unique conditions of the GC. For instance, the simulation of oxygen
consumption through microbial respiration may differ from reality
due to region-specific characteristics that are not fully accounted for
in the default parameter settings.

These discrepancies highlight the challenges inherent in ocean
modeling, particularly in regions with complex coastal dynamics and
limited observational coverage. To improve the model’s representation
of OMZ depths in future work, we propose the following:

— Higher-resolution simulations: Increasing the horizontal and vertical
resolution could better capture small-scale processes, such as local-
ized upwelling, (sub)mesoscale fronts and eddies, and topographic
effects, potentially reducing the observed differences in OMZ depth.

— Region-specific parameter tuning: Adjusting the parameterization of
biogeochemical processes based on additional regional data could
enhance the model’s accuracy for the GC.

— Expanded observational data: The scarcity of in situ measurements,
such as biogeochemical ARGO floats in the Gulf of California, limits
validation efforts. Future deployment of such instruments in the re-
gion would provide critical data to refine and validate the model.

An Empirical Orthogonal Function (EOF) analysis of the OMZ-top
and core could deepen our understanding of the variability modes
associated with El Nino and La Nina events. This analysis would com-
plement our current findings, which demonstrate the significant impact
of El Nino (deepening and contraction of the OMZ) and La Nina
(shoaling and expansion) through seasonal and interannual comparisons
(e.g., Figs. 7, 8, and 9). Additionally, the results could help disentangle
ENSO-driven variability from other modes of variability in the OMZ.

Besides the influence of dynamic processes on the OMZ boundary
variability in the GCE, other processes, particularly biogeochemical,
could also be relevant. Regarding interannual variability, El Nino events
typically decrease primary productivity, while La Nina events increase it
(Kahru et al., 2004; Lluch-Cota et al., 2010). These changes in primary
production are expected to contribute to OMZ-top deepening or shoaling
of the OMZ-top. The discussion of the biogeochemical processes
involved is beyond the scope of this work and is deferred to future work.
In any case, our model, despite its limitations, provides valuable insights
into the drivers of OMZ variability in the GCE and serves as a foundation
for further research.

6. Conclusions

This study highlights the dynamic behavior of the oxygen minimum
zone boundary (OMZ) at the Gulf of California entrance (GCE), revealing
distinct patterns of shoaling and deepening influenced by various
oceanographic processes. The seasonal variability exhibits a semiannual
cycle of alternate periods of shoaling and deepening of the OMZ
boundary, significantly influenced by seasonal shifts of a poleward un-
dercurrent along the coast and the following formation of an
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anticyclonic eddy within the GC mouth. The poleward undercurrent,
which is part of the Mexican Coastal Current, shoals the OMZ upper limit
and pushes the OMZ core to the GC during fall and spring. The anticy-
clonic eddy, occurring in winter (weaker) and summer, deepens the
OMZ upper limit and forces the OMZ core out of the gulf by the conti-
nental side. The interaction between local mesoscale dynamics and
remote forcings, particularly coastal-trapped waves (CTWs), plays a
significant role in shaping the OMZ boundary’s behavior. The study
confirms that while CTWs enhance the poleward flow and intensify the
anticyclonic circulation, their absence does not prevent the formation of
anticyclonic eddies at the Gulf’s entrance.

Interannual variability, particularly during strong El Nino and La
Nina events, shows the OMZ boundary’s sensitivity to changes in
oceanic and atmospheric conditions. El Nino events lead to a pro-
nounced deepening of the OMZ, driven by enhanced mesoscale activity.
In contrast, La Nina events cause a shoaling effect, intensifying the
OMZ’s presence along the coast.

This research demonstrates the value of integrating high-resolution
ocean models with observational data to unravel the complex inter-
play between physical and biogeochemical processes driving the OMZ
variability, especially in regions with limited observational data avail-
ability. Future work should further explore the role of biogeochemical
processes in OMZ dynamics, particularly under changing climatic
conditions.
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