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As a result of anthropogenic activities, it has been predicted that the ocean will be
challenged with rising temperature, increased stratification, ocean acidification, stronger
more frequent tropical storms, and oxygen depletion. In the tropical Pacific off central
Mexico all these phenomena are already occurring naturally, providing a laboratory
from which to explore ocean biogeochemical dynamics that are predicted under
future anthropogenic forcing conditions. Here, seasonally anomalous surface tropical
waters were detected as a result of the developing “Godzilla El Nifio 2015-2016.”
The incursion of this oxygenated water modified the local structure of an intense and
shallow oxygen minimum zone (OMZ), partially eroding and intensifying the oxycline
while having an associated impact on the carbon maximum zone. The core of the OMZ
(<4.4 wmol kg~1) was centered around 474 m, with a variant upper level between 50
and 360 m depth. Below the dominance of Tropical Surface Waters, the thickness of the
oxycline varied between 10 and 325 m, with intensity values up to 11 wmol kg~ m~".
The change in dissolved inorganic carbon (DIC) and apparent oxygen utilization yielded
a molar ratio of 3DIC = 0.98 x 8AOU during June 2015 and of 8DIC = 1.08 x 3AQU
for March 2016. A further decrease in the average content of DIC was observed in
the carbon maximum zone for 2016. Traditionally, different explanations have been
proposed to account for changing oxygen concentrations in the ocean rather than
considering the interactions between multiple forcing factors. Our results highlight the
significance of an episodic event like El Nino in the distribution and concentration of O»
and DIC and as a plausible mechanism of ventilation and increased oxygen availability
in the upper OMZ of the tropical Pacific off central Mexico.

Keywords: oxygen minimum zones, dissolved inorganic carbon, El Nifio 2015-2016, oxycline, eastern tropical
North Pacific
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INTRODUCTION

Knowledge of the main hydrographic features of the northeastern
tropical Pacific Ocean, spanning from the Gulf of California
entrance to Panama, have been summarized by Fiedler and Talley
(2006). The principal characteristics in the surface are: a warm
low-salinity poleward flowing Tropical Surface Water (TSW)
over a strong and shallow pycnocline, and a cool, low-salinity
eastern boundary current water flowing from the north. In the
subsurface, a pronounced oxygen minimum layer flows into the
region, as a warm high salinity subtropical water, subducted
into the thermocline primarily in the southern Subtropical
Convergence (Fiedler and Talley, 2006). Afterward, this broad
review is refined at a sub-basin scale by Portela et al. (2016).
Focusing their analysis on the tropical Pacific off central Mexico
(TPCM), the authors describe the seasonality of the water masses
and the current pattern in the regional circulation scheme.

The TPCM forms part of the northern limit of one of the
most extensive and intense (O, < 20 wmol kg~!) oxygen
minimum zone (OMZ) in the world (Paulmier and Ruiz-Pino,
2009; Stramma et al., 2010; Cepeda-Morales et al., 2013). Multiple
studies have highlighted the role of OMZs in the biogeochemical
cycles of nitrogen and sulfur (Canfield et al., 2010; Kalvelage et al.,
2013), in the distribution and boundaries of pelagic ecosystems
(Wishner et al., 2013; Davies et al., 2015), and as important
reservoirs of inorganic carbon (Paulmier et al, 2011; Franco
et al., 2014). Given increased atmospheric CO; and thermal
stratification in the ocean, OMZs have intensified and expanded
(Stramma et al., 2008; Rabalais et al., 2010). Explore these zones
provides a window through which to study and to understand
the potential future conditions of our oceans, as well as their
respective role in the climate system (Keeling and Garcia, 2002).

Our study area extends from 25.5°N in the Gulf of California,
off the coasts of Baja California Sur and Sinaloa, to 18°N in front
of the coasts of Nayarit and Jalisco, between 105.5 and 110°W
(Figure 1). This is an oceanographically complex area in which
hydrographic conditions depend on the interactions between the
surrounding water masses (Portela et al., 2016), the intensity of
seasonal and interannual variability (Kurczyn et al., 2012, 2013),
and the prevailing mesoscale physical processes (Lavin et al.,
2006; Godinez et al., 2010).

In the northern region of the study area, circulation is
dominated by both the entry of Transitional Water (TW) along
Sinaloa and the exit of Gulf of California Water (GCW) down
the peninsular side of the Gulf (Figure 1; Castro and Durazo,
2000; Kurczyn et al., 2012; Lavin et al., 2013; Portela et al., 2016).
The dynamics of this area are strongly modulated by the presence
of cyclonic and anticyclonic eddies (Castro et al., 2006; Lavin
etal., 2009, 2013; Kurczyn et al., 2012; Collins et al., 2015), which
significantly influence primary production and the distribution of
the zooplankton [i.e., larval fish and squid paralarvae (Apango-
Figueroa et al., 2015; Sanchez-Velasco et al., 2016)].

Oft the coasts of Nayarit and Jalisco in the southern region, the
water column is highly stratified and TSW dominates from the
surface to 70 m depth (Franco et al., 2014). TSW is transported
northward by the Mexican Coastal Current (MCC) primarily
during summer and autumn, traveling over the continental

platform (Gémez-Valdivia et al., 2015) while interacting and
mixing with TW, GCW, and California Current Water (CCW).
Due to the presence of cyclonic eddies near the tip of the
Baja California peninsula, CCW is advected to the east (Lavin
et al., 2009). In summary, the TPCM receives GCW in the
surface layer during spring and TSW during summer and autumn
(Portela et al., 2016).

The coastal oxycline is generally shallow, between 50 and
100 m depth (Ferndndez-Alamo and Firber-Lorda, 2006;
Cepeda-Morales et al., 2009, 2013), as is the carbocline (Franco
et al,, 2014). These waters enriched with dissolved inorganic
carbon (DIC) and low dissolved oxygen (DO) are associated with
Subtropical Subsurface Water (StSsW), which dominates zonally
and meridionally below the waters previously mentioned. The
depth of the oxycline, along with upwelling events and cyclonic
eddy pumping, can have a significant influence on the partial
pressure of CO, (pCO;) and important consequences for the
estimation of ocean-atmosphere CO; fluxes.

The overall objective of this paper is to understand the
main processes that are affecting the measured distribution of
DIC and DO in the upper part of the OMZ in the TPCM.
Observations were performed during two contrasting temporal
(seasonal) and spatial distribution on the OMZ, and during
the development of an El Nifio event, providing a wide range
of oceanographic conditions to explore the mechanism that
controls the OMZ dynamics. We started with the assumption
that the distribution of DIC (determined for the first time in
this region) and DO will be strongly correlated with the seasonal
distribution of the different water masses (Kurczyn et al., 2012,
2013; Portela et al., 2016), each one with a particular chemical
composition upon its origin and history. Our emphasis on the
present study is about the repercussions of the “Godzilla El Nifio
2015-2016” event on the structure of the OMZ in the TPCM,
and how these oceanographic processes may concomitantly
affect the distribution of the Carbon Maximum Zone (CMZ;
Paulmier et al.,, 2011). The structure of the paper is as follows.
In section “Data and Methods” we describe the sample collection
methodology, measurements technics and the data analysis
performed. In section “Results” we analyze the water masses
distribution and their DIC and DO content, followed by a
description of the vertical distribution oceanographic variables
along a latitudinal transect. In section “Discussion” we discuss
our observations differentiating the processes into oceanographic
regions. Finally, in section “Conclusion” we summarize our
findings and conclusions.

DATA AND METHODS

Data Collection and Analysis

Two oceanographic cruises were carried out aboard the R/V
“Alpha Helix” (CICESE). Hydrographic data were collected with
an SBE-911 plus CTD and water samples were collected at
different depths (typically from the surface to 200 m) using
a rosette arranged with 12-L Niskin bottles. From a total of
83 hydrographic stations, 29 stations were analyzed for June
2015 to determine DIC, pH, and total alkalinity (TA), while
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FIGURE 1 | Hydrographic transects in the studied region over the bathymetric map. (A) June 3-16, 2015, (B) March 2-8, 2016. Black crosses depict stations with
water sampling for chemical analysis, while red dots indicate only hydrographic stations. Latitudinal transect 1 appears as a white line.
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24 of 48 stations were analyzed for March 2016 (Figure 1).
The samples of DIC and pH analysis were taken and preserved
according to the protocols specified in the best practices manual
SOP 1 (Dickson et al., 2007).

Dissolved inorganic carbon measurements were carried out in
laboratory conditions using a CO, (CO,/H,O LI-7000, LICOR)
infrared gas analyzer. The analyzer was linked to a semiautomatic
dispenser system. The sample was dosified with a Kloehn
syringe and acidified with phosphoric acid at 8.5%. Due to
this acidification, the DIC present in the sample was taken
to a gaseous state. CO, was then subsequently transferred to
the infrared analyzer using N, as a carrier and its absorbency
value was quantified. To convert the absorbance values, samples
were calibrated with a certified DIC standard provided by the
laboratory of Dr. Andrew Dickson of Scripps Institution of
Oceanography (Dickson et al., 2003). The precision obtained
with this methodology was + 2 pmol kg~! with a measurement
error of +0.2%.

In this work, spectrophotometric measurements of pH
in total proton scale (pHt) were implemented following
the methodology established by Clayton and Byrne (1993)
and the modifications made by Liu et al. (2011). The
proton concentration in the total ion concentration scale was
measured using 10 mM meta-Cresol purple (mCP) following
the recommendations described in the best practices manual
SOP 6b (Dickson et al., 2007). The absorbance measurements
were carried out using a spectrophotometer (USB 4000, Ocean
Optics) linked to a tungsten lamp (HL-2000, Ocean Optics).
The temperature of the samples was controlled at 25 % 0.2°C.
A Tris pH standard from the laboratory of Dr. Andrew Dickson
of Scripps Institution of Oceanography was used as quality

control. A correction was applied for the absorbance of impurities
present in mCP (Douglas and Byrne, 2017); specifically, a
correction factor ofy34Aimp of 8.527 x 1073 for a final mCP
concentration in sample of 1.7 WM. Finally the pHr is converted
to in situ conditions using the software CO2sys_v2.2.xls (Lewis
and Wallace, 1998) The obtained precision was £0.005 pH units
with an accuracy of £0.002 and a measurement error of +:0.023%.

A SBE43 type oxygen electrode (with a precision 4.46 pmol
kg~'and a resolution of 0.446 pmol kg~!) was attached to
the CTD and calibrated at Seabird in December 2011. Routine
cleaning of the oxygen electrode was performed during the
cruises. The sensor was rinsed with a 0.1% solution of Triton X-
100 after every cast, followed by a flush of 500 ppm solution of
bleach and finally rinsed with fresh water. The sensor was kept
from direct sunlight and humidified. The oxygen electrode data
were not compared with chemical oxygen determinations since
the electrode was factory calibrated prior to cruises. Similar (O,)
measurement values in the core of the StSsW for both winter and
spring reflects a good performance of the DO sensor during both
cruises (Table 2).

From these oxygen data, apparent oxygen utilization
(AOU) was calculated. AOU is defined as the saturated DO
concentration, estimated from temperature and salinity (Garcia
and Gordon, 1992), minus the observed DO concentration. It has
to be seen as an estimation of the amount of oxygen consumed
since seawater was last under the air-sea equilibrium.

The international equation of the state of seawater (TEOS-
10) allows to consistently evaluate all thermodynamic properties
of pure water, ice, seawater and humid air. At the same time,
variations in the composition of seawater around the world
are accounted for; this spatial variation in its composition
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causes density differences that are equivalent to ten times the
precision of practical salinity (Sp) measurements made at sea
(McDougall and Barker, 2017). The absolute salinity (Sa) and the
conservative temperature (@) are included in this new system
of equations and should be used in the scientific literature
replacing the use of potential temperature and practical salinity
(IOC et al.,, 2010). The So has units of grams per kilogram,
and has a non-trivial effect on the horizontal density gradients,
affecting all the variables derived from it. On the other hand, the
conservative temperature ® represents more accurately the heat
content per unit mass of seawater. In this paper, we apply this
recommendation and use these variables following the criteria
defined by Portela et al. (2016) (see Table 1) to identify the
water masses present during the different sampling periods. TW
is the result of the mixing and interaction of the water masses
present in this Table (Figure 3). As Pacific Intermediate Water
(PIW) is found at depths much greater than 400 m, it was not
included in the present analysis. The calculations of ® and Sp
were carried out using the Thermodynamic Equation of Seawater
2010 (TEOS-10; IOC et al., 2010) included in the Ocean Data
View program V4.7.8'. The calculations of mixed layer depth
were carried out using the methodology described by Kara et al.
(2000) and a criterion of 0.2°C in A® for the equation of state
was used to find the density variation (Aoy). The stratification
parameter was calculated following Simpson (1981). It represents
the amount of work per volume (J-m~2) needed to mix the water
column up to a particular depth (300 m for this study).

In order to contrast the vertical distribution of oceanographic
variables observed in each cruise, seasonal average profiles
were extracted from the World Ocean Atlas 2009 (WOAO09),
specifically for spring and winter corresponding to June 2015
and March 2016 cruises, respectively. Also, to evaluate spatial
variability in the study zone, the daily composition of the mean
sea level anomaly (MSLA) from Aviso?, sea surface temperature

'http://odv.awi.de
Zhttps://www.aviso.altimetry.fr/

TABLE 1 | Water mass limits in the Tropical Pacific in front of Mexico.

Mixed layer (m)

© (°C) Sa(gkg™') Depth(m) Winter Summer
California Current 10-21 <34.6 0-150 45+7 18+ 8
Water
Tropical Surface >25.1 <34.6 0-50 32+14 24+10
Water
Gulf of California >12 >35.1 0-150 28+7 15+4
Water
Subtropical 9-18  34.6-35.1 75-400 - -
Subsuperficial
Water
Pacific Intermediate 4-9 34.6-34.9  400-1000 - -
Water

Taken and modified from Portela et al. (2016).

from GHRSST?, and satellite chlorophyll (Chlag,) distributed by
Copernicus platform* were obtained.

RESULTS

Water Masses

Five water masses were detected in the first 400 m during the
June 2015 cruise. TSW was observed in front of Cabo Corrientes,
between 18 and 21.5°N (blue colors in Figure 2A). The water
column exhibited a strong thermal stratification in this zone.
Conversely, GCW was observed from the surface to 176 m and
confined within the entrance to the gulf at latitudes greater than
24°N (Table 2). In addition, the presence of the Tropical Branch
of Californian Current was detected in five oceanic stations
between 34 and 53 m depth near the tip of the peninsula (23.5°N).
However, due to the previously defined objectives of the cruise,
samples were not taken for this water mass and its DIC and
pH content were unable to be characterized (Table 2). The
water column is oftentimes unstable in this region and water
column profiles in the T-S diagram (Figure 2) exhibit abrupt
changes in salinity over a few meters. This pattern is typically
associated with the presence of eddies that modify and disturb
the vertical structure of the ocean. The presence of TW was
detected in latitudes greater than 22°N where TSW loses its
surface influence, as well as in the northern region within the
Gulf of California up to 25.5°N. Toward the interior of the ocean,
StSsW was present across all latitudes between 45 and 520 m
depth (Figure 2A and Table 2).

The March 2016 cruise was comprised of fewer sampling
stations (48 compared to 83 during 2015), with the notable
absence of a cross gulf transect within the Gulf of California and
another oceanic northwest-southeast section. However, the cruise
comprised nearly the same latitudinal coverage as the previous
year (Figure 1). GCW was only registered in four northern
stations between 24 and 26°N and between 40 and 110 m depth.
TSW was registered from 18-22°N, showing a relatively greater
spatial coverage than during June 2015, although 30 m shallower
(Table 2). In addition, TSW presented a lower average salinity
and temperature than during the previous cruise. StSsW was
present below superficial waters along with all latitudes in the
study region (Figure 2A); in addition, the upper and lower limits
of StSsW were like to those for June 2015 (Table 2). CCW was not
registered during this period.

A comparison between the seasonal average taken from the
World Ocean Atlas 2009 (WOAO09) database and data from
the June 2015 (spring) and March 2016 (winter) cruises shows
that, for our particular region of the TPCM, TSW is typically
absent during spring (Figure 2C) while water with characteristics
similar to GCW was present during winter. Portela et al. (2016)
indicate that the similarity to GCW is more pronounced below
250 m. Typical seasonality was not observed during spring
when TSW was present in various southern stations and a large
portion of TW was found to have thermohaline characteristics

*https://www.ghrsst.org/
“http://marine.copernicus.eu/
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Water (PIW). Water masses were classified according to Portela et al. (2016).

TABLE 2 | Physical and chemical characteristics of the water masses in the Tropical Pacific in front of Mexico.

Water Month Mean depth Mixed layer Average Average DIC (xmol/kg) pHT n DO (nmol/kg)
mass range (m) depth (m) Absolute Conservative
Salinity (9/kg) Temperature (°C)
GCW Jun-15 0-176 10+4 35.18 + 0.05 18.09 + 4.17 2199 + 118 7.696 +£0.219 22 107 + 61
Mar-16 42-112 - 35.17 £ 0.05 19.02 + 1.52 2108 £ 30 7.967 + 0.041 4 135 + 56
CCw Jun-15 34-53 - 34.46 + 0.07 19.77 £ 0.78 - - - 178 £ 21
Mar-16 - - - - - - - -
TW Jun-15 0-115 10+6 34.78 £ 0.13 23.73 + 3.56 2115+ 78 7.786 +£0.155 88 144 + 69
Mar-16 0-100 13+6 34.73+£0.12 21.79+£1.75 2089 + 77 7.888 £0.147 68 130 + 69
TSW Jun-15 0-74 25+ 13 34.48 + 0.09 28.35 +1.19 2016 + 60 7.887 +£0.12 35 196 + 13
Mar-16 0-44 12+6 34.27 £ 0.15 26.44 + 0.66 1971 + 48 8.01 £0.087 35 198 £ 8
StSsW Jun-15 45-520 - 34.09 + 0.07 1192+ 1.94 2269 + 42 7.551 +£0.099 108 5410
Mar-16 51-448 - 34.9 +0.07 12.05 £+ 2.05 2232 + 24 7.674+0.063 35 5+9

The salinity and average temperature of each water mass are presented. The acronyms utilized are Guif of California Water (GCW), California Current Water (CCW),
Transitional Water (TW), Tropical Surface Water (TSW), and Subtropical Subsuperficial Water (StSsW).

similar to TSW. Expanding this comparison, the winter season
climatology (Figure 2D) showed a distribution where water
mass characteristics were close to TSW. However, TSW is
typically not present in the study region during this season;

instead, a strong presence of TSW was detected during March
2016. In summary, for the June 2015 and March 2016 cruises,
the presence of seasonally anomalous TSW was found within
the study region.
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The DIC concentration for each of the water masses defined
is shown in Figures 2E,F. Most notably, superficial peaks and
a greater variation in DIC were present in June 2015 when
compared with March 2016, which presented less variability and
a typical gradient in DIC concentration toward the interior of the
ocean. The concentration of DIC in TSW during March 2016 was
largely homogenous with values typically below 2000 wmol-kg ™.
TW presented similar superficial DIC concentrations (between
the 23 and 24 isopycnals) in all profiles, with increases in DIC
up to 2200 pwmol-kg~!nearing StSsW. For June 2015, TSW
presented values in the same range as those present in 2016
but with greater superficial variability. The same occurred with
the TW for this period, when values of up to 2200 wmol-kg™!
were present in surface waters. Finally, GCW presented the
greatest variability, both near the surface with values of 2200 and
2300 pmol-kg™!, as in the deeper portion where concentrations
similar to the maximums present in StSsW (~2400 Mmol-kg’l)
were observed (Table 2).

Profiles

Conservative Temperature and Absolute Salinity
Conservative temperature (O°C) and absolute salinity (Sp g/kg)
profiles along transect 1 (white line in Figure 1) are shown in
Figure 3. In June 2015 (Figure 3A), the temperature in the first
200 m of the water column was greater than during March 2016
(Figure 3C) and also notably, in the southern portion where the
incursion of TSW was detected. The thermocline also appeared to
be more intense during June 2015. Markedly, the 18°C isotherm
deepened from 50 m near the entrance to the Gulf of California
to 100 m under TSW toward the south. In this transect, the
haline limits of the water masses were also detectable (white

lines in Figures 3B,D and Table 1). TSW ventured to the north
as a surface layer of low salinity (<34.6 g-kg™!) with greater
depth during June 2015 (Figure 3B), but was shallower and
less saline during March 2016. In June 2015, the exit of GCW
(>35.1 g-kg™!) can also be noted, dominating above 150 m and
extending 50 km outside the Gulf of California. In addition, the
intrusion of CCW (<34.6 g-kg™!) at approximately 40 m depth
was observed, which generated instability and mixing. During
March 2016, the intrusion of GCW between 50 and 150 m depth
near the entrance to the Gulf of California was also detected.

Positive sea surface temperature (SST) anomalies along the
North Pacific were reported for winter 2014 (Hartmann, 2015;
Stramma et al., 2016) and due to their intensity and extension,
these anomalies have been referred to as “The Blob” (Bond et al.,
2015). Following its establishment in the region, intense signals
indicating the development of an El Nifio-Southern Oscillation
(ENSO) event were detected in the tropical Pacific’. Sanchez-
Velasco et al. (2017) constructed an index of standardized SST
anomalies using satellite images from 1981 to 2016 to determine
if the local warming of surface waters was present in the TPCM as
a result of the advance of the ENSO along the Mexican coast. The
results of this index are shown in Figure 2 of their article where a
relationship between low southern oscillation index values (SOI)
associated to strong ENSO events and positive and intense local
anomalies in SST for the TPCM during 2015 and part of 2016
can be observed.

These temperature anomalies did not only appear on the
surface. In Figure 4, these temperature anomalies are apparent
along transect 1 toward the subsurface layer. The same database
comparison was carried out, as with Figures 2C,D, to evaluate
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the temperature anomalies present, namely observed values
from each cruise minus the corresponding seasonal climatology
obtained from WOAQO9. For June 2015, the most intense positive
anomalies were registered for either period in southern latitudes
(21.5-20°N; Figure 4A) around Islas Marias (Figure 1). There
we observed positive anomalies throughout the first 200 m, with
values above 4°C from 100 m depth toward the surface. The
greatest anomaly intensity in this area was near the vertical
limit between TSW and StSsW (Figures 3B, 4A), between 50
and 75 m depth. For the rest of transect to the north, positive
anomalies were principally registered in the surface layer from
50 m depth. During March 2016, positive temperature anomalies
in the water column were also registered. Despite being of lower
intensity than the previous season (2-4°C), the positive anomaly
manifested along the entire transect, from the surface to 100 m
depth in northern latitudes and decreasing in depth toward
southern latitudes (Figure 4B). This behavior is observed during
an ENSO in decline (Abellan et al., 2017; Santoso et al., 2017),
with superficial temperature anomalies that are still positive but
with oceanographic conditions close to those of the seasonal
climatology (Figure 2D). The weakest thermal anomaly signal
observed during March 2016 may be due to the residual effect of

the dissipating ENSO and the onset of conditions that are closer
to the expected climatology.

Dissolved Oxygen
There is no consensus regarding the definition of OMZ limits
(Hofmann et al., 2011); however, in order to understand their
distribution, characteristics, and biogeochemical relevance, it is
important to define reference boundaries as a function of the
concentration of DO. These horizons have been established from
different biological and chemical approximations and they have
been assigned different terms (Hofmann et al,, 2011). In the
present study, we follow the limits established by Paulmier et al.
(2011) for oxic levels (>200 wmol-kg™!) and Sanchez-Velasco
et al. (2017) for hypoxic (<44 pmol-kg™!) and suboxic levels
(<4.4 umol~kg_1). These levels have been set on the function
of the possible effects on the biology present. This is, under
hypoxic conditions, epipelagic species may be subject to stressful
conditions, while suboxic conditions can result in the death of
epipelagic and mesopelagic species.

In June 2015, a narrowing of a layer with DO concentrations
greater than suboxic levels but below oxic levels was observed
from 50 m to below 175 m depth around 24.5°N (gray color
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in Figure 5A). This may be associated with the exit of GCW
(>35.1 g~kg’1, Figure 3B), which rapidly loses its influence a
few kilometers south of the entrance to the Gulf of California.
Adjacent to this front, two relevant structures were observed,
namely a downward 100 m displacement of the suboxic horizon
to 200 m depth and an intrusion throughout the surface layer
of waters from 50 m with oxygen concentrations between
140-160 wmol-kg™!. For the remainder of the surface layer
(>75 m) waters with oxic conditions dominated, except in the
southern zone around Islas Marfas were the advance of TSW
was detected (<34.6 g-kg~! in Figure 3B, and >25.1°C in
Figure 3A). The upper horizon of the OMZ is defined by Cepeda-
Morales et al. (2013) as a concentration of 9 wmol-L™'and despite
the fact that it is not shown in Figure 5, the 4.4 pmol-kg™!
isoline follows nearly the same distribution and is the one that
will be used to define the upper and lower limit of the OMZ
throughout this study. The upper portion of the OMZ is found
shallower in the central portion of the transect (~70 m), gradually
deepening toward the south underneath TSW. The depth of
the oxycline was defined as described by Maske et al. (2010),
taking the depth of the maximum difference in DO calculated
in a range of 4 m.

In contrast, March 2016 exhibited a scenario in accordance
with oxygen winter climatology (Cepeda-Morales et al., 2013).
A latitudinal gradient, where the OMZ deepens from its
most shallow area around Cabo Corrientes (~60 m) until it
reaches approximately 300 m in front of the entrance to the
Gulf of California.

Important anomalies in the concentration of DO were also
observed latitudinally and toward the interior of the ocean. The
analysis was carried out in the same manner as that for the
T-S diagrams, taking into account only those depths that had
more than four observations for the construction of the seasonal
climatology (typically six observations, with a maximum of 15
observations, were used for oxygen, while 60 observations, with
a maximum of 250 observations, were used for temperature). In
Figure 6A, it can be noted that during June 2015, the incursion of
TSW (from 20° to 21.5°N and from 75 m to the surface) appeared
as a superficial wedge of low salinity (isohaline of 34.6 g-kg™?)
that brought a relatively high concentration of subsurface DO
with values >75 pumol-kg~!. In the northern region around the
entrance to the Gulf of California (~25°N), a similar behavior
was observed to what was described for the southern region.
The exit of GCW (>35.1 gkg™!) generated a near-vertical
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FIGURE 5 | Vertical distribution of dissolved oxygen (DO, wmol/kg) and potential density anomaly (oo, kg/m?) along transect 1 (see Figure 1). (A) June 2015,
(B) March 2016. Refer to text for DO limits.
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saline front that extended to 200 m depth. Collins et al. (2015)
reported and described the mechanisms that participated in
the formation of these fronts, highlighting that their generation
is more prone to occur during autumn. The front associated
with GCW generated positive DO anomalies with values above
25 pmol-kg~! at depths between 50 and 200 m. Adjacent to where
we observed the presence of GCW, between 50 and 150 m and
between 25 m and the surface, anomalous values of DO below
—25 wmol-kg~! were detected. This occurs where an incursion
throughout the surface layer of waters from 50 m depth with DO
concentrations between 140 and 160 umol~kg’1 (Figure 5A) was
found. Further south (~24°N), an intrusion was observed around
50 m depth of CCW (<34.6 g-kg™!) that generated positive
anomalies above 25 pmol-kg~!.

For the following year in March 2016 (Figure 5B), the
distribution of DO returned to near-seasonal conditions.
However, a band of a positive anomaly (>25 pmol-kg™!) along
the entire transect around 50 m depth was present (Figure 6B).
A plausible explanation for this process is (as also previously
observed with temperature anomalies) that this band is the

remnant effect of the incursion of warm southern oxygenated
waters registered in the previous period. Moreover, around 25°-
24°N, we observe positive DO anomalies of 50-125 pwmol-kg ™!
between 50-100 m depth that is related to the presence of GCW.

Despite the dispersion of data between the relationship of
DO and DIC, these variables were highly correlated (r, = 0.851,
p < 0.001 for June 2015 and r, = 0.867, p < 0.001 for March
2016; Figure 7), showing a clear tendency toward a decrease in
DO as DIC values increase. For June 2015, the dispersion of the
data clearly shows DO above 200 jtmol-kg™! (i.e., surface values;
Figure 5A) and below 40 wmol-kg™! (hypoxic concentration
near the OMZ; Figure 5A). This dispersion is mainly attributed
to the instability of the water column observed throughout this
period (Figure 2A). TSW was mainly characterized by being well
oxygenated (~ 200 wmol-kg™!), with greater dispersion in the
concentration of DIC during June 2015 (2016 #+ 60 umol-kg™!)
than in March 2016 (1971 + 48 Mmol-kg_l; Table 2). This
pattern was observed for StSsW, with DO values below
50 umol-kg~! and greater variability during late spring 2015 than
during winter 2016.
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(B) March 2016.

FIGURE 7 | Comparison between dissolved oxygen (DO, umol/kg) and dissolved inorganic carbon (DIC, wmol/kg). The acronyms utilized are Gulf of California Water
(GCW), California Current Water (CCW), Transitional Water (TW), Tropical Surface Water (TSW), and Subtropical Subsuperficial Water (StSsW). (A) June 2015,

DISCUSSION

Brewer (2018) exhorts that changing ocean oxygen field to be
viewed and dealt with as a complex process of multiple forcing
factors acting simultaneously. Furthermore, Respandly (2018)
discuss the possible shifts in time between the expansions and
contractions of the OMZ. Here we present another plausible
forcing factor for the local ventilation of the upper OMZ that
should be contemplated, according to Brewer’s statement, in our
understanding of the variability of these zones. An anomalous
incursion of tropical water during El Niflo 2015-2016 increased
the availability of oxygen in previously deprived depths. This
oxygen availability is reflected in the intensification of the
oxycline where the intrusion was detected and in a higher
molar ratio of DIC/AOU than prior studies have been reported
(Maske et al., 2010).

Spatial Differentiation of DO and DIC
Dynamics

In our analysis, we have identified three principal regions
(I, 11, and III in Figure 8), with regard to the processes that
distribute and modify the spatial structure of DO and DIC.
In this section, we have constructed the discussion about the
characteristics observed during spring 2015 and we contrasted
those characteristics with the scenario found during winter 2016.

June 2015

Cabo Corrientes (Region I)

In southern latitudes, below 22°N for coastal stations and
20.5°N for oceanic stations, the surface layer was dominated by
the incursion of TSW. Its anomalous presence was related to
the seasonally expected pattern, associated with a developing
ENSO event (Sanchez-Velasco et al.,, 2017). In this region, the
greatest stratification in our study period was registered, from

1000 to 1400 J-m~> along an ocean-coast gradient (Figure 9A).
These values are typically found in front of the coasts of Oaxaca
(Chapa-Balcorta et al., 2015) and in the eastern Pacific warm
pool (Fiedler et al., 2013), progressively decreasing toward our
study region with values around 1200 J-m > (Fiedler et al., 2013;
Franco et al.,, 2014). Temperature is the main factor controlling
stratification in our region (Fiedler et al., 2013) and in the TPCM
area, we can observe that the intensification of stratification was
associated with an ocean-coast and north-south temperature
gradient (Figures 10, 11). However, for some coastal stations,
where the influx of fresh water was detected (around Cabo
Corrientes; Figure 1), salinity becomes the most relevant factor
controlling stratification.

The oxycline has been proposed as a local mechanism
where the OMZ is maintained through intense remineralization
processes (Paulmier et al., 2006). Given the proximity of
the oxycline to the surface and the wide range of DO
concentrations present (from oxic > 200 pmolkg™! to
suboxic < 4.4 pmol-kg™!), aerobic/anaerobic and photic/aphotic
processes can coexist within the oxycline, which may have
concomitant repercussions in DIC and carbocline distributions
(Paulmier et al., 2011). In Figure 9E we can observe how the
depth of the oxycline is displaced from 40 m in the oceanic
areas to below 80 m in front of Cabo Corrientes. The depth
of the oxycline is closely associated with the distribution of
stratification, caused by the entry of TSW with characteristics that
were previously defined. This mechanism of the deepening and
partial erosion of the oxycline has been described for equatorial
zones (Fuenzalida et al., 2009) and Peruvian coasts (Stramma
et al., 2016). The mixed later is associated with local processes,
like winds, insolation, and rain (Fiedler et al., 2013). The greatest
variability in the depth of the mixed layer can be found in the
region of Cabo Corrientes, where sampling was carried out after
the close passage of hurricane Blanca. Despite the high variability,
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an ocean-coast pattern can be observed (Figure 9C) where the
oxycline appears close (~10 m) to the mixed layer in the oceanic
sections yet separated by 60 m near the coast. Paulmier et al.
(2006) hypothesize that remineralization is more sensitive to the
availability of O, than to superficial biomass, suggesting that
remineralization is “driven by oxygen.” Our results support this
hypothesis as the most intense oxyclines are found when the
depth of the mixed layer is close to the depth of the oxycline and
stratification is reduced, favoring the availability of oxygen in this
layer and driving remineralization.

In Figure 8 we presented the variation of DIC and DO
along transect 1 for both latitude and depth. We also showed
the established limits as a function of the analyses that were
presented in this section. These limits were established according
to physical-chemical characteristics determined during June 2015
and they were conserved to observe changes in the same sector
during March 2016. These characteristics are dynamic and their
presence can vary seasonally, principally as a function of the
extension of the water masses present, but also due to forcing
factors that favor dispersion and mixing.

In the region of Cabo Corrientes (region I, Figure 8A),
TSW showed low DIC concentrations (~1950 umol~kg_1)

associated with slightly lower dissolved oxygen concentrations
(180-200 pumol-kg~!) than other superficial waters in the TPCM
(typically > 200 pmol-kg™!). OMZs present associated CMZs
and analogous to OMZs, CMZs also contain a carbocline in
their structures (Paulmier et al., 2011; Franco et al., 2014). The
vertical resolution of our sampling does not allow for a detailed
description of the carbocline and, as was mentioned in the
observations carried out for Figure 8, there is a certain degree
of dispersion between the relationship between DIC and DO
depending on the water mass observed and on the latitude in
which it is found. This is mainly due to the fact that DIC, in
contrast to O, is a buffered system and responds more slowly
to vertical perturbations (Paulmier et al., 2011). However, in part
of the Cabo Corrientes region, a good association between the
oxiplets of 4.4 and 44 pmol-kg~! with DIC concentrations of
2300 and 2150 wmol-kg~! was observed, related to StSsW that
deepened due to the entry of TSW.

Transitional (Region II)

As the name suggests, this region is dominated at the surface
by TW, which reached depths of up to 100 m (Table 2), and is
the region in which the greatest instability in the water column
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is observed (Figure 2). The region is bounded to the north at
24.5°N by the exit of GCW as an oceanic front (Figure 3),
while the southern border next to the Cabo Corrientes region
is defined by the incursion of TSW (observable in Figure 9A
as a stratification >1000 J-m~3). Stratification is lower in the
transitional region, with an average of 850 J-m~2 and declines in
a south-north gradient (~900-700 J-m~3, Figure 9). In addition,
this area can be divided into two separate sections by the depth of
the oxycline, one section with the shallowest oxycline in all TPCM
with depths less than 35 m (i.e., purple colors in Figure 9E) and
another section with oxycline depths between 40 and 60 m (i.e.,
green colors in Figure 9E). In this region, a shallow oxycline
occurred with a deep mixed layer (Figure 9C) and it is here
that the greatest intensities in the oxycline were observed for
all the TPCM (>8 pmol-kg™!-m~!; Figure 9G). Godinez et al.
(2010) reported that 30% of the global variance in the observed
circulation of the TPCM can be explained by mesoscale processes,
such as the presence of eddies that can have relevant effects on
the distribution of chemical variables in this region. Taking into
consideration the closeness of the oxycline to the mixed layer,
a lifting of the 22 kg:m~2 isopycnal from 50 m to the surface
was found, which was also seen with the 26 kg-m™> isopycnal
(between 23.5 and 22°N in Figure 5A) and was associated with
the passing of a cyclonic eddy between 21°N and 107°W in the
days prior to beginning the cruise (Figure 10). It is around this
area that we also found the greatest values of superficial pCO,
(data not presented).

Two relevant structures were observed in the vertical
distribution of DIC and DO (Figure 8). The first was a lifting
of waters with greater DIC concentrations and lower DO
concentrations around 23-22°N associated with a reduction in
the influence of highly stratified TSW waters and the presence of
a cyclonic eddy (Figure 10). The second was a highly unstable
zone between 23.5 and 24.5°N where a pronounced sinking of
the 4.4 wmol-kg~'oxiplet of ~100 m was detected, without a
comparable disturbance in the CMZ (>2200 pwmol-kg™!), along
with a simultaneous lifting from 50 m depth to the surface
of water with concentrations below oxygenated levels centered
around 24°N. In this region, we found an intrusion at 50 m
depth of CCW and the instability that was found along the border
was attributed to a front between a cyclonic and an anticyclonic
eddy (Figure 11).

Entrance to the Gulf of California (Region III)

This area behaved in a similar manner to what has been reported
in the literature. Here, the lowest stratification for the entire
TPCM was detected, with values around 600 J-m~3. The exit
of GCW was observed on the peninsular side as a front with
high salinity (Castro et al., 2006; Collins et al., 2015) as was
the entrance of TW over the continental platform in front of
the coasts of Sonora, in accordance with the typical circulation
scheme for this zone (Lavin et al, 2009). The depth of the
oxycline was shallow in comparison to the region of Cabo
Corrientes, but the intensity of the oxycline was amongst the
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FIGURE 11 | Comparison between apparent oxygen utilization (AOU) and dissolved inorganic carbon (DIC) along the oxycline. See text for references. (A) June

lowest recorded (Sanchez-Velasco et al., 2017). This is due to
the GCW being more oxygenated and dominating depths below
150 m (Figures 3, 5), causing the oxycline to become the thickest
in this region. StSsW presented shallowly on the continental
side, generating a likewise shallow oxycline with intensities of
5 pmol-kg™'-m~! and consequently, the superficial pCO, was
greater for this zone (data not shown).

March 2016

Cabo Corrientes (Region I)

With an ENSO in decline (Abellan et al., 2017; Santoso et al.,
2017) and with lower stratification than the previous year
(Figure 9B; ~1100 J-m~3), the TSW area of influence was
recorded up to 22°N (Figures 2C,D). In contrast to what
occurred during spring 2015, the shallowest depth of the oxycline
was found in this region (<40 m). The relationship between the
intensity of the oxycline with respect to the depth of the mixed
layer was not as direct as during 2016, and despite maximum
intensities being lower compared with 2015 (50% less), it is in
the area under the influence of TSW where we find the greatest
values of oxycline intensity (2-4 wmol-kg~!-m~1; Paulmier et al.
(2006) define as intense those oxycline > 1 pwmol-kg~!-m~1).
The vertical structure of the OMZ appeared to recover toward
average conditions (Figure 5), where the oxyplets of 40 and
4.4 pmol-kg~'deepen in a south-north gradient (Cepeda-
Morales et al., 2013). The content of DIC in the CMZ decreased
with regard to the previous year (Figure 3 and Table 2), probably
due to a reduced presence of StSsW during March 2016. This
same reduction is observed by Franco et al. (2014) for pCO, in
oceanic sampling stations during August 2010.

Transitional (Region II)

The transitional region proved to be more stable than during
the previous year; however, fluctuations in various characteristics
were still present. The depth of the oxycline was variable

throughout the entire region, as shown in Figure 9F, and in the
undulations of the 44 pwmol-kg~'oxyplet shown in Figure 5B.
This area shows stratification lower than 900 J-m~3 and the depth
mixed layer varies between 5 and 15 m. There is also a lifting
of the CMZ (Figure 8B), principally due to the entry of GCW
between 50 and 100 m (Figure 3D). However, this shallowing
does not show significant repercussions in the superficial values
of pCO; (not shown). The region of the entrance to the Gulf
of California was only limited to the structure described in the
previous sentence.

Ventilation of the OMZ Due to ENSO
2015-2016

For March 2016, in contrast to spring of the previous year, the
presence of TSW did not originate apparent variations in the
climatological seasonal distribution of DO. This is due to the
relaxation of local ENSO effects (Sdnchez-Velasco et al., 2017)
and to the return of oceanographic conditions closer to the
seasonal climatology (Figure 2B), where the influence of TSW
in the TPCM during winter periods was still present and was
the result of the incursions of this water mass during spring and
autumn (Portela et al., 2016).

Cepeda-Morales et al. (2013) showed that a transition zone
exists between 23 and 20°N where the influence of StSsW
disappears and the upper portion of the OMZ is forced toward
greater depths due to the intrusion of CCW transported by
the interaction between eddies and the Tropical Branch of the
CC. This intrusion has been observed and reported previously
(Lavin et al., 2009). This mechanism may explain the positive DO
anomaly related to the incursion of CCW and to the presence
of two eddies, one cyclonic and one anticyclonic around this
area (Figure 10).

Fuenzalida et al. (2009) report the erosion of the oxycline due
to ENSO effects along the Peruvian coasts, observing a rapid re-
establishment of a shallow mixed layer associated with an intense

Frontiers in Marine Science | www.frontiersin.org

July 2019 | Volume 6 | Article 459


https://www.frontiersin.org/journals/marine-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Trucco-Pignata et al.

Local Ventilation of the Oxygen Minimum Zone

oxycline. Even though we did not detect a complete erosion of
the oxycline during the incursion of TSW in June 2016, our data
show that there was an intensification of the same where this
water mass was detected (Figure 9G). The latter suggests that
in Figure 5B we might be observing the reestablishment of the
oxycline in the region.

Due to the relatively high variability in the relationship
between DIC and DO, a selection of the stations that presented
the greatest intensities of the oxycline (>3 pmol-kg~!-m~!for
June 2015 and >2.5 pmolkg™'-m~!for March 2016) and
that were contained within the depth range of the oxycline
was carried out. This was done to evaluate the relationship
between the production of DIC and biological activity in
this layer. To do this, a linear regression of DIC versus
apparent oxygen utilization (AOU) was carried out. The results
are presented in Figure 11 and show a relationship of:
DIC = 0.9777 x AOU + 2018.34 (rp = 0.9075, p < 0.0001) for
March 2015 and DIC = 1.0807 x AOU + 1970.81 (rp = 0.9727,
p < 0.0001) for June 2016. Maske et al. (2010) report a
molar relationship for the zone between DIC and AOU of
0.79 during March 2005. It is complicated to interpret this
molar relationship in terms of which metabolic activity is acting
given the wide range in oxygen concentration. However, we can
observe a tendency of AOU to increase in the TPCM with the
passage of the ENSO.

In addition, the pHt values were strongly correlated with
DIC values for both cruises (Figure 12; r, = 0.90 for June
2015 and r, = 0.88 for March 2016) and the distribution of
pHr presented in the same manner throughout each cruise.
However, differences are present in the relationship between
these two variables and between one year and the next. In general
terms, greater pHrt values were present during March 2016
for the same observed concentration of DIC than in June
2015. This is more notable for greater concentrations of DIC
(>2200 pwmol-kg™!), while for DIC values close to typical surface
values (1900-2000 umol-kg’l), the data for both cruises tend
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FIGURE 12 | Comparison between dissolved inorganic carbon (DIC) and pH
in total scale (pHr).

to present greater similarity. This could be possibly explained
as the result of a lower presence of StSsW and a relative greater
contribution of TSW toward the end of the El Nifio 2015-
2016. Alternatively, the suppression of nutrient availability as
a presence of oligotrophic, warmer, and higher stratified water
could cause a drop in the biological pump. Evidence of this
explanation is observed in Figure 11, by the presence of the
incursion of warmer water (>28°C, solid line) associated to
positive MSLA and a marked drop in chlorophyll in the coastal
area where this water was present.

Paulmier et al. (2006) suggests control over biological activity
in the OMZ as a function of the availability of oxygen. Ito
and Deutsch (2013), from the results of their biogeochemical
modeling of the tropical Pacific, highlight that heat content and
respiration rates are highly correlated with the ENSO, suggesting
that a deeper and warmer thermocline contains a greater quantity
of oxygen because of changes in the biological consumption
of oxygen due to a reduction in supply of nutrients from the
surface. This mechanism, in conjunction with the sinking of
StSsW to below the depth of incursion of TSW, may be operating
in the southern portion of our study area, where the greatest
anomalies of DO were present (Figure 6) as well as where the
lowest values of DIC were found during the sampling periods
(Table 2 and Figure 2). These results agree with what has been
reported in the literature for other areas, where the influence of
the ENSO on the depth and structure of the OMZ and oxycline
has been established (Morales et al., 1999; Fuenzalida et al., 2009;
Czeschel et al., 2012).

CONCLUSION

The southern region of the TPCM was dominated at the surface
by seasonally anomalous TSW as a result of a developing ENSO.
Its presence modified the structure of the OMZ, partially eroding
it while intensifying the oxycline, which had repercussions for the
structure of the CMZ.

In the transition region, the carbon system was modulated
by mesoscale processes. This region was dominated by TW
and presented subsurface intrusions of more oxygenated CCW,
which deepened the OMZ without altering the distribution of
the CMZ. The presence of cyclonic eddies resulted in a lifting
of the isopycnals in the central portion and the superficial
enrichment of DIC.

The northern region was dominated by the exit of GCW on the
peninsular side, where the OMZ deepened to below 200 m, and by
the entry of TW on the continental side. In the latter, StSsW was
close to the surface resulting in greater concentrations of DIC.

After these events, a return to close-to-average conditions
was observed with regard to the structure of the OMZ
during winter 2016. DIC concentrations diminished toward the
interior of StSsW.

There is a strong regionalization of physical factors that
control the distribution of dissolved oxygen and the variables of
the seawater CO, system, which is principally modulated by the
advection of water masses in the northern and southern regions
and by the presence of mesoscale processes in the central region.
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