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Particulate organic carbon
in the deep-water region
of the Gulf of Mexico
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Gerardo Vallejo-Espinosa2 and Juan Carlos Herguera1*

1Division of Oceanography, Center for Scientific Research and Higher Education of Ensenada
(CICESE), Ensenada, Mexico, 2Materials, Water and Energy Research Laboratory, Department of
Engineering, University of Guadalajara (UdG), Tepatitlán de Morelos, Mexico
Ocean eddies play a major role in lateral and vertical mixing processes of

particulate organic carbon (POC), as well as in the transport of heat, salinity,

and biogeochemical tracers. In the open waters of the Gulf of Mexico (GoM),

however, there are limited observations to characterize how these mesoscale

structures affect the spatial distribution of POC in the upper water column, which

is important for organic matter cycling and export. We present the distribution

patterns of POC relative to mesoscale features throughout the water column in

the deep-water region of the GoM during three oceanographic cruises held

during the summer months of 2015, 2016, and 2017. Samples were collected

under well-stratified upper ocean conditions, which allowed us to assess the

spatial and temporal distribution of POC as a function of non-steric sea surface

height, density, apparent oxygen utilization, and chlorophyll fluorescence. We

further explored the variability of integrated surface layer POC concentrations at

stations located within the cores and the edges of cyclonic and anticyclonic

eddies, and those collected outside these structures. Although our results

indicate mesoscale eddies modulate several important physical and

biogeochemical variables and POC concentrations in the upper ocean, these

features do not fully explain the spatial distribution of POC concentrations

throughout the deep-water region of the GoM. Relatively lower POC

concentrations were observed in the border of the cyclonic and the center of

the anticyclonic eddies, in contrast to the relatively higher POC concentrations at

the center of the cyclonic and the border of anticyclonic eddies. We observed

high variability in POC concentration variability outside mesoscale structures,

which may be attributed to other processes such as upwelling over the shelves,

and the contribution by rivers during the summer especially in the northern and

southern GoM.
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1 Introduction

The reservoir of particulate organic carbon (POC) in the ocean,

while considerably smaller than the dissolved organic carbon

(DOC) pool (with an approximate POC : DOC ratio of 1:38,

Denman et al., 2007), is an essential constituent of sequestered

carbon, in addition to the dissolved and particulate inorganic

carbon pools (Sarmiento and Gruber, 2006). POC sinks through

the water column across isopycnals, scavenging other particles and

transporting carbon and associated elements to deep waters, where

some of them are remineralized or resuspended, and a minor

fraction is eventually sequestered in the sediments (Eppley and

Peterson, 1979; Stramska, 2009).

The POC in oceanic regions consists mainly of living organisms

and marine snow, which is an aggregate of phytoplankton and small

zooplankton fragments, fecal pellets, and other particles also known

as organic aggregates, which includes non-living material and

uncharacterized components from biological, mineral, and

anthropogenic sources (Riley, 1963; Knauer et al., 1979; Dunbar

and Berger, 1981; Hedges et al., 2000; Lutz et al., 2002; Stramski

et al., 2008; Kharbush et al., 2020). Near active natural oil seeps or

oil spills, POC can incorporate “dead carbon” or hydrocarbon-

derived carbon, in a process that has been described as Marine Oil

Snow Sedimentation and Flocculent Accumulation. This process

has been shown to be an important pathway for the distribution and

destination of spilled oil, which in the Gulf of Mexico accounts for

up to 14% of the total oil released as a result of the Deepwater

Horizon oil spill in 2010 (Daly et al., 2016).

Particulate organic carbon concentration in the euphotic layer is

thought to reflect primary production, a process during which

photosynthesis fuels the formation of organic carbon from

dissolved inorganic carbon and nutrients, thereby decreasing the

partial pressure of carbon dioxide in surface waters (Stramska,

2009). Many of these processes are sensitive to fluctuations in

temperature, light availability, ocean circulation, vertical mixing,

and nutrient inputs into the surface ocean’s euphotic layer (Dawson

et al., 2018; Frenger et al., 2018; Dobashi et al., 2022).

In oligotrophic regions, the mixed layer is generally considered

as a quasi-homogeneous with little to no variability in density and is

usually depleted in nutrients due to uptake by primary producers

(Falkowski et al., 1992; Velásquez-Aristizábal et al., 2022). The

deepening of this layer allows for subsurface mixing of nutrients

toward the surface, fueling biological productivity and consequently

increasing POC concentrations (Gardner et al., 1999). These

changes can be further driven by vertical mixing from the

isopycnal displacement by anticyclonic and cyclonic eddies,
Abbreviations: AOU, apparent oxygen utilization; BAE, border of an

anticyclonic eddy; BCE, border of a cyclonic eddy; CAE, center of an

anticyclonic eddy; CCE, center of a cyclonic eddy; Chl-a, chlorophyll-a; DOC,

dissolved organic carbon; GoM, Gulf of Mexico; LC, loop current; MFD,

maximum fluorescence depth; MLD, mixed layer depth; NE, stations classified

as no eddy; PCA, principal component analysis; POC, particulate organic carbon;

POC100, integrated POC concentration at 100 m depth; SSH, sea surface height;

SSHns, non-steric sea surface height.
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especially under strongly stratified upper ocean conditions during

summer (Gaube et al., 2014; Gaube et al., 2019).

Mesoscale processes are responsible for the mixing and

transport of heat, salt, and biogeochemical tracers across the

global oceans and may act as a moderating factor in global

climate change (Faghmous et al., 2015). Thus, understanding

ocean eddy dynamics and their role in influencing various

oceanographic and biological phenomena is of keen scientific

interest (Falkowski, 1998; Faghmous et al., 2015). The

productivity enhancing effects of eddies is particularly important

in low-nutrient environments, where mesoscale processes can

regulate the net upward flux of limiting nutrients as a result of

the undulation of nutrient isosurfaces: where the shoaling of

isopycnal surfaces tends to bring nutrients into the euphotic zone

thereby enhancing productivity, whereas their deepening leads to a

lack of change or even a decrease in primary productivity (Gruber

et al., 2011).

Remotely sensed sea surface heights (SSH) yield important

information on the spatial distribution and intensity of ocean

eddies and is strongly related to circulation patterns in the ocean,

lending insight into nutrient transport crucial to the understanding

of the spatial variability of biological production (Gruber et al.,

2011). The measurements performed with various in situ and

remote sensing platforms provide an effective tool for studying

biogeochemical constituents of oceanic waters like chlorophyll-a,

particulate inorganic carbon, and particulate organic carbon

(Stramski et al., 2008; Ocean Biology Processing Group, G.

M, 2022).

The GoM is a semi-enclosed sea linked to the Atlantic Ocean

through the Florida Straits and to the Caribbean Sea through the

Yucatan Channel (Oey et al., 2005). The deep-water region of the

GoM is characteristic for its oligotrophic and nutrient-limited

surface waters, which are relatively isolated from coastal

eutrophic waters (Martıńez-López and Zavala-Hidalgo, 2009;

Pasqueron de Fommervault et al., 2017). The Loop Current (LC)

brings warm water into the GoM, which leads to high stratification

in its area of influence, especially during the summer. Higher

intrusion of the LC into the GoM is observed more frequently

during the summer, which along with the upper ocean warming,

influences the circulation in the interior of the gulf (Sturges and

Leben, 2000). In the GoM, positive SSH anomalies are indicative of

anticyclonic eddies that are characterized by a deep, warm water

layer (Müller-Karger et al., 2015; Dobashi et al., 2022).

The LC and detached LC eddies transport Caribbean

Subtropical Underwater into the GoM, which is clearly

distinguishable from the GoM common water (Vidal et al., 1992).

This common water is formed by vertical convective mixing during

the winter season, or by the mixing induced by the collision of

detached LC eddies against the western GoM boundary (Schmitz

et al., 2005). These mesoscale features drive hydrodynamic

processes throughout the central GoM that fuel mixing processes

and affect biological productivity patterns (Pérez-Brunius et al.,

2012; Müller-Karger et al., 2015; Cervantes-Dıáz et al., 2022).

The most energetic mesoscale events are the detachment of

large anticyclonic eddies from the LC that drift to the west (Sturges

and Leben, 2000), which are dynamically linked with cyclonic and
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https://doi.org/10.3389/fmars.2023.1095212
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Contreras-Pacheco et al. 10.3389/fmars.2023.1095212
anticyclonic eddies in the Gulf’s interior (Jouanno et al., 2016). The

periods between detachments are highly variable (ranging between

0.5 and 18.5 months), implying that there are some years with no

eddy detachments from the LC, while during other years these can

happen up to three times per year (Sturges and Leben, 2000; Leben,

2005; Vukovich, 2007; Vukovich, 2012; Delgado et al., 2019).

In addition to the quasi periodic shedding of LC eddies, other

processes and structures influence the productivity in the southern

Bay of Campeche, like the semi-permanent cyclonic eddy in the

southern Gulf (Pérez-Brunius et al., 2012), the confluence of

seasonal along-shelf currents (Martı ́nez-López and Zavala-

Hidalgo, 2009), and upwelling processes along the eastern margin

of the Bay of Campeche and off the northeast shelf of the Yucatan

Peninsula (Zavala-Hidalgo et al., 2006).

The mixed layer depth’s (MLD) seasonal cycle is driven by the

surface ocean cooling during winter months, fueled by northern

winds that lead to the erosion of the stratification of its surface

waters and a deepening of the mixed layer (Müller-Karger et al.,

1991). This wintertime convection of the MLD due to strong winter

winds or “nortes” ends during the late spring, when the warming

cycle of the surface waters begins; the MLD becomes shallower

throughout the summer into the early fall, when the stratification of

the upper layers is strongest (Müller-Karger et al., 1991; Martıńez-

López and Zavala-Hidalgo, 2009). These cycles of winter mixing

and summer stratification are thought to be the main controlling

factors of the surface chlorophyll-a concentration in GoM (Müller-

Karger et al., 2015).

Modeling efforts suggest the higher integrated content of

chlorophyll-a (Chl-a) over 350 m occurs in winter whereas lower

ocean concentrations happen in summer, while April-May and

October-November are transitional periods (Damien et al., 2018).

In addition, float data show that mesoscale activity is most likely the

main source of variability for the Chl-a concentration in the deep-

water region of the GoM, with higher concentrations observed in

cyclones compared to anticyclones (Pasqueron de Fommervault

et al., 2017; Linacre et al., 2019).

Additionally, cyclonic and anticyclonic eddies drive vertical

mixing through the modulation of nutrient transport to the

euphotic zone, thereby exerting influence on Chl-a concentrations

in the euphotic layer (McGillicuddy, 2016; Honda et al., 2018) as

well as POC concentrations (McGillicuddy, 2016). Still, there are

limited field observations available to characterize how mesoscale

physical processes may affect the POC of the deep-water region of

the GoM (Müller-Karger et al., 2015).

POC in the GoM has been mostly studied over the continental

shelf, particularly in the north and northeast. The transport of

freshwater plumes and filaments from the Mississippi and the

Atchafalaya Rivers advect higher nutrient concentration waters to
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the northern shelf region, especially to the continental shelves of

Louisiana and Texas (Biggs, 1992; Trefry et al., 1994; Goñi et al.,

1997; Bianchi et al., 1997; Wang et al., 2004). However, the role of

mesoscale structures on POC concentrations in the GOM’s deep-

water region, especially in the southern gulf and the Bay of

Campeche, known for its relatively higher productivity within the

gulf (Martıńez-Lopez and Zavala-Hidalgo, 2009; Linacre et al.,

2015), has yet to be examined. Hence, our study aims to

understand the role of mesoscale eddies on POC concentrations

in the upper layer of the southern GoM´s deep-water region.
2 Material and Methods

2.1 Sampling

For the sampling, 319 discrete seawater samples were collected

during three cruises covering the deep-water region of the southern

GoM on board the R/V Justo Sierra using Niskin bottles mounted

on a rosette (Table 1). At each station, continuous profiles of

temperature, pressure, conductivity, and chlorophyll fluorescence

were measured with a Sea-Bird® 9 plus CTD and sensors. In

Figure 1, we present a map of the stations and the bathymetry of

the deep-water region of GoM. All stations were > 1000 m depth;

casts at some stations were done to 1000 m regardless of depth

(hereafter referred to as shallow cast stations), and some to about

40 m off the bottom (deep cast stations).
2.2 Sampling processing and
chemical analysis

Given the low concentration of POC in the oligotrophic waters

of the GoM, it was necessary to pool water samples collected at

different depths of the water column for analysis (Supplementary

Table 1 and Supplementary Figure 1). At the shallow cast stations

(<1000 m), the samples comprised depth filtrations of seawater

from three discrete depths ranging from 10-50, 75-250, and 300-

1000 m (i.e., samples were pooled, and data were obtained for these

three broad layers). For the deep cast stations, samples were pooled

from 10 m to the depth of maximum fluorescence, between 150-

800 m, and from 1000 m to a few meters above the seafloor, the

sampling strategy was agreed among all the different participating

groups from the beginning of the CIGoM’s project. The basic

rationale behind the pooling of several depths was the need to

filter large volumes of water to obtain the necessary amount of

carbon for the analysis. Discrete sampling depths were generally

consistent, except for the targeted sampling during each cast of the
TABLE 1 Oceanographic cruise sampling dates for particulate organic carbon (POC) in the oceanic Gulf of Mexico.

Oceanographic Cruises Year Months Season Stations sampled for POC

XIXIMI 4 2015 August 27-September 16 Summer 46

XIXIMI 5 2016 June 10-June 25 Early Summer 32

XIXIMI 6 2017 August 15-September 8 Summer 30
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chlorophyll maximum and oxygen minimum (identified based on

the CTD profiles). For visualization purposes, POC values are

plotted at the average depth of all the discrete samples collected

within any given layer.

POC sampling and processing followed the Joint Global Ocean

Flux Study methodology of Knap et al. (1996) with some

modifications. Specifically, the seawater was filtered through a

pre-combusted (500°C for 4 hours) Whatman® glass microfiber

filter (GF/F) with a diameter of 45 mm and 0.7 µm pore size.

Typically, between 7.5 L and 60 L of water was filtered to get a

minimum weight per determination of 100 mg for POC. Filtered

samples were placed in aluminum foil cleaned with ethanol and

Kimwipes®, stored frozen during the cruise and transported to the

laboratory for processing. In the laboratory, the samples were

freeze-dried and then treated by vaporization with chlorohydric

acid (1M) in a desiccator bell to remove the particulate inorganic

carbon. Filters were then scraped with an X-Acto® knife to obtain

the POC sample, while minimizing the glass fiber from the filters,

and encapsulated in tin capsules.

The concentrations were determined on a Costech® CHN

analyzer at the Stable Isotope Laboratory at CICESE and are

reported as µmol/L. The international references used for POC

were USGS 40 and IAEA-CH-6. POC concentrations were

corrected for blanks (unused filters that had the same treatment

as the rest) and calibrated using different weighted samples of

sulfanilamide, the detection limit of this method is 4.16 µmolC

(50 mgC); during the measurement period the standard deviation of

the references was below 0.06 µgC.
2.3 Data analysis

2.3.1 Satellite data
POC data were not generated for surface layer during our cruises

because water samples were used for other analyses. Hence, we used

the satellite-derived surface concentrations to complement the POC
Frontiers in Marine Science 04
stations profiles(https://oceancolor.gsfc.nasa.gov/data/aqua/). We

obtained daily estimates of POC concentration (mg m-3) and Chl-a

surface concentrations (mg m-3) from the Moderate-Resolution

Imaging Spectroradiometer (MODIS-Aqua Satellite) Level 3

mapped product with a spatial resolution of 0.04° (~ 4.4 Km) for

2015, 2016 and 2017 (NASA Goddard Space Flight Center, et al.,

2018). Because of the lack of data at some stations locations due to

clouds, sun glint, low light levels, etc., we filled the gaps using the

average value of the nearest data points by considering radial

increments of 0.04° around the location, up to a fourth iteration

when needed (for a maximum radius of 0.16° around a station). If

surface POC concentrations were unavailable within maximum, the

station was eliminated from further analysis.

The surface POC concentration is based on an empirical

relationship between in situ measurements of POC and blue-to-

green band ratios of remote sensing reflectance. The algorithms

have yielded good performance over vast areas of the oceans,

including different hyper oligotrophic and oligotrophic provinces

with a determination coefficient between 0.7 to 0.9 (Stramski

et al., 2008).

Daily SSH data were obtained from AVISO (https://

www.aviso.altimetry.fr/en/home.html) using a gridded mesh with

a spatial resolution of 0.25° (~ 27.8 Km) for 2015, 2016 and 2017.

The non-steric SSH (SSHns) were calculated by subtracting the

average SSH value for the GoM data (Domıńguez-Guadarrama and

Pérez-Brunius, 2017).
2.3.2 Hydrographic and data and
biogeochemical proxies

The in situ density profiles were calculated from conservative

temperature, absolute salinity and pressure profiles using GSW

Oceanographic Toolbox from The International Thermodynamic

Equation of Seawater (TEOS-10) (McDougall and Barker, 2011).

Apparent oxygen utilization (AOU) profiles were calculated as

the difference between oxygen gas solubility and the measured
FIGURE 1

Sampling stations covered in the 2015, 2016, and 2017 XIXIMI cruises. Red circles represent stations sampled during 2015, yellow circles stations
sampled in 2016 and purple circles the stations sampled in 2017. The blue line represents the 200m isobath, and the red line the Grijalva-
Usumacinta River System.
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oxygen concentration in water using TEOS-10 (McDougall and

Barker, 2011).

In the absence of direct turbulent dissipation measurements, the

MLD is commonly derived from oceanic profile data using

threshold, integral, least squares regression, or other proxies

(Thomson and Fine, 2003). In our case the MLD was defined as

the depth of the maximum Brunt- Väisälä Frequency, calculated

from absolute salinity, conservative temperature, pressure, and

latitude using TEOS-10 (McDougall and Barker, 2011).

The maximum fluorescence depth (MFD) was defined as the

highest fluorescence value obtained from the vertical profile of

each station.

2.3.3 POC data
Quantitative estimates of integrated POC in the surface layer

vary depending on the choice of the depth to which the integration

is made (Stramska, 2009). We used three different depths to

estimate integrated POC: (1) to a constant depth of 100 m

(POC100), (2) within the mixed layer at each station, with a

boundary defined by the Brunt Väisällä frequency since it

provides a link between the physical structure of the water

column and the depth of mixing, and (3) to the depth of the

fluorescence maximum, as indicative of the depth with the highest

chlorophyll fluorescence (Supplementary Material- POC data). This

was done to evaluate which criteria better explained the spatial

patterns of POC in terms of the physical and biological variables

used in this study. To examine the main controls on the POC

concentration in the upper layer of the GoM, POC data for each

station were interpolated with a Piecewise Cubic Hermite

Interpolating Polynomial method with a 1 m resolution

(Supplementary Figure 2), which preserves the shape of the data

and respects monotonicity (Fritsch and Carlson, 1980).
2.3.4 SSHns data
To find out how the SSHns may influence the concentrations of

POC in the water column, we correlated the surface POC

concentrations against the SSHns.

We generated two data sets of SSHns:
Fron
• Daily sea surface height, which corresponds to SSHns for the

day when the samples were taken.

• Monthly sea surface height, which corresponds to the

average of the SSHns during the period of the cruise.
Kelly et al. (2021) examined the contributions and mechanisms

of the carbon budgets in the GoM and concluded that lateral

transport of organic matter is substantial in oligotrophic ocean

regions of the northeastern Gulf in the vicinity of the Loop Current

and may be crucial to multiple trophic levels in the GoM. To

explore the possibility of a lateral transport between the production

and formation of POC, we also correlated POC concentrations with

SSHns considered a radius of 0.25 degrees around the stations (daily

and monthly SSH (0.25°)).
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We also correlated the surface POC concentration of each cruise

vs. the surface Chl-a concentrations, MFD, and MLD, to evaluate

whether there was a spatial relationship.

2.3.5 Identification and classification of
mesoscale structures

Mesoscale structures are mainly generated by ocean large-scale

circulation instabilities due to wind or topographic obstacles,

creating variability around the ocean´s mean state, and it helps us

to understand the role of mesoscale structures on ocean dynamics

(including POC production and export) and to discriminate the

effect of eddies from other processes (Mason et al., 2014; Pegliasco

et al., 2022).

To understand the relationship between mesoscale features and

POC concentrations we used “The altimetric Mesoscale Eddy

Trajectories Atlas (META3.2 DT allsat) products, processed by

CNES/CLS in the DUACS system and distributed by AVISO+

(https://aviso.altimetry.fr)”. The algorithm used for these products

is derived from Mason et al. (2014) and further described in

Pegliasco et al. (2022).

This method follows four steps: filtering, detection, estimation

of eddy characteristics, and tracking. For further description about

the algorithm check the manual ¨Mesoscale Eddy Trajectory Atlas

Product Handboook¨ (Aviso+ Altimetry, 2022).

After we downloaded the altimetric mesoscale eddy trajectories

dataset, we filtered it by date, longitude, and latitude. We used this

to identify daily mesoscale structures within the GoM during the

three cruises, obtaining a map for each day of the cruise, in total 21,

15, and 25 maps were obtained for 2015, 2016 and 2017 respectively

(Table 1). Figure 2 presents an example of the approach followed in

our selection of centers and borders in cyclones and anticyclones.

To aid in the understanding of the results obtained from eddy

identification, we also examined geostrophic flows (downloaded

from https://cds.climate.copernicus.eu/#!/home).

We classified eddies based on their rotational direction in the

Northern Hemisphere, as either cyclonic (counterclockwise) or

anticyclonic (clockwise). The results from the Mesoscale Eddy

Trajectories Atlas allow us to visually determine whether our

sampling stations were located near the center of a structure or

near the border (within a radius less than ~0.08° from the contour).

We classified stations based on whether they were located near the

center of a cyclonic eddy (CCE), near the border of a cyclonic eddy

(BCE), near the center of an anticyclonic eddy (CAE), or near the

border of an anticyclonic eddy (BAE). Stations that fell outside these

features were classified as no eddy (NE). We grouped the stations

according to their categories and made composite vertical profiles of

fluorescence, density, AOU and POC using pooled data for the

three cruises.

2.3.6 Statistical analysis
A two-sided Wilcoxon rank sum test (equivalent to a Mann-

Whitney U-test) was used to compare the medians of MLD and

MFD between years. A Kruskal-Wallis analysis was used to test for

differences in the MLD and MFD between cruises and in surface
frontiersin.org
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POC concentrations and integrated POC100 in each category of

mesoscale feature (a =0.05).

Principal component analysis (PCA) was applied to examine

associations between the oceanographic variables and the POC

concentrations among the station’s classifications. When two

variables were highly correlated (Pearson’s correlation r>0.7), one

was removed prior to PCA. The analysis included density at 10 m

depth, MLD, MFD, SSHns, surface Chl-a, the fluorescence

maximum, the depth at which the slope of the AOU changes

towards positive values, surface salinity, sea surface temperature,

the average temperature in the first 100 m and integrated

POC100 concentration.
3 Results

3.1 Oceanographic conditions and
POC concentrations

Figure 3 presents maps of non-steric SSH, sampled stations and

the geostrophic velocities mapped from the average of time span of
Frontiers in Marine Science 06
each cruise (Table 1). During 2015 and 2016, there were stronger

mesoscale circulation features in the central GoM than during 2017.

During the 2015 cruise, two large anticyclones were observed

between 24° and 28°N; Olympus (1), recently released from the

LC, and the remnant of Nautilus (2) formed in May 2015

(www.horizonmarine.com; Figure 3). During this cruise we

further observed the lowest SSHns values in the Bay of Campeche

region. In 2016, a large anticyclone called Poseidon (3) had been

recently detached from the LC, and the rest of the GoM presented

higher SSHns values than during the 2015 cruise. In 2017, the LC

showed a high level of intrusion into the GoM, but there were no

large anticyclones within the gulf, and the SSHns were generally

higher than during the 2016 cruise but lower than in 2015.

A Kruskal-Wallis test indicated that the median MLD differed

between years (p<<0.001). The MLD maps presented in Figure 4

indicate that during 2015 the MLD was deeper in the northwestern

part of the study area (~58 m), while the shallowest depths (~20 m)

were in the east. MLDs were markedly shallower during the 2016

cruise (Figure 4-middle panel) with an overall mean of 27 m.

During that cruise, the Bay of Campeche showed the shallowest

MLD, around ~15 m. During 2017, the MLD was deeper than in
FIGURE 2

Absolute dynamic topography anomaly map depicting cyclonic and anticyclonic mesoscale structures observed on June 24, 2016. The blue/red line
and dot represents the cyclone/anticyclone contour and center; data extracted from the altimetric Mesoscale Eddy Trajectories Atlas at AVISO+. The
areas delimited by the dotted lines represent the border and center classification zone for the sampling stations that were in mesoscale structures.
FIGURE 3

Mean non-steric sea surface height (SSHns) for the GoM during 2015, 2016, and 2017 cruises. Arrows represents geostrophic velocities. 1: Olympus.
2: Nautilus remnants. 3: Poseidon. Circles represent stations sampled during each cruise.
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2016 (Figure 4-right panel) with a mean of 35 ± 9 m and with the

deepest values toward the center of the GoM.

The median MFD differed significantly between years, as

indicated by the Kruskal-Wallis test (p = 0.012). The MFD maps

in Figure 4B (cruise´s average is in Table 2) show that the highest

values were consistently located over the central gulf (abyssal

region) during the three cruises, with a mean depth during 2015

of 73 ± 24 m, of 88 ± 15 m during 2016, and 86 ± 21 m

during 2017.
3.2 Characterization of POC profiles and
the integrated POC100

In Figure 5, POC profiles show a pattern consistent with the well-

known exponential decay with depth in the water column (Suess,

1980), with higher concentrations at the surface (between 2 to 7 µmol

L-1) and decreasing with depth to values less than 1 µmol L-1 below

700m. The sinking velocity of POC aggregates is mainly determined by

their size, internal microstructure (porosity and heterogeneous

composition), density and the amounts of biogenic calcium

carbonate and opal structures that act as ballast minerals (Iversen

and Ploug, 2010; Armstrong et al., 2002; De La Rocha and Passow,
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2007). In addition, POC’s sinking velocity and flux is hypothesized to

be modulated by microbial remineralization and by zooplankton

grazing (Guidi et al., 2009).

To understand the control of the surface ocean conditions on

POC concentrations in the GoM, we considered different integrated

depths sampled during the 2015, 2016, and 2017 cruises; the maps

are shown in Figure 6 and Supplementary Figure 3, and the average,

standard deviations and coefficients of variation are in Table 3 and

Supplementary Table 2.

In Figure 6, integrated POC100 showed mean values of 276

mmol m-2 during 2015 and 2016, and lower mean values during

2017 (207 mmol m-2). The Kruskal-Wallis test indicated the

medians in the integrated POC100, between 2015, 2016 and 2017

were significantly different (p = 0.003). The integrated POC100

during 2015 showed a spread of values between 125 – 200 mmol m-2

throughout the GoM, with highest values (300 mmol m-2) at two

stations located in the western region, and the lowest between 21°–

22° N. During 2016, the spatial distribution of POC100 showed

similar spatial patterns to 2015, with values between 150 - 250

mmol m-2, and lowest values in the Bay of Campeche. In contrast,

during 2017 all integrated measures of POC were mostly lower than

during the previous two years. POC100 showed values between 60

and 150 mmol m-2 in the central GoM stations.
A

B

FIGURE 4

Mixed layer depth (MLD - A, top panels) and maximum fluorescence depth (MFD - B, bottom panels) in the GoM during 2015, 2016, and 2017 cruises.
TABLE 2 Mixed layer depth and maximum fluorescence depth during three cruises covering the southern Gulf of Mexico’s deep-water region.

Year MLD (m) MFD (m)

Average SD Max Min Average SD Max Min

2015 37 12 58 8 73 24 121 7

2016 27 9 51 15 88 15 122 63

2017 35 9 56 13 86 21 136 29
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3.3 Influence of mesoscale structures on
POC concentrations

The interpolated POC, density, fluorescence, and AOU profiles

for the stations in each category (CCE, CAE, BCE, BAE, and NE)

were pooled across years to examine the influence of mesoscale

structures; means and standard deviations were calculated to

provide a visual representation of the variability (Figure 7, and

Supplementary Table 3).

The CCE (yellow) density profile presented the shallowest

MLD, with a shallow pycnocline at ~20 m (Figure 7A - top

panel). The MFD was located close to 75 m, with increasing

AOU’s values below ~50 m. POC showed mean concentration of

~3.6 µmol L-1 near the surface, decreasing to 0.7 µmol L-1 at 250 m

depth. Profiles from BCE stations (purple) showed well-stratified

waters, with a relatively deeper mixed layer depth ~35 m, and

deeper MFD than stations near the center of cyclonic eddies (~75 m

depth with a secondary peak at about 100m). The AOU profiles

were similar at CCE and BCE stations, showing negative or close to
Frontiers in Marine Science 08
0 values from the surface to ~60 m. Below this depth, consumption

and recycling of organic carbon was more important than

production by primary productivity, as indicated by increasingly

positive AOU values.

Mean POC concentrations were higher at stations near the center

of cyclonic eddies (CCE) than near their borders (BCE). CCE stations

showed the shallowest of the density profiles, which is consistent with

the shallowest pycnocline near the core of cyclonic eddies. Regarding

the fluorescence profiles (CCE and BCE), showed a similar maximum

fluorescence depth (~75m), however, consistently higher fluorescence

values were observed at all depths at stations near the CCE than in the

BCE, suggesting higher chlorophyll concentrations throughout the

water column. As for AOU, profiles from the CCE showed changes

in the slope to positive values at shallower depths than stations in BCE

(Figure 7A - top panel).

The stations located near the core of anticyclones (CAE, blue)

showed a weak pycnocline and a MFD between 80 m to 125 m. The

AOU profiles showed changes towards positive values at ~100 m. In

contrast, for BAE stations (orange), the pycnocline was located at
FIGURE 5

Surface and subsurface particulate organic carbon (POC) concentrations at different depths in the GoM for 2015, 2016, and 2017 cruises. POC
concentrations at depths below the surface reflect the mean of the three discrete water sampling depths from which water samples were pooled.
FIGURE 6

Integrated particulate organic carbon concentrations for the first 100 m (POC100).
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~25 m, while the MFD was found at ~80 m; the AOU profile

showed a balance between consumption and production values for

the first 50 m. The average POC average on the surface was ~2.8

µmol L-1(Figure 7B - middle panel).

Near-surface POC concentrations at CAE stations were slightly

lower (between ~1.9 and ~2.3 µmol L-1) than stations near BAE

(between ~2.1 and ~3 µmol L-1) up to ~40 m depth (among ~0.8

and ~2.1 µmol L-1); below that depth POC values were very similar

(with values ranging between ~0.1 and ~1.7 µmol L-1). Comparison

of CAE and BAE density profiles indicated a higher density at a

given depth below ~30 m, indicative of a deepening of the
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isopycnals at the core of the anticyclonic eddies. CAE had lower

fluorescence values down to 100 m, and a deeper fluorescence

maximum than BAE stations. The AOU profiles for CAE show the

change in slope to positive values almost 25 m deeper than BAE

(Figure 7B - middle panel).

The mean profiles of density, fluorescence, AOU and POC for

NE stations are in Figure 7C. The pycnocline is observed in the first

upper ~25 m implying a relatively shallow mixed layer, and a

relatively deep fluorescence maximum at ~80 m. The AOU profile

indicates a close balance between production and consumption for

the first 50 m, below which respiration begins to dominate as AOU
A

B

C

FIGURE 7

Mean and standard deviation profiles of density, fluorescence, apparent oxygen utilization and particulate organic carbon for stations that fell near
the center of a cyclonic eddy (CCE - yellow, A, top panel), near the border of a cyclonic eddy (BCE - purple, A, top panel), near the center of an
anticyclonic eddy (CAE - blue, B, middle panel), near the border of an anticyclonic eddy (BAE - B, orange, middle panel) and the stations free of
eddy influence (NE - black, C, bottom panel) during the 2015, 2016 and 2017 GoM cruises.
TABLE 3 Integrated POC100 during three cruises covering the southern Gulf of Mexico’s deep-water region.

Year Variable Average
(mmol m-2)

SD Coefficient of variation

2015 POC100 276 183 0.66

2016 POC100 276 82 0.29

2017 POC100 207 60 0.29
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increases. The POC concentrations show an overall average value of

~3.7 µmol L-1, although showing a high variability (Figure 7C -

bottom panel).

A Kruskal-Wallis test was applied to the median integrated

POC100 (Supplementary Table 4) between the four different

structures (CCE, BCE, CAE, and BAE), and there was no

difference (p=0.131). Another Kruskal-Wallis test was applied for

the medians of surface POC (5m) between the four different

structures (CCE, BCE, CAE, and BAE) and results show that the

means in the surface POC were different (p=0.023).
3.4 Correlations between POC and
oceanographic variables

There were weak negative and non-significant Pearson

correlation coefficients between integrated POC concentrations

and SSHns (r= -0.10 to -0.22), even when SSH was estimated over

a broader area around each station (daily SSH and daily SSH (0.25°)

as well as monthly SSH and monthly SSH (0.25°)) in Supplementary

Tables 5, 6.

The correlation between integrated POC and the MLD, MFD

and Chl-a are shown in Table 4 (Supplementary Table 7). Only for

the 2015 cruise showed significant correlations between the POC100

and MLD, MFD and Chl-a. The statistically significant negative

correlations most likely result from higher (lower) POC integrated

values associated with shallower (deeper) mixed layer depths and a

shoaling (deepening) of the maximum fluorescence depth.

The correlations between SSHns and MLD, MFD and Chl-a are

shown in Table 5. Satellite-derived SSHns and MLD show

statistically significant positive correlations during 2015 and 2017.

There were also significant positive correlations between SSHns and.

MFD for 2015 and 2016; when SSHns was negative (positive), the

maximum fluorescence depth was found at a shallower (deeper)

depth. Negative SSHns values are associated with divergence in

cyclonic structures, which leads to a shallower MLD and MFD,

while positive SSHns values are associated to convergence and
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anticyclonic structures with the opposite pattern in the MLD

and MFD.

Surface Chl-a vs. MFD and MLD consistently showed negative

and statistically significant correlations for the three cruises. The

negative correlation coefficients imply a deeper (shallower)

maximum fluorescence depth associated with lower (higher)

concentrations of a Chl-a (Table 5).

The PCA indicated that components 1 and 2 explained 52.1% of

the variability (Component 1 = 33.2% and Component 2 = 18.9%;

Figure 8) . The e igenvector resul ts are presented in

Supplementary Table 8.

The PCA results grouped stations based on their locations at the

centers and edges of mesoscale structures, showing the largest

separation between stations at the CCE and CAE, and an overlap

between BCE and BAE. The CCE stations (yellow) were positively

correlated with Chl-a, Fluorescence, salinity and POC100, and

negatively correlated with the average temperature at 100m,

MLD, MFD, SSHns and to a lesser extent the density. CAE

stations (blue) were negatively correlated with Sal, Fluor, Chl-a

and POC100, and positively correlated with average temperature at

100m, MLD, MFD, SSHns and density.

Chl-a, fluorescence, integrated POC100 and salinity cluster in

the positive region of component 1 while MFD, average

temperature at 100m, SSHns density and MLD are grouped in the

negative region. Most of the stations sampled during 2015 (circles)

were correlated with sea surface temperature, MLD, salinity, and

fluorescence. In contrast, during 2016 (triangles) the stations were

correlated with the average temperature at 100m, density and the

depth where the AOU changes towards positive values. The stations

sampled in 2017 (squares) fell all over the multivariate space.
4 Discussion

The mechanisms that control POC concentrations in the ocean

differ depending on the region and the season (Dobashi et al., 2022).

Sources of organic carbon in the GoM can include terrestrial and
TABLE 4 Correlation analysis between POC100 vs. mixed layer depth, maximum fluorescence depth, and surface Chl-a concentrations.

Year Variable POC100

r p

2015 MLD -0.44 0.00

MFD -0.33 0.02

Chl-a 0.63 0.00

2016 MLD 0.22 0.23

MFD -0.05 0.77

Chl-a 0.19 0.30

2017 MLD -0.12 0.54

MFD -0.02 0.90

Chl-a 0.32 0.09
frontiers
Bold values indicate significant correlations.
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marine sources (Bianchi et al., 1997). The contribution of terrestrial

organic carbon from terrestrial sources, including estuaries, is

particularly important in coastal and shelf waters and constitutes

an important component of global organic carbon (Hedges, 1992).

Specifically, river inputs play a significant role in the distribution of

POC (Meybeck, 1982). The Mississippi-Atchafalaya River and the

Grijalva-Usumacinta River Systems are the largest sources of

freshwater inflow to the northern and southern GoM, respectively

(Kemp et al., 2016). The Mississippi- Atchafalaya River System has

been shown to influence the distribution of POC and plays an

important role in the organic carbon transport to the shelf and

northern oceanic region (Trefry et al., 1994; Rosenheim et al., 2013),

while in the southern Gulf the Usumacinta-Grijalva River System is

the main source of POC (Cuevas-Lara et al., 2021). In addition,

POC fluxes are further influenced by mineral ballast, such as

calcium carbonate, the concentrations of which are closely related

to POC concentrations (Klaas and Archer, 2002).

The concentration profiles in the GoM’s deep-water region

showed values that range between 2 and 7µM in the upper layer

during the summer season. These concentrations are comparable

with the values (4.48 ± 5.22 µM) previously reported for samples
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obtained under oligotrophic conditions in South and North Pacific

Gyres in 2004 and 2012 (Stramski et al., 2022; Table 6). Also, POC

concentrations in the Equatorial Pacific Ocean collected between

30°N-15°S and 180-160°W in 2012 range between 0.75 and 8.8 µM;

the smallest values were from oligotrophic regions, and the highest

for the high-nutrient Equatorial Pacific region (Graff et al., 2015).

Stramski et al. (2022) sampled different oceanographic

conditions ranging from oligotrophic environments like the South

Atlantic Gyre to higher productivity regions of the Atlantic Ocean.

They report concentrations of 4.77 ± 1.68 µM along north-to-south

transects covered in 2005 and 2010. In another study, POC

concentrations ranging between 1.67 and 6.33 µM were reported

from samples collected in the North Atlantic Drift, North Atlantic

Subtropical Gyre, North Atlantic Tropical Gyre, Western Tropical

Atlantic, the South Atlantic Gyre, and the South Subtropical

Convergence during 2014 (Strubinger-Sandoval et al., 2022).

Reports from comparable oligotrophic regions like the Sargasso Sea

showed POC concentrations between 1.18 and 2.96 µM from 1988 to

2004 (Duforêt-Gaurier et al., 2010; Table 6), while the Hawaii Ocean

time-series showed a range between 2 and 5 µM (Świrgoń and

Stramska, 2015). In the southern deep-water region of the GoM, we

found POC concentrations that are comparable with those reported for

the northern open waters of GoM by Liu and Xue (2020), who

measured concentrations of 3 ± 1 µM in May between 2010 and

2013 along the coast of Louisiana in the north GoM. However, they

also reported much higher concentrations in the surface waters

influenced by the plumes near the Mississippi River Delta (values

around 14 ± 6 µM). These high concentrations were attributed to the

discharge of the Mississippi and Atchafalaya Rivers.

Hence, POC concentrations in the southern deep-water region

of the GoM fall within the range observed in oligotrophic regions

like the Sargasso Sea, and the subtropical gyres in the Atlantic and

Pacific oceans during the summer season. An analysis of the global

distribution of integrated POC100 from 1995 to 2012 showed a

range of values from ~20 to ~900 mmol m-2 (Balch et al., 2018). The

comparison of global estimates with our results is consistent with

the oligotrophic nature of the southern deep-water region of GoM

during the summer season.

POC concentrations in the water column showed the consistent

well-known exponential decay with depth, with relatively high

variability in the euphotic layer and decreasing concentrations

below 700 m (<1 µM). To understand the mechanisms that could

control this upper layer variability in the southern region of GoM,

POC concentrations were integrated over different depths (100 m,

MLD, MFD) and correlated with different variables. Integrated POC
TABLE 5 Correlations between non-steric sea surface heights, maximum fluorescence depth, mixed layer depth and surface Chl-a concentrations.

Year SSHns - MLD SSHns - MFD MFD - MLD MFD – Chl-a MLD – Chl-a

r p r p r p r p r p

2015 0.28 0.06 0.59 0.00 0.48 0.00 -0.62 0.00 -0.51 0.00

2016 0.13 0.47 0.66 0.00 0.38 0.03 -0.8 0.00 -0.36 0.05

2017 0.35 0.06 0.29 0.12 0.31 0.1 -0.43 0.02 -0.32 0.08
fr
Bold values indicate significant correlations.
FIGURE 8

Principal component analysis of oceanographic variables and
integrated POC100 estimates. The color indicates the classification of
the mesoscale structures; stations near the center of cyclonic
eddies are in yellow, near the border of cyclonic eddies in purple,
near the center of anticyclonic eddies in blue, and near the border
of anticyclonic eddies in orange. Colorless symbols indicate stations
outside of eddies. The stations sampled in 2015 are indicated in
circles, 2016 in triangles and 2017 in squares.
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within the mixed layer depth and the fluorescence maximum depth

did not show significant correlations with any of the oceanographic

variables for any of the 3 years (Supplementary Table 7).

However, when integrating over the euphotic layer (with

depths of ~100m; Linacre et al., 2019; Kelly et al., 2021; Stukel

et al., 2021; Stukel et al., 2022) our results showed a negative

correlation with the MFD and the MLD and a positive one with

the surface Chl-a concentration for the 2015 cruise. The POC100

showed similar average integrated concentrations of ~276 mmol

m-2 for 2015 and 2016, although the variability was much higher

in 2015 than in 2016. In contrast, during the 2017 cruise, POC100

was lower, with a mean value of 207 mmol m-2. Differences in

POC100 between years were significant due to the high variability

between stations. These data suggest that MFD and MLD may

occasionally play a role in modulating POC concentrations in the

upper water column although it is not a consistent control over

time and that there may be other mechanisms contributing to this

intermittent relationship.

It is important to mention that although the three cruises took

place during the summer season (Table 1), the level of mesoscale

activity differed (Figure 3). During 2015 and 2016 mesoscale activity

was higher in the central GoM than in 2017. The observed

significant correlations between POC100 and the MLD, MFD and

surface Chl-a concentrations for the 2015 cruise may be related to

the two large anticyclones that were present in the central deep-

water region; these were the remnants of Nautilus eddy and the

recently released Olympus eddy (Figure 3). Thus, the higher

variability in integrated POC concentrations found for 2015

(Table 3), may be attributed to an intensification of mixing

processes associated with the edges of the anticyclonic eddies and

consequently with the vertical transport of nutrients fueling the

POC production in the euphotic layer. According to the results

from the algorithm of AVISO, the average number of anticyclones

during the cruise in 2015 was 6.7, in 2016 it was 5.4 and in 2017 was

4.7. Hence, the number of mesoscale structures may be another

contributing control to the variability of integrated POC100,
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especially during the summer season characteristic for strongly

stratified upper ocean conditions.

Large and highly energetic mesoscale eddies exert a strong

influence on the biogeochemical variables of the upper water

column (Gaube et al., 2019). Eddies are associated with vertical

mixing, which affects nutrient transport and the Chl-a

concentration in the euphotic layer (McGillicuddy, 2016), and our

results in Figure 7 show that the POC upper layer concentrations

may be modulated by their location within cyclonic and

anticyclonic eddies. However, although we observed significant

differences in the medians considering the first 5 m of the water

column, we did not find significant differences in the integrated

POC100 medians.

Higher POC concentrations, associated with the shoaling of

density profiles and the deep fluorescence maximum are

consistently observed at stations near the CCE than at stations

near the BCE. These features are consistent with a shallowing

(deepening) of the pycnocline near the core (border) of cyclonic

eddies. Cyclonic eddies show an anti-clockwise flow of currents

with negative SSHns at its center and counterclockwise geostrophic

velocities, a shallower thermocline and a conspicuous shoaling of

isopycnals bringing colder, nutrient-rich subsurface waters closer to

the euphotic zone at its center (Biggs et al., 1988; Seki et al., 2001),

all of them enhancing phytoplankton productivity, higher

chlorophyll and POC concentrations in the euphotic layer

(Bidigare et al., 2003; McGillicuddy et al., 2003; Bakun, 2006).

The BCE shows consistently lower POC concentrations than

stations in the CCE, with close to ~0.5 µmol L-1 difference in their

mean values (Figure 7). The Chl-a concentrations at the center of a

cyclonic eddy are consistently higher than at the borders, most

likely as a result of the shoaling of the pycnocline allowing nutrients

to reach the euphotic layer and thus fuel the phytoplankton

productivity at depth (Gaube et al., 2014; McGillicuddy, 2016).

Honda et al. (2018) have shown how cyclonic eddies may affect the

POC flux in the oligotrophic region of the subtropical North Pacific

Ocean through the shoaling of the pycnocline driven by the passage
TABLE 6 Particulate organic carbon concentrations from different study areas.

Study POC concentration (µM)
[min-max]
{Mean ± SD}

Location Sampling years

This study [2-7] Deep water region of the GoM [2015-2017]

Graff et al., 2015 [0.75-8.88] Equatorial Pacific Ocean 2012

Duforêt-Gaurier et al., 2010 [1.18-2.96] Sargasso Sea [1988-2004]

Strubinger-Sandoval et al., 2022 [1.67-6.33] Atlantic Ocean 2014

Świrgoń and Stramska, 2015 [2-5] Hawaiian Islands [1997-2012]

Liu and Xue, 2020 {3 ± 1} Offshore Louisiana
(Northern GoM)

[2010-2013]

Stramski et al., 2022 {4.48 ± 5.22} Pacific Ocean [2004-2012]

Stramski et al., 2022 {4.77 ± 1.68} Atlantic Ocean [2005 2010]

Liu and Xue, 2020 {14 ± 6} Mississippi River Delta
(Northern GoM)

[2010-2013]
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of cyclonic eddies over the observation area, resulting in increased

Chl-a in the subsurface layer and enhanced POC flux to the deep-

sea region. This flux is positively related to the concentration of

POC in the water column (Roca- Martı ́ et al., 2021).
In contrast, anticyclonic eddies with clockwise geostrophic

velocities (arrows) are convergence zones favoring the piling up

of relatively warmer and lower density water masses at their core

(Supplementary Figure 4), producing positive SSHns as seen in

Figure 3. Anticyclonic eddies are generally considered nutrient-

depleted relative to cyclonic eddies (Biggs et al., 1988; Seki et al.,

2001). However, the POC fluxes observed in anticyclones in the

eastern tropical North Atlantic show the opposite behavior, with

larger fluxes comparable to those observed in mesotrophic or

eutrophic regions (Fiedler et al., 2016; Fischer et al., 2016). Here,

stations at the CAE mostly showed lower POC average

concentrations by ~0.4 µmol L-1 (Figure 7) than at those in the

BAE. In addition, near the core of the anticyclones there was lower

density gradient with depth, lower fluorescence and a deeper MFD.

A characteristic transect through an anticyclonic eddy shows a

deepening (shallowing) of the pycnocline and MFD near the core

(border) of these mesoscale features.

Previous work reported differences in cyclonic and anticyclonic

eddies within the GoM. Lee-Sánchez et al. (2022) analyzed vertical

nutrient profiles for two cruises, one in the winter (February-

March) of 2013 and the other in the beginning of summer (June)

of 2016. Their results showed that mesoscale eddies play a strong

modulating role in the vertical distribution of nitrate and nitrite,

particularly in the first 250 m. In the cores of recently detached

Loop Current eddies, the nitracline reached maximum depths, and

there were lower nutrient concentrations in the euphotic layer. Data

from ARGO measurements in the GoM showed that the depth and

the magnitude of the DFM or deep chlorophyll maximum are also

strongly controlled by the mesoscale variability, showing

consistently lower chlorophyll concentration in anticyclones

(Pasqueron de Fommervault et al., 2017 and Damien et al., 2021).

Based on a biogeochemical model, primary productivity in the Loop

Current Eddies is higher than the average rates in the surrounding

open waters of the GoM. This anomalous behavior is explained by

the mixed layer response during winter convective mixing, which
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reaches deeper into nutrient-rich waters due to the very low-density

gradient with depth in the the anticyclonic eddy. Although we

didn’t observe this process, since our data was always collected in

the summer season, we coincide with their observation of the strong

influence exerted by the mesoscale activity in the surface ocean

chlorophyll concentration and more specifically within Loop

Current Eddies (Damien et al., 2021).

All these observations show how mesoscale structures do exert

some influence in the concentrations of POC in the upper layer.

However, correlations of POC concentrations versus SSHns, which

in principle is related to the mesoscale structures, didn’t show a

significant relationship. To explore this apparent lack of correlation

we calculated the Pearson correlation coefficient between satellite

POC concentrations and SSHns in every coordinate of the data mesh

of the GoM, considering the average of 8 days for the three summer

months of 2015, 2016 and 2017. The relationship is presented in

Figure 9, and a clear negative relationship between the POC

concentrations in the surface ocean and SSHns was observed over

a broad region in the central abyssal region, especially during 2015

and 2016. This is most likely related to the east-west trajectories of

large, detached eddies from the LC. These negative correlations

show lower POC concentrations associated with higher SSHns,

implying the importance of these mesoscale structures in

controlling POC concentrations in the euphotic layer of the deep-

water region of the GoM.

Although our observations show how the POC concentrations

may be modulated by mesoscale dynamics in the southern deep-water

region of the GoM, it is important to mention that other processes

deserve further studies to explain the observed variability. For instance,

primary production is associated with seasonal high freshwater inputs,

including those from the Tamaulipas shelf in the west, the Mississippi-

Atchafalaya River System in the north, and the outflows of the

Grijalva-Usumacinta River System in the south (Figure 1). In

addition, further studies should be focused on the possible effects of

increasing the stability of the upper water column due to rising sea

surface temperatures in the interior of the GoM, and how this warming

affects mixing in mesoscale features, and consequently primary

production and upper layer POC concentrations to better

understand the biological carbon pump in the GoM.
FIGURE 9

Spatial correlation maps for the summers of 2015, 2016, and 2017 between surface POC and SSHns, both derived from satellite data. Pearson’s
correlation coefficients are shown in colors, with hot colors indicating positive correlation and cold colors negative correlation. The black contours
represent a confidence level of 95%.
frontiersin.org

https://doi.org/10.3389/fmars.2023.1095212
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Contreras-Pacheco et al. 10.3389/fmars.2023.1095212
Data availability statement

The datasets presented in this study can be found in online

repositories. The names of the repository/repositories and accession

number(s) can be found below: https://zenodo.org/record/7302327.
Author contributions

YC: Formal analysis, methodology, visualization, data curation,

investigation, conceptualization, writing – original draft

preparation. SH: Project administration, funding acquisition,

writing-review and editing, manuscript improvement. GV: Data

analysis, manuscript improvement. JH: Conceptualization,

supervision, investigation, methodology, data curation, resources,

project administration, funding acquisition, writing-review and

editing, manuscript improvement. All authors contributed to the

article and approved the submitted version.
Funding

Research funded by the National Council of Science and

Technology of Mexico - Mexican Ministry of Energy -

Hydrocarbon Trust, project 201441. This is a contribution of the

Gulf of Mexico Research Consortium (CIGoM). We acknowledge

PEMEX’s specific request to the Hydrocarbon Fund to address the

environmental effects of oil spills in the Gulf of Mexico. Y.V.

Contreras-Pacheco was supported by a CONACyT PhD fellowship.
Acknowledgments

We thank Bertha Acosta, Aideé Egremy Valdez, Marıá Reyna
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Brien, J. J. (2006). Seasonal upwelling on the western and southern shelves of the gulf of
Mexico. Ocean Dyn. 56, 333–338. doi: 10.1007/s10236-006-0072-
frontiersin.org

https://doi.org/10.1029/91jc00787
https://doi.org/10.5067/ORBVIEW-2/SEAWIFS/L2/OC/2018
https://doi.org/10.1029/161GM04
https://doi.org/10.5194/bg-14-5647-2017
https://doi.org/10.5194/bg-14-5647-2017
https://doi.org/10.24400/527896/A01-2022.005.210802
https://doi.org/10.24400/527896/A01-2022.005.210802
https://doi.org/10.1016/j.dsr2.2012.07.020
https://doi.org/10.1016/j.dsr2.2012.07.020
https://doi.org/10.4319/lo.1963.8.4.0372
https://doi.org/10.3389/fmars.2021.684484
https://doi.org/10.1002/gbc.20018
https://doi.org/10.1029/161gm03
https://doi.org/10.1029/2000GL012439
https://doi.org/10.1029/2000GL012439
https://doi.org/10.1016/j.dsr.2009.04.009
https://doi.org/10.1016/j.rse.2021.112776
https://doi.org/10.5194/bg-5-171-2008
https://doi.org/10.12688/openreseurope.13395.3
https://doi.org/10.1093/plankt/fbab023
https://doi.org/10.1093/plankt/fbab023
https://doi.org/10.1093/plankt/fbab001
https://doi.org/10.1093/plankt/fbab001
https://doi.org/10.1175/1520-0485(2000)030%3C1814:FORSFT%3E2.0.CO;2
https://doi.org/10.1038/288260a0
https://doi.org/10.1016/j.oceano.2014.09.002
https://doi.org/10.1175/1520-0426(2003)020%3C0319:EMLDFO%3E2.0.CO;2
https://doi.org/10.1175/1520-0426(2003)020%3C0319:EMLDFO%3E2.0.CO;2
https://doi.org/10.2307/1352752
https://doi.org/10.3389/fmars.2022.827574
https://doi.org/10.3389/fmars.2022.827574
https://doi.org/10.1029/91jc00486
https://doi.org/10.1175/JPO2989.1
https://doi.org/10.1155/2012/439042
https://doi.org/10.1016/j.marchem.2004.02.014
https://doi.org/10.1016/j.marchem.2004.02.014
https://doi.org/10.1007/s10236-006-0072-
https://doi.org/10.3389/fmars.2023.1095212
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

	Particulate organic carbon in the deep-water region of the Gulf of Mexico
	1 Introduction
	2 Material and Methods
	2.1 Sampling
	2.2 Sampling processing and chemical analysis
	2.3 Data analysis
	2.3.1 Satellite data
	2.3.2 Hydrographic and data and biogeochemical proxies
	2.3.3 POC data
	2.3.4 SSHns data
	2.3.5 Identification and classification of mesoscale structures
	2.3.6 Statistical analysis


	3 Results
	3.1 Oceanographic conditions and POC concentrations
	3.2 Characterization of POC profiles and the integrated POC100
	3.3 Influence of mesoscale structures on POC concentrations
	3.4 Correlations between POC and oceanographic variables

	4 Discussion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


