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In the ocean, nitrogen availability is an important control of primary production and influences the amount of energy flowing through food webs. Mesoscale eddies play important roles in modulating the spatial distributions of physical and biogeochemical properties in the Gulf of Mexico (GM), including the availability of nitrate + nitrite (NN). In this study, we explore an oceanographic station classification based on the integrated NN stock that we have named the “nitracentric classification” and a classification based on hydrographic variables that we call the Best Fit Variables (BFVs), such as the depth of the 20°C isotherm and the depth of the 26 kg m-3 isopycnal, to identify stations under the influence of mesoscale eddies. We analyzed hydrographic profiles of CTD data and the NN concentrations in discrete samples collected in June 2016 during the oceanographic campaign XIXIMI-5, which was conducted in the deep-water region of the GM. The best station separation was produced when the NN concentration was integrated between the surface and 200 m depth, which was supported by the station classification based on the BFVs. Our classification system produces a better separation between station groups when compared to other classifications that rely on the use of altimetric variables and hydrographic criteria that have been previously employed to study biogeochemical and physical processes in the GM. We obtained parameterizations that accurately predicted the NN profiles between 100–500 m of stations sampled under stratified conditions in two other XIXIMI cruises in the gulf, although the parameterization has to be adapted to obtain accurate predictions under winter mixing conditions. Our results can be used to predict nitrate stocks and profiles based on a single BFV value obtained from the existing hydrographic databases of the GM as well as from CTD data at the time of sampling. The analysis of the CLIVAR Section A22 in the Caribbean Sea indicates that the nitracentric and hydrographic classification methodology developed in this study can also be applied to other oligotrophic basins where mesoscale eddies play important roles in controlling the distributions of hydrographic and biogeochemical properties.
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1 Introduction

The Gulf of Mexico (GM) is a semi-enclosed sea that is influenced by the western boundary current system of the North Atlantic Ocean (Müller-Karger et al., 2015; Rudnick et al., 2015). In this basin, water from the Caribbean Sea enters the gulf through the Yucatan Channel and is transported to the eastern region of the GM by the Loop Current (LC) and into the interior of the GM by mesoscale anticyclonic eddies (AEs; ~ 200–300 km in diameter) that detach from the LC and travel westward through the gulf. These LC eddies (LCEs) are shed from the LC every 9.5 months on average (Zavala-Hidalgo et al., 2006), although it is common for more LCEs to be shed during summer and winter (Chang and Oey, 2012). One or two LCEs are almost always present within the gulf in various stages of intensification, maturation, or dissipation. In addition, cyclonic eddies (CEs) are present within the GM, such as those that regularly form in the southern region of the Bay of Campeche or those that strangle the LC in the eastern gulf (Elliott, 1982; Hamilton et al., 1999; Schmitz, 2005; Pérez-Brunius et al., 2013; Linacre et al., 2015) . In addition to the strong background currents that are typical of western boundary current systems, the mesoscale eddies of the GM also modulate the physical, biological, and biogeochemical processes operating within its deep-water region.

The rise or downward deflection of the isopycnals in CEs and AEs, respectively, modify the vertical distributions of inorganic nutrients within the water column (McGillicuddy and Robinson, 1997; Huang and Xu, 2018; Sarma et al., 2018; Hernández-Hernández et al., 2020; Chen et al., 2021), affecting primary productivity and the structure of the phytoplankton community (Benitez-Nelson and McGillicuddy, 2008; Williams et al., 2015; McGillicuddy, 2016). These vertical isopycnal displacements can also affect higher trophic levels, from small consumers like zooplankton and ichthyoplankton (Dorado et al., 2012; Echeverri-García et al., 2022; Hernández-Sánchez et al., 2022), to top predators like sharks (Hsu et al., 2015; Gaube et al., 2018). Different isopycnals may be simultaneously deflected upward and downward within subsurface intensified eddies, creating lenses with relatively homogeneous properties (Assassi et al., 2016). Thus, identifying mesoscale eddies and their impacts on physical and biogeochemical processes in the water column is critical when interpreting oceanographic data and evaluating the vertical fluxes that modulate primary productivity in the upper ocean.

Different criteria have been used to identify oceanographic stations affected by mesoscale eddies (e.g., Pérez-Brunius et al., 2013; Linacre et al., 2015; Pasqueron de Fommervault et al., 2017; Hamilton et al., 2018; Meunier et al., 2018; Portela et al., 2018; Linacre et al., 2019; Sosa-Gutiérrez et al., 2020; Lee-Sánchez et al., 2022) and contrasting distributions of physical and biological variables have been identified in oceanographic stations influenced by CEs and AEs. The criteria that have been previously used in the GM to identify eddy stations include the depth of the 6°C isotherm (Bunge et al., 2002; Pasqueron de Fommervault et al., 2017; Hamilton et al., 2018; Linacre et al., 2019) and altimetric and hydrographic information, such as sea surface height and absolute dynamic topography (ADT; Hamilton et al., 2018; Portela et al., 2018; Sosa-Gutiérrez et al., 2020; Lee-Sánchez et al., 2022). However, stations located near the edges of eddies may be misclassified with altimetric variables (Fu et al., 2010). In these cases, incorporating hydrographic information into the classification is quite useful (Echeverri-García et al., 2022; Lee-Sánchez et al., 2022). Previous studies of the spatial variability of biogeochemical and physical variables in the gulf have used spatial classifications of geographical (Linacre et al., 2015; Müller-Karger et al., 2015) or biological (Salmerón-García et al., 2011; Damien et al., 2018) regions; however, the differences between regions can be overshadowed by the variability produced by mesoscale eddies (Hernández-Sánchez et al., 2022).

Mesoscale eddies exert a particularly important influence over the most biogeochemically active layer of the water column (0–300 m), which includes the euphotic and upper mesopelagic zones. Nitrogen availability in the open waters of the GM, which is modulated by mesoscale eddies, limits the abundance of autotrophic microbial species and plays a fundamental role in determining the structure of both autotrophic and heterotrophic microbial communities (Williams et al., 2015). Although eddies can strongly influence the vertical distributions of nitrate, chlorophyll, and primary productivity in the upper layer of the GM (Biggs & Müller-Karger, 1994), the relationships between biogeochemical and hydrographic variables have not yet been sufficiently explored in stations that are affected by eddies with different rotation directions, intensities, and lifetimes.

In the gulf, large differences have been observed in nitrate + nitrite (NN) concentrations in the upper water column among oceanographic stations under eddy influence. Within the depth range of maximum florescence (~ 50–100 m), the NN concentration appears depleted and the nitracline depth limits vertical diffusive fluxes and NN inputs to the euphotic zone (Pasqueron de Fommervault et al., 2017). At the base of the euphotic zone and upper mesopelagic zone (~100–200 m), a notable proportion of NN is regenerated due to organic matter respiration (Biddanda and Benner, 1997). In other oligotrophic regions, differences in the NN stock of the euphotic zone between stations under the influence of CEs and those free of eddy influence have been found to exceed one order of magnitude (Seki et al., 2001; Bidigare et al., 2003; Rii et al., 2008; Huang & Xu, 2018). Therefore, large differences in phytoplankton stocks are expected between the euphotic zones of CE and AE stations, which suggests that a biogeochemical classification of stations based on the vertical distribution of NN and of the NN stock in particular should yield a clear separation of oceanographic stations within the GM.

Given that isopycnal shallowing or deepening due to either CEs or AEs increases or decreases the NN stock, relationships between physical variables and the NN stock can be used to calculate the vertical distribution of NN. In the GM, both univariate linear parameterizations and complex biogeochemical models have been used to determine the NN concentration (Jolliff et al., 2008; Pasqueron de Fommervault et al., 2017; Damien et al., 2018; Gomez et al., 2018; Shropshire et al., 2020). The biogeochemical models are able to reproduce the characteristics of vertical nitrate profiles (Jolliff et al., 2008; Damien et al., 2018; Gomez et al., 2018), although they commonly underestimate nitrate concentrations in waters from 300–500 m. The linear parameterizations with either temperature (Jolliff et al., 2008) or potential density anomalies (Pasqueron de Fommervault et al., 2017) are unable to reproduce the spatial variability of NN associated with mesoscale eddy activity in the open waters of the GM, although they do allow for important parameters, such as the nitracline depth, to be determined.

In this study, we used both discrete NN and continuous temperature and salinity data collected from oceanographic stations located within the deep-water region (> 1000 m) of the GM during the XIXIMI-5 campaign. Both the Poseidon (which had been recently detached as an intense LCE) and Olympus (which was classified as a dissipating LCE) anticyclones were present in the sampling grid (the name, size, and history of the LCEs is given by Woods Hole Group, Inc; horizonmarine.com/loop-current-eddies). In addition, four CEs were present during the campaign, including one in the Bay of Campeche. The oceanographic stations were classified based on the NN concentration integrated from the surface (15 m) to different depths between 20–500 m (NNint-z), which we deemed the “nitracentric” classification. Furthermore, station classification criteria based on hydrographic variables derived from CTD casts, which we refer to as the best fit variables (BFVs), were used to classify stations based on eddy influence [i.e., CE, AE, or NE (no eddy) stations]. The resulting nitracentric and hydrographic classifications were similar. Following these results, vertical profiles of NNint-z and NN (100–500 m depth) were predicted with polynomial parameterizations based solely on hydrographic measurements.

Predictions of NN concentrations from CTD data, as proposed in this study, can be used to determine if stations in the deep-water region of the GM are under the influence of mesoscale eddies at the time of sampling. In addition, the productivity potential of a given station can be estimated based on the NN stock available to primary producers. The polynomial parameterizations also allow for NN profiles to be reconstructed from the large number of existing hydrographic profiles available for the GM (see Portela et al., 2018) and can be used to calibrate the nitrate sensors mounted on biogeochemical-Argo (BGC-Argo) profiling floats in future sampling campaigns of the gulf. Furthermore, being able to predict NN profiles from the BFVs (0–500 m) in the deep-water region of the gulf will improve existing coupled physical-biogeochemical models by providing a better definition of regional open-boundary conditions and reducing the need to use relatively large-scale nutrient climatologies that imply extending the numerical model domain, which carries a higher computational cost.



2 Materials and Methods


2.1 Data

The data of the deep-water region of the GM (20–25° N and 86–97° W) were collected from 10–25 June 2016 during the XIXIMI-5 oceanographic campaign. Continuous (24 Hz) conductivity, temperature, pressure, and dissolved oxygen (DO) profiles were measured in 35 stations using a factory-calibrated Seabird 9 Plus CTD armed with dual temperature and conductivity sensors (Figure 1A). Data was processed using manufacturer software to produce averages at 1 db intervals. Water samples were collected for NN analysis at 12 depths using 12-L Niskin bottles, with 18 stations consisting of “shallow casts” where the 12 samples were collected within the upper 1000 m of the water column at nominal depths of 10, 20, 50, chlorophyll maximum, 100, 150, 250, 300, DO minimum, 600, 800, and 1000 m, and 17 stations consisting of “deep casts” where sampling was carried out at nominal depths of 10, 50, chlorophyll maximum, 150, DO minimum, 600, 800, 1000, 1200, 2000, 2500 m, and the bottom. Data from the DO sensor were calibrated with data from the Niskin bottle samples, which were analyzed with the micro-Winkler method (accuracy 0.1% and precision ~ 1.3 μmol kg-1). The NN concentration was determined with an AA3-HR segmented flow autoanalyzer (Seal Analytical, Fareham, UK) with the method proposed by Armstrong et al. (1967), following the protocol described in the GO-SHIP Repeat Hydrography Manual (Hydes et al., 2010). The precision and accuracy of the analytical method were estimated with repeated measurements of the reference materials for nutrients in seawater (RMNS; Kanso Technos Co., Ltd., Osaka, Japan) of lots CC (certified NN value of 31.00 ± 0.24 µmol kg-1) and CD (certified value of 5.52 ± 0.05 µmol kg-1) with average NN concentrations of 30.88 ± 0.10 µmol kg-1 and 5.50 ± 0.05 µmol kg-1, respectively. Quality labels were assigned to the data, and only samples deemed good were used in analyses.




Figure 1 | (A) Mean non-steric absolute dynamic topography (ADTNS, cm) during the XIXIMI-5 cruise. The black lines correspond to the 200, 1000, and 3500 m isobaths. The blue rhombuses (), green circles (), and red squares () correspond to cyclonic (CE), no eddy (NE), and anticyclonic (AE) stations, respectively, which were classified using the nitracentric classification. The Loop Current (LC) stations are represented by white labels. The vectors show the surface geostrophic velocity currents derived from horizontal ADTNS gradients. The spatial distribution sections of conservative and non-conservative properties obtained with CTD data for the northernmost transect include: (B) Conservative Temperature (CT, °C), (C) absolute salinity (SA, g kg-1) (D) potential density anomaly (σ0, kg m-3), and (E) dissolved oxygen (DO, µmol kg-1).





2.2 Classification

Based on the NN profiles, the 35 stations were classified as cyclonic (CE), no eddy (NE), or anticyclonic (AE). The AE stations were further classified into two sub-groups: a sub-group of AE stations in the interior of the GM (i.e., west of 90° W) and a sub-group of stations under the influence of the recently detached LCE Poseidon. This nitracentric classification required quasi-continuous vertical profiles of NN concentrations, which were obtained from the discrete NN profiles using the PCHIP interpolation method (Fritsch and Carlson, 1980) in the same depth interval (~ 1 m) as the CTD variables (Figure S1). Interpolated NN profiles were integrated by depth to obtain the NN stock (NNint-z) at 97 integration intervals that spanned an upper depth horizon of 15 m to varying depths from 20–500 m at 5-m increments. Based on the premise that an upward (downward) deflection of the pycnocline would yield larger (smaller) values in CEs (AEs) stations than in NE stations, for each integration depth the stations were ranked based on NNint-z. With the ranked stations, the limits between station groups were defined based on the analysis of the standardized NN stock anomalies and box-and-whisker plots (see details in Figure S1). Statistically, we considered that the best depth to integrate NNint-z to classify stations is the one that produces the greatest separation between groups, which was 200 m (NNint-200).

Additionally, we analyzed hydrographic data obtained with the CTD to identify variables that could be used to obtain a similar classification of stations as the nitracentric classification (Figure S1). We explored the depths of 23 isotherms (6–28°C with 1°C intervals), Conservative Temperature (CT) and the density anomaly at 98 depths (15–500 m with 5-m intervals), and the depths of nine isopycnals (23.5–27.5 kg m-3 with 0.5 kg m-3 intervals). Other variables were also explored at the fluorescence maximum and DO minimum, including the NN concentration, fluorescence, absolute salinity (SA), CT, DO, and potential density anomaly (σ0). We also tested 98 dynamic height anomalies calculated from 15–1000 to 500–1000 m at 5-m intervals. In addition, 58 Brunt-Väisälä (B-V) frequency (15–300 m with 5-m intervals) and integral (referred to 15 m) values were used. Absolute dynamic topography and sea level anomaly (SLA) data were obtained by altimetry (http://marine.copernicus.eu/). We removed the steric components of the altimetric measures by subtracting the daily average for the entire region. To exclude high frequency variability due to wind forcing, we only considered data in regions off the continental shelf (> 200 m depth; Dukhovskoy et al., 2015; Hamilton et al., 2018). Lastly, the mixed layer depth (MLD) was calculated by the relative variance method (Huang et al., 2018) and by the segment method (Abdulla et al., 2016) from individual temperature or density profiles.

The physical variables that produced classification results similar to those of the nitracentric classification were deemed the BFVs (Figure S1). These variables were best able to reflect mesoscale effects on the vertical distribution of NN and thus facilitate NNint-z and NN predictions. The absolute value of the Pearson correlation coefficient (|r|) was calculated between each hydrographic variable and NNint-200, and the BFVs were identified as the variables that resulted in the highest Pearson correlation coefficients that simultaneously fulfilled the criteria of |r| ≥ 0.80 and |r| ≥ 0.90 for data with (n = 35) and without (n = 32) Poseidon stations, respectively. Six BFVs were identified: the depth of the 20°C isotherm (ZCT20), potential density anomaly at 120 m (σ0-Z120), Conservative Temperature at 140 m (CTZ140), depth of the 26 kg m-3 isopycnal (Zσ026), integrated dynamic height between 1000–60 m (DH60), and integrated Brunt-Väisälä frequency between 15–120 m (B-Vint-120).

To verify that 200 m was the best NN integration depth, that is, the integration depth that resulted in the greatest separation among station groups, |r| was plotted against the NN integration depth (Figure S2). The Pearson correlation coefficients and corresponding p-values (α = 5%) were determined for the relationships between each BFV and NNint-z (NNint-20,…, NNint-500). In other words, for each station, 97 NNint-z values were calculated (one for each integration depth). Thus, for any given integration depth, 35 and 32 NNint values were available within our sampling grid (including or excluding Poseidon stations, respectively). For each integration depth, the absolute value of the Pearson correlation coefficient and the p-value (34 or 31 degrees of freedom) were calculated for the relationship between NNint-z and the value of the BFV obtained for each station.

The high linear correlations (|r| ≥ 0.8, Figure S2) obtained between each BFV and the NN stock at all integration depths between ~ 100–500 m, allowed us to predict the vertical distribution of NN and NNint-z from hydrographic variables within this depth range in stations in the interior of the GM. This was accomplished first by fitting a straight line between each BFV and each NNint-z (Equation 1), and thus a total of 81 linear equations were obtained (one for each integration depth located every 5 m between 100 and 500 m) with their corresponding slope (β1) and intercept (β0) values. For example, the values of β1 and β0 for the equations using the depth of the 20°C isotherm as a predictor of NNint-z [i.e., NNint-z = β1 (z) ZCT20 + β0 (z)] at z = 100, 300, and 500 m were -1.96 mmol m-3 and 310.91 mmol m-2, -21.49 mmol m-3 and 5589.46 mmol m-2, and -30.13 mmol m-3 and 11776.78 mmol m-2, respectively. Second, at any given sampling station, the NN stock and NN concentration can be predicted for any depth using least squares (Equations 2–3), which were obtained from the relationships of β1 and β0 with depth (Figure S3). Since the β1 and β0 obtained for each linear regression between NNint-z and each BFV in Equation 1 are non-linear functions of depth (Figure S3), we explored second, third, and fourth degree polynomial fits in the least-squared sense. For example, β1 and β0 in Equation 1 were replaced with cubic polynomial fits to obtain Equation 2.







where a1, b1, c1, and d1 are the cubic polynomial fit coefficients for the relationship between β1 and depth, while a2, b2, c2, and d2 are the corresponding coefficients between β0 and depth. The subscript “j” refers to each BFV. Once the degree of the polynomial was chosen to parameterize NNint-z, the NN concentration (Equation 3) was calculated by differentiating NNint-z (Equation 2) with respect to depth. Finally, “vertical profiles” were constructed for the NN stock values calculated with the observed/interpolated data and with the values predicted for each of the BFVs (NNint-100, NNint-105, …, NNint-500). Goodness of fit was evaluated based on the mean absolute error (MAE), the root-mean-square error (RMSE), and bias (BIAS) statistical descriptors, which were calculated between the observed (interpolated) and predicted profiles (Equations 2–3) of each sampling station in the 100–500 m depth interval. For each of the BFV predictions, box plots of the RMSE, MAE, and BIAS were constructed with data for 32 stations (i.e., excluding Poseidon stations). Finally, the polynomial fit that produced the lowest RMSE, MAE, and BIAS (closest to zero) for NN and NNint-z for each BFV was chosen.

To evaluate the ability of the parameterization to accurately predict NN profiles from other summer cruises in the deep-water region of the GM, data from 12 stations sampled during XIXIMI-4 (summer 2015) and XIXIMI-6 (summer 2017) were used to classify the stations as CE, NE, or AE using the same methodology. Additionally, to test the ability of the parameterization to accurately predict NN profiles under winter conditions, data from the 30 stations sampled during the winter cruise XIXIMI-3 (19 February to 10 March 2013) were used to classify stations as CE, NE, or AE. Data from six XIXIMI-3 stations (two CE, two NE, and two AE) were used to evaluate the ability of the parameterizations obtained with both XIXIMI-5 and XIXIMI-3. Finally, to explore the applicability of the classification methodology in an open-ocean oligotrophic region out of the GM, we analyzed stations in the eastern Caribbean Sea at CLIVAR section A22 (see Supplementary Material) where continuous CTD data and discrete nutrient data are available for three cruises carried out in summer (16-21 August 1997; 25 stations), autumn (24-29 October 2003; 24 stations), and spring (9-14 April 2012; 26 stations; https://www.ncei.noaa.gov/access/ocean-carbon-data-system/oceans/RepeatSections/ ).

As a measure of the classification accuracy, we averaged all of the interpolated NN profiles for the CE, NE, and AE groups meter by meter, and we computed the corresponding confidence intervals (CI; t-test with α = 5%). Averages were also obtained only for AE stations under the influence of the LCE Olympus (B11, B12, C21, C22), CE stations within the cyclonic eddy of the Bay of Campeche (F37, F38, F39, and H46), and NE stations (A3, A4, B13, D30, D28, and F36; Figure 1A). For the purpose of comparison, average profiles were constructed by grouping stations based on other eddy classification criteria (e.g., altimetric and hydrographic criteria), including criteria that have been recently used to regionalize the gulf (Linacre et al., 2015; Müller-Karger et al., 2015; Pasqueron de Fommervault et al., 2017; Damien et al., 2018; Hamilton et al., 2018; Lee-Sánchez et al., 2022).




3 Results


3.1 Hydrographic Samples

The LCE Poseidon detached from the LC in April 2016. As reflected in the spatial distribution of CT, DO, SA, and σ0, a downward deflection of the pycnocline of more than 200 m was present in the central portion of the eddy. This downward deflection was indicative of a deepening of up to ~ 1000 m of warm water with relatively higher salinity and lower density (Figures 1B–E), resulting in an increase in DO in the first 200 m of the water column (Figure 1E) and a deepening of the subsurface salinity maximum that characterizes North Atlantic Subtropical Underwater, which is commonly found between 150–230 m (Portela et al., 2018). In addition, this downward deflection resulted in a deepening (~ 600 m) of the oxygen minimum, which is indicative of the core of Tropical Atlantic Central Water and generally located between 400–600 m (Portela et al., 2018). These types of changes in eddy cores allow eddies to be easily classified based on the vertical distributions of hydrographic variables, primarily temperature and salinity.

Changes in mesoscale eddy properties and their intensity can be visualized in T-S diagrams. Figure 2 presents cascade T-S diagrams (from 10 to 200 m, ΔSA = 0.2 g kg-1) for all sampled stations. Notable differences in NN and temperature can be observed between stations under the influence of the LCE Poseidon (PO1, A8, and A10) and stations under the influence of the CE in the Bay of Campeche (H46, F37-F39; Figure 2A). From 10–200 m in station PO1, concentrations of 0 < NN < 2 µmol kg-1 and relatively high temperatures throughout the profile (25 < CT < 30°C) were present, whereas ample gradients of 0 < NN < 21 µmol kg-1 and 13 < CT < 30°C were apparent in station H46. Clearly contrasting T-S distributions were also observed between CE stations (e.g., TS1 and B18) and stations under the influence of the LCE Olympus (e.g., B11, B12, C21, and C22). However, differences between the T-S profiles were less evident among many stations, and it was at times difficult to determine which stations were under the influence of mesoscale eddies. In Figures 1, 2A, the presence of the LCE Poseidon and other mesoscale eddies is clear, and the station classification (CE, AE, and NE) is almost obvious. However, when only altimetric criteria were used (Hamilton et al., 2018; http://marine.copernicus.eu/services-portfolio/access-to-products/), stations like D26, C20, D27, and B12 could not be easily classified.




Figure 2 | (A) Cascade T-S diagram (from 10 to 200 m, ΔSA = 0.2 g kg-1) for all sampling stations, where the background color indicates the nitrate + nitrite (NN, µmol kg-1) concentration. The profiles of stations H46, PO1, and A10 are highlighted with circular markers. (B) Depth-integrated NN between the surface and 200 m (NNint-200, mmol m-2) of profiles interpolated by the PCHIP method.





3.2 Nitracentric Classification

The reconstruction of vertical NN profiles allowed for the NN stock to be calculated at depths different from those of the discrete samples, which was necessary to identify the depth at which the integrated concentration produced the best nitracentric classification. Although no discrete samples were collected at 200 m, NNint-200 was best able to reflect the effects of mesoscale eddies on NN availability in the water column (Figure 2B). The highest NN stock values at 200 m (> 1500 mmol m-2) were observed in the CE stations in the Bay of Campeche (F37–F39 and H46), the station under the influence of the CE that strangled the LC (B18), and station TS1. In contrast, the lowest NNint-200 values (< 500 mmol m-2) were present in stations under the influence of the anticyclonic LCEs Olympus (B11, B12, C21, C22) and Poseidon (PO1, A8, A10).

The station ranking based on the NN stock was, in general, similar for all integration intervals from 15–150, 15–165, and so on up to 15–250 m depth (NNint-150, …, NNint-250), thus resulting in the same station grouping and allowing for different mesoscale eddies to be distinguished in terms of NN availability in surface waters (Figure 3A). It is important to note that no stations switched groups when their NNint-z values were ranked within integration intervals with upper limits between 160–470 m (i.e.: NNint-160, …, NNint-470). In terms of the NN stock, the best station separation was obtained when NN was integrated from 15–200 m (NNint-200, Figures 3A, C–E), as this resulted in the greatest separation between groups and the smallest variance within each group. This was due to the low variability of NNint-z in the NE stations, which resulted in a low slope (thick black line, Figure 3A) and low amplitude of the data centered in box-and-whisker plots (Figures 3C–E).




Figure 3 | (A) Nitrate + nitrite (NN) integrated in the depth intervals of 15–150, 15–155, and so on up to 15–250 m with stations ranked according to NNint-200 (NN integrated between surface and 200 m, mmol m-2). The uppermost and lowermost lines correspond to NNint-250 and NNint-150, respectively, while the thicker, colored lines correspond to NNint-200. (B) Standardized NNint-z for stations located within the group classification limits for the same integration intervals as in (A). Zint indicates the upper depth limit of the NN integral. The blue, black, and red lines correspond to the cyclonic (CE), no eddy (NE), and anticyclonic (AE) groups, respectively. The red dotted line indicates the boundary between the AE and Poseidon stations, while the blue and red dashed lines correspond to the stations H46 and PO1, respectively. Box plots of (C) NNint-150 (mmol m-2), (D) NNint-200 (mmol m-2), and (E) NNint-250 (mmol m-2) for all sampled stations. The cyan regions correspond to the NNint-z intervals that separate the CE (n = 9), NE (n = 15–16), and AE (n = 9–10) groups. The red line inside each box is the median of the data. The standardization of NNint-z was done for each depth integration interval using the equation: standardized (NNint-z) = [NNint-z - mean (NNint-z)]/SD (NNint-z).



The limits between station groups were defined based on standardized NN stock anomalies for stations within each integration interval, which allowed for the station classification based on NNint-200 to be validated (Figure 3B). In the NN integration intervals of 15–150, 15–155, and so on up to 15–250 m, standardized anomalies greater than 0.6, those between -0.40 and 0.6, and those less than -0.40 were used to classify stations into CE, NE, and AE groups, respectively (Figure 3B). For the integration limit of 15–200 m, 9 CE stations (NNint-200 ≥ 1,300 mmol m-2), 16 NE stations (770 < NNint-200 < 1,150 mmol m-2), and 10 AE stations (NNint-200 < 770 mmol m-2) were identified (Figures 3A, D; Table S1). The mean NNint-200 value for stations under the influence of the LCE Poseidon (NNint-200 < 145 mmol m-2) reflected the effect of a marked downward deflection of the nitracline in the station located in the core of the eddy (PO1; ~ 46 mmol m-2). A notable difference was observed between the mean values of the AE stations in the interior of the GM (~ 510 mmol m-2) and the CE stations (~ 1,570 mmol m-2), although the greatest difference was observed between stations H46 and PO1, with the NNint-200 value of station H46 (~ 1,850 mmol m-2) being 40-fold higher than that of PO1.

The results of the nitracentric classification indicated that NNint-200 results in the best station classification, considering the effects of mesoscale eddies (or the absence thereof). For this reason, NNint-200 was contrasted with hydrographic variables to determine those best able to represent the effects of mesoscale eddies on the vertical distribution of NN in the GM.



3.3 Hydrographic Classification


3.3.1 Selection of the Best Fit Variables

Linear regressions were used to compare each hydrographic variable with NNint-200, and the variables that resulted in the highest Pearson correlation coefficients (|ri|) were selected. The variables that simultaneously fulfilled the criteria of |r| ≥ 0.8 and |r| ≥ 0.9 for station groups that included stations under the influence of the LCE Poseidon and those that did not are summarized in Table 1. Except in the case of B-Vint-120, the inclusion of the Poseidon stations in the BFV analysis lowered the resulting correlation coefficients, although the overall trends were preserved. Based on the intervals with the best correlations between each BFV and NNint-200, six variables were selected that yielded the highest correlation coefficients (Table 1): 1) the depth of the 20°C isotherm (ZCT20), 2) CT at 140 m depth (CTZ140), 3) the potential density anomaly at 120 m depth (σ0-Z120), 4) the depth of the 26 kg m-3 isopycnal (Zσ026), 5) integrated dynamic height between 1000–60 m (DH60), and 6) the integrated B-V frequency between 15–120 m (B-Vint-120). Table 1 also contains the “best intervals” of the values of each BFV that can be used with a high degree of confidence to represent the variability in NNint-200 due to mesoscale eddy activity. Although ADT was also found to be associated with NNint-200, particularly when the Poseidon stations were excluded (|r| = 0.86), it did not meet the criteria for BFV selection.


Table 1 | Variables considered in the classification of stations into cyclonic (CE), no eddy (NE), and anticyclonic (AE) groups. .



To evaluate the consistency of the BFVs regarding their equivalency to NNint-z in order to classify stations within a broader NN integration interval and not only at 200 m, a new linear model was fitted between each selected BFV (Table 1) and NNint-z for all integration intervals between 15–500 m. The |r| coefficients (Figures S2A, B) and p-values between the selected BFVs and NNint-z were calculated (α = 5%; n = 35 and n = 32 when the Poseidon stations were included and excluded, respectively; Figures S2C, D). An exponential increase was observed in both correlation coefficients with the integration of NN between 15–60 m, and a high linear correlation (|r| ≥ 0.8) was observed after 100 m (Figures S2A, B). The differences between coefficients were due to the variability produced by the stations under the influence of Poseidon that resulted in, among other things, lower NNint-200 values (~ 400 mmol m-2) when compared to the average of the group that did not contain these stations (~ 509 mmol m-2; Table S1). The p-value confirmed the high linear correlation between the BFVs and NNint-z after 65 m (Figures S2C, D). This indicates that it is possible to use the BFVs as classifying variables and possible predictors of NNint-z, especially for integration depths greater than 100 m and when Poseidon stations are not included.



3.3.2. Analysis of the Best Classifying Variables

The variables that presented the highest correlations with NNint-200 were selected as the BFVs and used to classify stations. However, high correlation coefficients were obtained within a range of values for the hydrographic variables referred to as the “best interval” (Table 1). For example, when the Poseidon stations were excluded, the depth of the 20°C isotherm (ZCT20) presented the highest correlation with NNint-200 (0.97), although the depths of all the isotherms in the range of 11–22°C also presented relatively high values (|r| = 0.90–0.97). It should be noted that the depth of the 6°C isotherm, which has been frequently used to identify stations under the influence of mesoscale eddies in the GM (Bunge et al., 2002; Pasqueron de Fommervault et al., 2017; Hamilton et al., 2018), was associated rather poorly with NNint-200 (|r| < 0.60). In addition, the temperature at 140 m was highly correlated with NNint-200 (|r| = 0.99), although it should be noted that the temperatures corresponding to all depths between 100–375 m also presented high correlations (|r| = 0.90–0.99; Table 1).

To explore BFV trends with regard to the station classification based on NNint-200, the values of the hydrographic variables in the best interval were plotted against the station rankings [i.e., highest (station H46) to lowest (station PO1)] with regard to NNint-200 (Figure 4). For cases in which the station ranking based on the value of the hydrographic variable was different from the ranking based on NNint-200, the corresponding curves showed peaks. This indicates that if BFVs are used to predict NN and/or the NN stock, the resulting values could be either over- or underestimated in some stations. An example is illustrated by station B18, which was under the influence of a CE that strangled the LC and resulted in the generation of the LCE Poseidon. The NNint-200 ranking placed station B18 in sixth place in the CE group, although the hydrographic information indicated that this station was under the greatest CE influence at the time of sampling. This was probably due to the fact that the CE influencing station B18 consisted of relatively young subsurface waters from the northwestern region of the GM with low NN content. In contrast, station H46 was sampled in the southern waters of the GM, which have relatively long residence times within the gulf and thus higher accumulated NN concentrations due to respiration. This may also explain the peaks observed in stations B17 (NE), H48 (CE), and A7 (AE), which shifted to the left (A7) or right (B17 and H48) of the group order according to the hydrographic classification (see σ0-Z120 and CTZ140, Figures 4C, D).




Figure 4 | Best fit variables (BFVs) and the intervals explored for each variable. (A) Dynamic height (DHz, m2 s-2) anomaly integrated from 1000–15, 1000–20, and so on up to 1000–995 m. (B) Brunt-Väisälä frequency integrated (B-Vint-z, m s-1) over 15–20, 15–25, and so on up to 15–300 m. (C) Potential density anomaly (σ0-Zi, kg m-3) and (D) Conservative Temperature (CTZi, °C) in depths of 15, 20, 25, and so on up to 500 m. (E) Depth of the 6, 7, and so on up to 28°C isotherms (ZCTi, m). (F) Depth of the 23.5, 24.0, and so on up to 27.5 kg m-3 isopycnals (Zσ0i, m). The colored lines represent the best fit intervals for each BFV and preserve the interval separation (Table 1). To facilitate visualization, the thin black lines of some BFVs were plotted with different separations at the intervals defined in Table 1 with separations of (A) 30 m, (B) 10 m, (C) 20 m, and (D) 20 m. The thick black line is the BFV. The magenta lines in Panels (A, E) correspond to DH500 and ZCT6, respectively. The stations labeled blue, black, and red correspond to the cyclonic (CE), no eddy (NE), and anticyclonic (AE) groups, respectively. The stations were ranked based on NNint-200 from highest (H46) to lowest (PO1). Note that in Panels (C, E, F), the ordinate axis is reversed.



Choosing a classification criterion outside the best interval could result in a less suitable classification for analyzing the effects of mesoscale eddies on biogeochemical variables, such as NN. For example, according to the depth of the 6°C isotherm (magenta line in Figure 4E), station A6 was under the greatest CE influence, whereas the BFVs classified it as an NE station. Additionally, station A8 was classified in the NE group, although it was located within the intense LCE Poseidon (Figure 4E). On the other hand, five out of six stations located within the cyclonic eddy of the Bay of Campeche were classified in the NE group (H46, H48, G44, F39, and F38), of which H46 and F38 had the highest NNint-200 (1850 and 1725 mmol m-2, respectively). The station classification based on the depth of the 6°C isotherm resulted in average NN profiles with overlapping confidence intervals (see section 3.4).

Peaks in the values of the hydrographic variables in some stations (Figure 4) indicate changes in the relationships between these variables and NNint-200 when compared to those of similar classifications. In some cases, the hydrographic variables presented opposing peaks at different densities, which may reflect the presence of subsurface hydrographic features, such as lens-shaped structures. For example, in the NE group, stations B17 (σ0 < 26.5 kg m-3, Figure 4C; CT < 18°C, Figure 4D) and A6 (σ0 > 26.5 kg m-3, Figure 4C; CT > 17°C, Figure 4D) appear to have typical characteristics of intra-thermocline lenses or subsurface-intensified eddies (Assassi et al., 2016). The isopycnals/isotherms in these stations showed CE-type behavior (termed “thinny” by McGillicuddy, 2015) in which the seasonal (permanent) thermocline is displaced downwards (upwards), producing a concave lens (Figures 4E–F). These lenses were clearly detectable in Figures 4C, D, although they were also observed in Figures 4E, F (200–800 m in A6 and 15–200 m in B17) with the depth isolines in opposing directions. The presence of these lenses could alter the classification of a station and result in it being assigned to another group if a suitable hydrographic variable is not selected as the separation criterion. For example, if CT at 100 m or 165 m is chosen as a BFV (both located within the best interval, Table 1), station B17 (NE) would be classified as being under the influence of either a strong AE or weak CE, respectively (Figure 4D).



3.3.3 Contour Maps of BFVs, NN Stock, and Sea Level Anomalies

The BFV contour maps reflect both the highly correlated linear relationships with NNint-200 and mesoscale eddy effects (Figures 5A–G). Among the BFVs, B-Vint-120 and σ0-Z120 showed direct linear relationships with the NN stock at 200 m, while the others presented inverse linear relationships. The BFVs reflected the presence of the LCEs Poseidon (A8, A10, and PO1) and Olympus (B11, B12, C21, and C22) and the CEs in the Bay of Campeche (F37, F38, and H46) and in stations TS1, B18, and A5. The largest differences between NNint-200 and the BFV maps were observed with the B-Vint-120 map in stations A4, A5, A6, and B14 (Figure 5G). The NE stations were distributed throughout the study area and presented similar BFV and NNint-200 values (Figures 3A–D), reflecting the fact that all of these stations showed similar NN profiles between 15–200 m despite being separated by hundreds of kilometers, as can be observed from the low variability in the CI of the NE group in Figures 6A, C, D, F.




Figure 5 | Contour maps of (A) depth-integrated nitrate + nitrite (NN) between surface and 200 m (NNint-200, mmol m-2), (B) Conservative Temperature at 140 m (CTZ140, °C), (C) potential density anomaly at 120 m (σ0-Z120, kg m-3), (D) depth of the 20°C isotherm (ZCT20, m), (E) depth of the 26 kg m-3 isopycnal (Zσ026, m), (F) integrated dynamic height between 1000–60 m (DH60, m2 s-2), (G) the integrated Brunt-Väisälä frequency between 15–120 m (B-Vint-120, m s-1), and (H) non-steric SLA during the cruise (cm). The blue rhombuses (), green circles (), and red squares () correspond to cyclonic (CE), no eddy (NE), and anticyclonic (AE) stations, respectively.






Figure 6 | Average of the nitrate + nitrite (NN, µmol kg-1) depth profiles with 95% confidence intervals (CIs) for cyclonic (CE; blue-cyan), no eddy (NE; black-green), and anticyclonic (AE; red-pink) groups obtained by both nitracentric (left and central panels) and hydrographic (right panel) classifications without (A–C) and with (D–F) the Poseidon stations. (B) Average of the nitrate + nitrite (NN) depth profiles (± SD) for the Olympus stations (B11-B12, C20-C22; red), some Campeche stations (F37-F39, and H46; blue), and some NE stations (A3-A4, B13, D28, D30, and F36; black). (E) The same CE and AE groups as in (B) but including the vertical profiles of the Poseidon stations and the three stations of the CE group (H46, B18, and TS1). The thick blue, black, and red lines are the means of the CE, NE, and AE groups, respectively. In (A–D, F), the blue (CE), green (NE), and red (AE) dashed lines are the NN means in (A). The dotted red line is the NN mean of the AE group in (D). The values in panel (B) indicate the nitracline depth, which was defined as the depth at which a concentration of 0.5 µmol kg-1 is observed (Cianca et al., 2007; Linacre et al., 2019).



With non-steric SLA (Figure 5H) and non-steric ADT (Figure 1A) contour maps, the stations under the influence of the most dominant eddies, including the anticyclonic LCEs Poseidon and Olympus and the CE in the Bay of Campeche, are clearly visible. However, some stations (B14, A2, and C23 in the SLA map and F39, G44, H48, D26, and D29 in the ADT map) were difficult to classify or were classified in different groups than those based on the BFV classification.




3.4 Average NN Profiles

Similar average vertical profiles were obtained with the nitracentric and hydrographic classifications, either including or excluding the Poseidon stations (Figures 6A, C, D, F). In general, the mean NN values in the CE, NE, and AE groups coincided at ~ 650 m (Figures 6A–D, F). Both the nitracentric and hydrographic classifications (see the classification based on CTZ140 in Figures 6C, F, which is similar to the classifications based on other BFVs) resulted in the separation of the three groups along the profile up to 500 m. At this depth, the limits of the 95% CIs of the NE and CE groups overlapped (Figures 6C, F). The CIs of the AE and NE groups and those of the AE and CE groups overlapped after 560 m when the Poseidon stations were not included (Figures 6A, C). The inclusion of the Poseidon stations (Figures 6D, F) notably modified the average NN profiles in the AE group due to great differences in the biogeochemical and hydrographic properties of the water column of the recently detached LCE (Figures 1B–E). When the stations of the Campeche CE, the Olympus AE, and the central region of the GM were contrasted, a complete separation of the CIs was observed down to ~ 570 m (Figure 6E). Within the depth interval of the euphotic layer (≤ 150 m; Linacre et al., 2019), the differences in mean NN values between CE and AE stations were ~ 1.0 µmol kg-1 at 60 m, ~ 8.5 µmol kg-1 at 100 m, and ~ 11.5 µmol kg-1 at 150 m (Figure 6B). Even when considering the average profiles for the total set of stations (excluding those of the LCE Poseidon), the difference in NN in the euphotic layer between the CE and AE groups was clear, with values of ~ 0.5 µmol kg-1 at 60 m, ~ 7.6 µmol kg-1 at 100 m, and ~ 9.7 µmol kg-1 at 150 m (Figure 6E).

The stations showing the greatest contrast were PO1 (the station under the greatest influence of anticyclonic circulation) and H46 (the station under the greatest influence of cyclonic circulation). These stations showed differences in mean NN values that increased from ~ 9.1 to ~ 24.2 µmol kg-1 between 100–300 m, respectively. Another marked contrast in NN was evident below 100 m between the Poseidon stations and the average profile of the Olympus stations (Figure 6E), with differences at 300 m of 4.8, 13.1, and 16.0 µmol kg-1 with respect to stations A10, A8, and PO1, respectively. On the other hand, station B18, which was located within an intense CE, presented lower concentrations of NN between 100–400 m compared to those of station H46, with a maximum difference of ~ 4 µmol kg-1 around 150 m (Figure 6E). The strong effect of mesoscale eddies is also noticeable in the nitracline (~ 0.5 µmol kg-1) depth, which was observed at 50 m in the Campeche CE and below 100 m in the LCEs Olympus and Poseidon.



3.5 Parameterization of NN and NNint-z

Second, third, and fourth degree polynomials were used to predict the slopes (β1) and intercepts (β0; Equations 1–3) of the linear regressions obtained between each BFV and NNint-z for each meter of depth between 100–500 m. In this way, the NN stock was predicted (Equation 2; third degree polynomial), and NN was subsequently obtained by differentiating with respect to depth (Equation 3). The results showed that the three polynomial fits were adequately able to predict the NN stock (Figure 7), although the second degree polynomial produced straight lines with depth while the observed profile indicated curvature. The second degree polynomial prediction overestimated the NN values throughout the depth interval (100–500 m) of the calculation, producing MAE and RMSE medians that were greater than those obtained with the third and fourth degree polynomial fits (> 1.5 µmol kg-1 vs < 1 µmol kg-1, respectively; Figures S4A–L). On the other hand, the MAEs and RMSEs of the BFVs for the third and fourth degree polynomials were similar for both NN and NNint-z (Figures S4A–L). For simplicity, the third degree polynomial fit was chosen for the predictions (Table S3). When comparing the BFVs, it was found that the variability and medians of the MAEs and RMSEs for NN (< 0.7 and < 1 µmol kg-1, respectively) and NNint-z (< 140 mmol m-2) were similar for most BFVs, with the exception of B-Vint-120. This BFV produced the largest errors and dispersion in all polynomial fits (MAE > 0.7, RMSE > 0.7 µmol kg-1 and MAE, RMSE > 140 mmol m-2 for NN and NNint-z, respectively). The analysis of the BIAS (Figures S4M–R) showed similar results as those for MAE and RMSE, indicating that NN and NN stock predictions for the 100–500 m depth interval are similar with the three polynomial parameterizations for all of the BFVs (medians ~ 0 mmol m-2). However, the second degree polynomial parameterization resulted in larger bias for NN (medians > 1.5 µmol kg-1) when compared with the bias observed with the third and fourth degree parameterizations (medians ~ 0 µmol kg-1). BIAS also shows that B-Vint-120 is the BFV with the largest deviations in the NN and NNint-z predictions (Figures S4M–R).




Figure 7 | Observed (black dots, ) and predicted (green dots , and cyan   dots) NN values (µmol kg-1) in the interval of 100–500 m (A–F) and the NN stock (mmol m-2) (G–L) using the third degree polynomial fit (Equations 1–3) for (A, G) the depth of the 20°C isotherm (ZCT20, m), (B, H) potential density anomaly at 120 m (σ0-Z120, kg m-3), (C, I) Conservative Temperature at 140 m (CTZ140, °C), (D, J) depth of the 26 kg m-3 isopycnal (Zσ026, m), (E, K) integrated dynamic height between 1000–60 m (DH60, m2 s-2), and (F, L) the integrated Brunt-Väisälä frequency between 15–120 m (B-Vint-120, m s-1) without Poseidon stations.



In order to compare the ability of the fits to predict NN and the NN stock, the predicted profiles using the third degree polynomial were graphed together with the observed and PCHIP-interpolated data for all BFVs in the 100–500 m interval. Figure 7 shows that with this polynomial fit, NN and the NN stock can be correctly predicted with each BFV for each station, and it is possible to represent the horizontal and vertical variability (100–500 m) in these biogeochemical variables within the GM. In Figure 7, it is apparent that the third degree polynomial fit adequately represents the rise or downward deflection of the NN maximum (~ 30 µmol kg-1) due to the influence of mesoscale eddies in some stations. However, predictions based on each BFV with the third degree polynomial resulted in negative values of NN for the AE group between 100–125 m, and these negative data were replaced with a value of 0 µmol kg-1 in Figures 8B–G, according to the NN concentration values observed for the AE stations as shown in Figure 6. From 100–125 m, the largest deviations of the predicted NN values from the observed values were detected, resulting in underestimates of 2.5 ± 0.1 µmol kg-1 and 1.0 ± 0.4 µmol kg-1 in NE and CE stations, respectively, and overestimations of 0.4 ± 0.1 µmol kg-1 in AE stations based on the average for the six BFVs. In addition, below 125 m, the predicted and observed average NN values for the three station groupings practically coincided (Figure 8), producing the narrowest 95% CIs in the NE group, with the exception of B-Vint-120 (Figure 8G).




Figure 8 | Average of the nitrate + nitrite (NN, µmol kg-1) depth profiles with 95% confidence intervals (CIs) for cyclonic (CE; blue-cyan), no eddy (NE; black-green), and anticyclonic (AE; red-pink) groups without Poseidon stations. (A) NN observed and predicted (µmol kg-1) with cubic polynomial fits for (B) the depth of the 20°C isotherm (ZCT20, m), (C) potential density anomaly at 120 m (σ0-Z120, kg m-3), (D) Conservative Temperature at 140 m (CTZ140, °C), (E) depth of the 26 kg m-3 isopycnal (Zσ026, m), (F) integrated dynamic height between 1000–60 m (DH60, m2 s-2), and (G) the integrated Brunt-Väisälä frequency between 15–120 m (B-Vint-120, m s-1). The blue, black, and red solid (dashed) lines correspond to the predicted (observed) average NN for the CE, NE, and AE groups, respectively. Black dotted lines correspond to ± 1 standard deviation around the observed mean of NN (Panel A). Some (~3%) predicted NN values for the AE group were negative around 100–125 m (mean ~107 m) and were replaced with 0 µmol kg-1.



Moreover, the ability to predict NN profiles in the deep-water region of the GM was tested by employing data from 18 stations selected from the XIXIMI-4 (summer 2015), XIXIMI-6 (summer 2017), and XIXIMI-3 (winter 2013) cruises. These stations were selected from previously classified groups to include two CE stations, two NE stations, and two AE stations for each campaign. The parameterizations obtained with data from XIXIMI-5 correctly predicted the NN concentrations between 100–500 m for the summer cruises (average RMSEs 1.7 ± 0.8 and 1.0 ± 0.4 µmol kg-1 for B-Vint-120 and for the remaining BFVs, respectively; Figures S5A, B). Furthermore, in summer cruises, lower RMSE values were obtained for CE stations with ZCT20, CTZ140, and Zσ026, while the largest deviations were also obtained with B-Vint-120, particularly for the CE stations of XIXIMI-4 (2.4 µmol kg-1), and in general for the NE (1.7 µmol kg-1) and AE (2.0 µmol kg-1) stations of both XIXIMI-4 and XIXIMI-6, which was more evident in the interval of ~100–120 m. However, the summer parameterizations underestimated the NN concentrations of the XIXIMI-3 winter cruise, although mostly with predictions based on the B-Vint-120 (average RMSE 9.3 ± 2.0 µmol kg-1) while less underestimation was observed with the other BFVs (average RMSE 1.5 ± 0.5 µmol kg-1; Figure S5C). Third degree parameterizations were also obtained for winter conditions (Table S3) using the XIXIMI-3 cruise data, and the observed and predicted NN vertical profiles are shown in Figure S5C for some of the CE, NE, and AE stations of this cruise. The winter parameterizations improved the predictions of winter NN profiles when compared with the summer parameterizations, regardless of the BFV used for the prediction (see red line in Figure S5C showing a mean RMSE of 1.1 ± 0.5 µmol kg-1 obtained for the six stations and the six BFVs).




4 Discussion

In this study, we used the NN stock to group stations based on the effects of mesoscale eddies, a process that we call the nitracentric classification. This classification produced better separation between CE, NE, and AE stations compared to station groupings based on other classification criteria previously used in the GM. In addition, the NN stock integrated to 200 m showed high linear correlation with the hydrographic variables that we call BFVs, including ZCT20, Zσ026, σ0-Z120, CTZ140, DH60, and B-Vint-120. These variables were used to obtain empirical expressions that allowed NNint-z and vertical profiles of NN to be predicted between 100–500 m based solely on hydrographic measurements. With this methodology, the influence of mesoscale eddies on the spatial variability observed in NNint-z and the measured profiles of NN can be adequately captured.


4.1 Nitracentric and Hydrographic Classifications

When integrated from the surface to 135–500 m depth, NNint-z allowed for all but one of the oceanographic stations of the XIXIMI-5 campaign to be unambiguously classified into CE, AE, and NE groups. The greatest separation between station groupings was observed with the NN stock at 200 m with intervals for CE, NE, AE, and Poseidon stations of > 1,300, 770–1,300, 310–770, and < 310 mmol m-2, respectively (Table S2). Previous studies in the gulf and in other oligotrophic areas have also observed noticeable differences in nutrient concentrations between eddy types (Biggs and Müller-Karger, 1994; Huang and Xu, 2018; Barone et al., 2019) as discussed below. Our classification resulted in clear differences in NN concentrations in intermediate waters between eddy types observed up to 600 m (Figure 6). As indicated by the nitracline depth (defined as the depth where NN = 0.5 µmol kg-1; Cianca et al., 2007; Linacre et al., 2019), NN depletion was found at ~ 78 m in the NE group, 57 m in the CE group, and 105 m in the AE group (and up to 203 m in the core of Poseidon). The average displacement of ± 25 m around the mean depth of the nitracline under background conditions has important biogeochemical implications, namely that CEs inject nutrients into the mid layer of the euphotic zone (50–80 m) while AEs deepen NN-depleted water towards the base of this zone. As a result, the chlorophyll concentration at the deep chlorophyll maximum increases in CEs, reflecting enhanced primary production, whereas AEs show the opposite effects (Biggs and Müller-Karger, 1994; Pasqueron de Fommervault et al., 2017).

Given that the depth intervals where the BFVs are located within the upper permanent thermocline, where the nitracline is also found, the BFVs were effective in classifying stations based on the influence of mesoscale eddies and adequately reflect their modulation of NN in the upper layer of the GM (Figure 9). Apparently, the selected BFVs are sensitive to the intense baroclinic flows that characterize the eddy edges (Biggs and Müller-Karger, 1994) and produce clearly delineated group limits when compared to other classification criteria. Two of the selected BFVs were the depths of the 20°C isotherm and 26 kg m-3 isopycnal for which the classification intervals were < 110 m for CE stations, 110–150 m for NE stations, 150–200 m for AE stations, and > 200 m for Poseidon stations (Table S2). Although ZCT20 and Zσ026 presented maximum linear correlations with NNint-200, the depths of all of the isotherms from 11–22 °C and all of the isopycnals from 25.5–27.0 kg m-3 also presented high correlations (Table 1). In previous studies of the GM, the depths of different isotherms located within the permanent thermocline have been used to identify mesoscale eddies, such as the study by Durán-Campos et al. (2017) that employed ZCT15 and ZCT18.5 in the Bay of Campeche and the study by Biggs and Müller-Karger (1994) that used ZCT14 in the western gulf. It is worth noting that our classification intervals for Zσ026 agree with outputs from the HYCOM numerical model in the GM reported by Brokaw et al. (2020; see their Figures 6, 7), where CEs showed Zσ026 ~ 60–120 m and AEs showed Zσ026 ~ 120–250 m. While Zσ026 showed the highest correlation with NNint-200, Zσ025.5 was also highly correlated. The use of Zσ025.5 produces a similar classification to that of the BFVs and has the advantage of having been used by other authors as a proxy for the depth of the nitracline and its relationship to mesoscale eddies (Linacre et al., 2015; Pasqueron de Fommervault et al., 2017). Our results indicate that the potential density anomaly and CT along the 120 m (σ0-Z120) and 140 m (CTZ140) isobaths, respectively, are also good indicators of mesoscale eddies, and they are informative in terms of the presence of water masses at these depths. The σ0-Z120 classification intervals were > 26.0, 25.5–26.0, 25.0–25.5, and < 25.0 kg m-3 for CEs, NEs, AEs, and Poseidon stations (Table S2), which correspond primarily to Gulf Common Water, Tropical Atlantic Central Water, Caribbean Surface Water remnant, and Subtropical Underwater, respectively (Cervantes-Díaz et al., 2022). On the other hand, the group intervals for CTZ140 were < 18.2°C for CE, 18.2–20.2°C for NE, 20.2–24.0°C for AE, and > 24.0°C for Poseidon stations (Table S2), indicating that groups at this depth are mostly composed of the same water masses as those seen at 120 m, except for AE stations that show evidence of contributions of Gulf Common Water within the ageing LCE Olympus.




Figure 9 | Average of the nitrate + nitrite (NN, µmol kg-1) depth profiles with 95% confidence intervals (CIs) for cyclonic (CE; light blue), no eddy (NE; black), and anticyclonic (AE; red) groups obtained by (A–C) the hydrographic classification and (D) non-steric absolute dynamic topography (ADTNS, cm). (E, F) Average NN (µmol kg-1) profiles with CIs for the classification of mesoscale eddies based on the eddy identification criteria used by Sosa-Gutiérrez et al. (2020) and Pasqueron de Fommervault et al. (2017), respectively. (G–J) Average NN (µmol kg-1) profiles for the geographical classifications reported by Linacre et al. (2015); Müller-Karger et al. (2015); Damien et al. (2018), and Lee-Sánchez et al. (2022), respectively. The color shaded areas correspond to CIs. The thick lines are the NN means for each group. The dashed lines are the means of the nitracentric classification (Figure 6A). The Poseidon stations were not included in the figures.



Dynamic height (DH) can be used to represent geostrophic circulation in the upper ocean (Hamilton et al., 2018). In our study, DH with an upper integration limit of 60 m (DH60) was one of the selected BFVs with classification intervals of < 10.2 m2 s-2 for CE, 10.2–11.0 m2 s-2 for NE, 11.0–12.8 m2 s-2 for AE, and > 12.8 m2 s-2 for Poseidon stations (Table S2). However, DH with upper limits between 15 and 165 m also showed high correlations with the NN stock (Table 1). Although DH60 has not been used in previous studies to identify eddies in the GM, Hamilton et al. (2018) reported that DH50 is highly associated with SSH (> 0.91), a variable routinely used to identify mesoscale eddies. Based on this association, Hamilton et al. (2018) reported that DH50 values > 14.3 and < 9.5 m2 s-2 were characteristic of AE and CE stations, respectively. In our study, DH50 was also highly correlated with non-steric ADT (r ~ 0.92), but the intervals to classify CE, NE, AE, and Poseidon stations were better defined as < 10.5, 10.5–11.3, 11.3–12.7, and > 12.7 m2 s-2, respectively (Table S2). When applying Hamilton et al. (2018) intervals to our data, only two stations are classified as AE (Poseidon’s core: A8, PO1) while none of the Olympus stations are classified into this group. Furthermore, station A10 within Poseidon is classified as NE. Clearly the 14.3 m2 s-2 limit excludes stations in dissipating and even in recently released LCEs, while these stations are correctly classified as AE using our limits. Similarly, with Hamilton et al. (2018) criteria, only four stations are classified as CE (B18, TS1, H46, and F37) excluding stations clearly located within the Bay of Campeche cyclonic eddy (Figure 1).

Recently, Lee-Sánchez et al. (2022) classified the sampling stations of the XIXIMI-3 and XIXIMI-5 cruises to determine mesoscale eddy influence by applying a cluster analysis using Zσ025.5 and DH50 as input variables. Once the groups were obtained, these authors used representative stations (only 3 stations near the eddy cores for CE and AE stations) to obtain average profiles of NN, CT, and other variables. Considering that Zσ025.5 and DH50 are within the interval where Zσ0 and DH are highly correlated with NNint-200 (Table 1), it is not surprising that the average NN (Figure 9J) and CT (Figure S6J) profiles obtained with the Lee-Sánchez et al. (2022) method are similar to those obtained with our nitracentric and hydrographic classifications. However, although the clusters obtained by Lee-Sánchez et al. (2022) clearly separated the stations under more intense eddy effects (see their Figure 4), some of their clusters included stations corresponding to more than one group as defined with our nitracentric classification, particularly stations located near the limits between groups. While the station classification using a cluster analysis with Zσ025.5 and DH50 as input variables correctly assigned groups to most stations, a more in depth analysis must be carried out to explore if the clustering method can be refined to correctly classify stations near the limits between groups, which are mostly those near the eddy borders.

The integrated value of the Brunt-Väisälä frequency (B-Vint-z) represents the “accumulated stratification” of the water column and also serves to classify stations under the influence of mesoscale eddies (Figure 4B). Although this variable has not been used in the GM to study the effects of mesoscale eddies on water properties, it has been previously reported that CE pumping elevates cooler water masses with higher densities that stratify the water column, whereas the downward deflection of warmer surface and subsurface water masses due to AE activity decreases water-column stratification (McGillicuddy and Robinson, 1997; McGillicuddy et al., 1998; Oschlies and Garçon, 1998; McGillicuddy, 2016). The B-V integrated to 120 m (B-Vint-120) was one of the selected BFVs, and its classification intervals for CEs, NEs, AEs, and Poseidon stations were > 1.70, 1.32–1.70, 1.00–1.32, and < 1.00 m s-1, respectively (Table S2).

The nitracentric and hydrographic classifications are more effective than the classifications based on previously reported criteria when grouping stations under the influence of mesoscale eddies in the GM (Figures 6, 9 and S6). For example, the 6°C isotherm depth criterion (ZCT6) has been frequently used to classify stations into CE (< 770 m), NE (770–820 m), and AE (> 820 m) groups (Bunge et al., 2002; Pasqueron de Fommervault et al., 2017; Hamilton et al., 2018; Linacre et al., 2019). However, applying this criterion to our data resulted in NN and CT profiles with overlapping CIs between groups (Figures 9F and S6F). With this classification, the stations under the greatest CE influence (H46 and F38) were classified in the NE group, while station A6 with no influence of mesoscale eddies would be regarded as the most intense CE station. Furthermore, station A8, which was clearly under the influence of Poseidon as indicated by the NN stock, the BFVs, and altimetry, was positioned in the NE group. The ZCT6 has been a useful indicator of the influence of LCEs; however, our findings indicate that it does not adequately reflect isopycnal shallowing in the upper layer associated with CEs and thus does not reflect the NN stock. Similarly, when classifying our stations with the altimetry criteria used by Sosa-Gutiérrez et al. (2020), the expected trends between the average profiles were observed, although the CIs overlapped throughout the profiles (Figure 9E) due to some AE (B12, C20, C22) and CE (TS1, B18, F37, F39) stations being classified in the NE group and a CE station (H48) even being classified in the AE group.

On the other hand, classifications based on geographic regions in the gulf, such as those reported by Linacre et al. (2015); Müller-Karger et al. (2015) and Damien et al. (2018), defined areas according to chlorophyll-a and primary production values, which are related to nutrient availability. These regionalizations assume a certain degree of homogeneity in the properties of each region. When classifying our stations with these regional criteria, no significant differences were observed in the average NN and CT profiles (Figures 9G–I and S6G–I). The overlap between regional profiles reflects the variability induced by mesoscale eddies, as CEs and/or AEs were present in each region during our cruise. From a biogeochemical perspective, this result suggests that the spatial distributions of nutrients in the deep-water region of the gulf may be better understood with a classification based on mesoscale activity rather than one based on regional criteria, as was recently reported by Hernández-Sánchez et al. (2022).



4.2 Prediction of NN Stock and NN Profiles

The cubic parameterizations proposed to predict NN profiles and the NN stock using the BFVs as predictor variables (Equations 1–3; Table S3) adequately captured the spatial variability due to the effects of mesoscale eddies on the NN distribution in the deep-water region of the gulf (Figures 7, 8 and parameterizations Table S3). These parameterizations allowed for the prediction of NN from 100–500 m, although slight deviations in NE profiles between 100–125 m were observed. In the case of AEs, the entire profile from the surface to 500 m is predicted as the NN concentration above 100 m is depleted. The NN in the upper mesopelagic layer in the deep-water region of the GM can be robustly predicted from hydrographic variables in the upper thermocline, suggesting that the NN stock is primarily modulated by the physical dynamics induced by mesoscale eddies. Accurate NN predictions were also obtained for the 100–500 m depth interval when the parameterizations based on data from XIXIMI-5 were applied to hydrographic data from the summer cruises XIXIMI-4 and XIXIMI-6 (Figures S5A, B). When the same parameterization was applied to the winter cruise (XIXIMI-3), the spatial variability in the NN profiles were, in general, correctly predicted with five of the BFVs; however, a slight underestimation of NN concentrations with increasing depth (~ up to 2-3 µmol kg-1 at 500 m) in most stations was present (Figure S5C). In contrast, the polynomial parameterization of B-Vint-120 for summer did not satisfactorily predict the vertical profile of NN throughout the whole depth range. It is likely that winter mixing affects the vertical distribution of NN in the upper layer of the gulf. Thus, in order to obtain good predictions of vertical profiles under winter conditions, the cubic parameterizations obtained with the XIXIMI-3 campaign must be used (Table S3).

Predictions of NN from temperature (Jolliff et al., 2008) and σ0 (Pasqueron de Fommervault et al., 2017) based on simple linear models have been obtained for the GM. However, these parameterizations produce a single NN value for a given isotherm or isopycnal value, and thus they cannot represent the spatial variability in NN observed in the gulf. In contrast, with our parameterizations, the complete NN profile between 100–500 m is obtained from a single BFV value. For example, with the equation of Pasqueron de Fommervault et al. (2017), a value of ~ 8.2 µmol kg-1 is obtained for the 26 kg m-3 isopycnal, whereas with the Jolliff et al. (2008) linear model, a value of ~ 6.4 µmol kg-1 for the 20°C isotherm was predicted. On the other hand, with our parameterizations, complete NN profiles are obtained by using the depths of the 26 kg m-3 isopycnal or the 20°C isotherm (Figures 7A, B and S5), which are influenced by mesoscale eddies.

On the other hand, predictions of NN profiles in the GM have been obtained from complex biogeochemical-hydrodynamic numerical models that simulate phytoplankton/chlorophyll dynamics. For example, Gomez et al. (2018) used the Gulf of Mexico Biogeochemical (GoMBio) model and Damien et al. (2018) used the Pelagic Interaction Scheme for Carbon and Ecosystem Studies (PISCES) model. It is interesting to note that the modeled NN profiles were well able to reproduce the sparse NN data observed in the upper layer from 0 to 300 m; however, both models frequently underestimated NN below this layer. For example, their predicted concentration at 500 m was ~ 26 µmol kg-1 (see Figure 8D in Gomez et al., 2018 and Figure D1c in Damien et al., 2018). In contrast, by applying our parameterization of ZCT20 to their data (see Figure S9J in Gomez et al., 2018 and Figure B1a in Damien et al., 2018), an interval of ~ 26–30 µmol kg-1 at 500 m was obtained, which contains their observed data. In other words, when compared with the aforementioned studies, our parameterizations provide better predictions of NN below 300 m. Reliable predictions of NN profiles from BFVs may be of particular interest for improving numerical model outputs for the deep-water region of the gulf by providing a better definition of regional open-boundary conditions where observations of NN are lacking. This would reduce the need to use relatively large-scale nutrient climatologies that imply extending the numerical model domain at a higher computational cost. Furthermore, it opens the possibility of a feedback mechanism between nutrient profiles yielded by the model at each time step and the profiles predicted by BFVs using the same model outputs. At the open boundary, this would allow for regenerating NN conditions that could potentially improve model predictions.



4.3 Oceanographic Application of the Classification: NN Stock at 150 m

Our classification resulted in a clear definition of CE and AE stations from those in the background water (NE) in the GM. This grouping allowed us to analyze the causes of variability in individual NN stocks within groups and their averages among groups. Although we analyzed the performance of the nitracentric and hydrographic classification based on the NN stock at 200 m because integration at this depth resulted in the highest correlations with the BFVs, the calculation of the NN concentration integrated at 150 m is particularly useful, as this represents the NN stock in the sunlit zone that is potentially available for primary production and allows for comparisons with other oligotrophic regions. During XIXIMI-5, the intervals for the NN stock at 150 m in CE, NE, AE, and Poseidon stations were 530–900, 210–530, 55–210, and 20–80 mmol m-2, respectively (Figure 10 and Table S2).




Figure 10 | Depth-integrated NN from 15 to 150 m (NNint-150, mmol m-2) of profiles interpolated by the PCHIP method. The blue, green, red, and magenta bars correspond to the cyclonic (CE), no eddy (NE), anticyclonic (AE), and Poseidon groups, respectively. The stations were ranked based on NNint-200 from highest (H46) to lowest (PO1) as in Figure 4.



The variability within groups is well represented with CE stations given that four cyclonic eddies that influenced nine stations were present in the sampling grid during XIXIMI-5 (Figure 1). As the CE of the Bay of Campeche influenced six stations, we were also able to explore the variability within a given eddy. For example, the difference in the NN stock at 150 m between stations H46 (located in the Bay of Campeche) and B18 (located in the LC) was 142 mmol m-2 (Figure 10). Although altimetric and hydrographic measurements indicated that station B18 was under relatively intense cyclonic influence, its NN stock was lower than that of station H46. Differences in nutrient stocks between stations in the LC domain and stations of the interior of the gulf are likely due to the fact that respiration in the subsurface water of the LC is lower than in the water of the interior of the gulf (Figure 1E), where less oxygenated waters due to respiration are observed in the Bay of Campeche (Jochens and DiMarco, 2008; Cervantes-Díaz et al., 2022). Within the CE of the Bay of Campeche, differences as large as 310 mmol m-2 were observed between stations H46 and H48. As indicated by the depth of the 20°C isotherm (83 m in H46 and 117 m in H48), the differences in NN stocks resulted from the differences in the locations of stations with respect to the eddy core. Similarly, with respect to the position of the eddy core, contrasting NN stocks between AE stations were observed, as was the case with Poseidon stations PO1 (ZCT20 = 312 m) and A10 (ZCT20 = 207 m) with a difference of ~ 60 mmol m-2. This value is small when compared with differences in the Bay of Campeche eddy; however, the NN stock in A10 was four times the stock in PO1, which probably resulted in a difference in primary production. Finally, the difference in the average NN stock at the cores of Poseidon (27 mmol m-2) and Olympus (69 mmol m-2) likely reflects the increase in NN content during the journey of Olympus towards the western gulf, which took place over several months (Meunier et al., 2018; Sosa-Gutiérrez et al., 2020). Such increases likely result from isopycnal relaxation and vertical mixing (Sosa-Gutiérrez et al., 2020) in addition to the increased respiration in subsurface waters as LCEs age (Jochens and DiMarco, 2008; Cervantes-Díaz et al., 2022).

Although our campaign was not eddy-centric, the density of the sampling grid was sufficient to capture the spatial variability of water column properties due to mesoscale eddies in the deep-water region of the gulf. The NN stock in background waters is apparently well characterized with a value of ~ 350 mmol m-2, as indicated by the low variability among stations within this group (Figure 4A). On the other hand, considering that Poseidon was the most intense LCE in the last two decades (Sosa-Gutiérrez et al., 2020) and that it was sampled when it had recently detached, the value of 20 mmol m-2 estimated at its core is probably a reference limit for the lowest NN stock at 150 m that may be found in AEs in the GM. During XIXIMI-5, the ageing Olympus was located near the western slope and was only characterized by four stations, with a maximum of 114 mmol m-2 (C22). This value likely depended on the location of the station with regard to the eddy core, and higher stocks may have been observed near the edges. To the best of our knowledge, Biggs and Müller-Karger (1994) published the only eddy-centric study reporting NN concentrations in both AEs and CEs in the northwestern GM from which we estimated the NN stock (see their Figures 2B, 7B). Estimates for AEs were mostly 55–200 mmol m-2 (although a maximum of 300 mmol m-2 was obtained) and ~ 800–1200 mmol m-2 in the case of CEs. The higher values observed in some stations by Biggs & Müller-Karger (1994) with respect to the upper limits for AEs and CEs in our study may be due to differences in the positions of stations with respect to the eddy edge, the degree of eddy dissipation during interactions with the continental slope, and the sampling season, among others.

Primary production estimates < 100 g C m-2 yr-1 that are mostly based on satellite chlorophyll-a measurements indicate that the offshore waters in the GM are oligotrophic (Heileman and Rabalais, 2009; Müller-Karger et al., 2015; Damien et al., 2018). The relatively low productivity of the GM is largely determined by the limited supply of nutrients, particularly dissolved inorganic nitrogen, to the euphotic zone in this marginal sea (Gomez et al., 2018; Howe et al., 2020; Kim et al., 2020). However, the GM is less oligotrophic than the subtropical gyres of the North Atlantic and North Pacific oceans (Huston and Wolverton, 2009). This difference may be partially explained by the larger NN stock in the euphotic zone in the GM that resulted in average values in background waters of ~ 350 mmol m-2 in our study. Based on the NN profiles reported by Bahamón and Cruzado (2003) and Cianca et al. (2007), we estimated an NN stock range of 60–170 mmol m-2 in background waters in the North-East and North-West Atlantic Ocean and an interval of 2–100 mmol m-2 in the North Pacific Central Gyre from the data obtained from Seki et al. (2001); Bidigare et al. (2003); Rii et al. (2008); Huang and Xu (2018). The differences in the NN stock in the upper 150 m between the gulf and the central gyres are the result of a shallower and steeper nitracline in the GM (Omand and Mahadevan, 2015). Consequently, CEs in the gulf show higher mean NN stocks (~ 750 mmol m-2) than the CEs in the central Pacific (50–450 mmol m-2; Seki et al., 2001; Bidigare et al., 2003; Rii et al., 2008; Huang and Xu, 2018), making them important transient bodies of water that drive relatively high primary production. While CEs play important roles in primary production in the GM, their contributions to the N budget in the euphotic zone have yet to be evaluated.



4.4 Nitracentric and Hydrographic Classification of CLIVAR Section A22 in the Caribbean Sea

The analysis of CLIVAR Section A22 in the Caribbean Sea (supplementary material, Figure S7) indicates that our classification methodology is efficient to detect stations under the influence of mesoscale eddies in areas where these structures play important roles in controlling the spatial distribution of water properties. As indicated from the analysis of the winter campaign in the GM, the results of the spring campaign in section A22 also indicate that the station classification (and thus NN profile and stock predictions) works better when comparing hydrographic data corresponding to similar stratification conditions, that is, when stratified conditions (warm seasons) are separated from winter mixing conditions (cold seasons). Clearly, if the nitracentric and hydrographic classifications are to be applied to other regions, the BFV and NNint-z intervals must be defined based on local hydrographic conditions.




5 Conclusion

Mesoscale eddies play important roles in determining the availability of nutrients in the upper layer of the ocean and consequently influence important biogeochemical processes that operate in the euphotic zone and upper mesopelagic layer. Due to the ubiquity of these structures in the deep-water region of the GM, it is highly probable that when oceanographic surveys are conducted with regional coverage, such as the one in this study, some sampling stations will be under the influence of these structures. Although satellite altimetry is a useful tool for locating mesoscale eddies, SLA and ADT do not reflect the magnitude of the influence of mesoscale eddies on the NN stock with the same clarity as hydrographic data. The BFVs and NNint-z were highly correlated and produced excellent classifications of the sampling stations into NE, CE, and AE groups. These classifications are more effective for studying the effects of mesoscale eddies on nutrient distributions and those of other biogeochemical and hydrographic properties than classifications based on the criteria that have been previously used in the GM, such as the depth of the 6°C isotherm.

Through third order polynomials and the BFVs, the NN stock and vertical NN profiles can be well predicted in the interval of 100–500 m. Thus, the BFVs that are obtained with CTD measurements at the time of the cast, such as the depth of the 20°C isotherm or the 26 kg m-3 isopycnal, will allow researchers to determine if a station is under the influence of a CE or AE or if it is free of eddy influence at the time of sampling. In addition, our results permit estimates of the NN stock, which are valuable for studies of primary production and the physical and biogeochemical drivers of planktonic community dynamics in the GM, including numerical modeling studies (Biddanda and Benner, 1997; Williams et al., 2015). Additionally, the correlations presented in this study allow for NN profiles to be reconstructed from the large number of existing hydrographic profiles of the GM, such as those available in the APEX float database (Pasqueron de Fommervault et al., 2017) or the detailed hydrographic profiles that were recently obtained with gliders inside specific eddies like the LCE Poseidon (Sosa-Gutiérrez et al., 2020). These reconstructed NN profiles will improve coverage within the gulf and improve physical-biogeochemical models by providing improved definitions of regional open-boundary conditions, minimizing the use of relatively large-scale nutrient climatologies that require extending the numerical model domain and computational cost. Our results can be used to calibrate nitrate sensors mounted on BGC-Argo profiling floats for future measurements in the GM.

The nitracentric and hydrographic classification methodology developed in our study is useful for classifying stations based on the influence of mesoscale eddies and vertical NN content, and may be applied to other oligotrophic deep-water regions, such as the central region of the Caribbean Sea, where mesoscale eddies play important roles in controlling the distributions of hydrographic and biogeochemical properties.
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