
Abbreviations: absolute salinity (SA), absolute dynamic topography (ADT), apparent oxygen 

utilization (AOU), Antarctic Intermediate Water (AAIW), Caribbean Surface Water (CSW), 

Caribbean Water (CW), Caribbean Surface Water remnant (CSWr), Campeche Bay (CB), 

conservative temperature (Θ), coefficient of variation (CV), dissolved inorganic carbon (DIC), 

dissolved oxygen (DO), density anomaly (σθ), Gulf Common Water (GCW), Gulf of Mexico 

(GoM), Loop Current (LC), Loop Current eddies (LCEs), North Atlantic Subtropical Underwater 

(NASUW, herein referred to as SUW), North Atlantic Deep Water (NADW), Potential 

temperature (Tθ), salinity (S), Tropical Atlantic Central Water (TACW). 

 

Understanding Upper Water Mass Dynamics in the Gulf of Mexico by 1 

Linking Physical and Biogeochemical Features 2 

Gabriela Yareli Cervantes-Díaza, José Martín Hernández-Ayónb*, Alberto Zirinoc, Sharon 3 
Zinah Herzkad, Víctor Camacho-Ibarb, Orión Norzagarayb, Leticia Barbero e, Ivonne 4 

Montese, Joël Sudref, Juan Antonio Delgadoh 5 

a Facultad de Ciencias Marinas, Universidad Autónoma de Baja California, Transpeninsular 6 

Tijuana-Ensenada, No. 3917, Fraccionamiento Playitas, 22860. Ensenada, Baja California, 7 

México. 8 

b Instituto de Investigaciones Oceanológicas, Universidad Autónoma de Baja California, 9 

Transpeninsular Tijuana-Ensenada, No. 3917, Fraccionamiento Playitas, 22860. Ensenada, Baja 10 

California, México. 11 

c Scripps Institution of Oceanography, University of California, San Diego, 9500 Gilman Drive, 12 

La Jolla, California 92093, USA. 13 

d Departamento de Oceanografía Biológica, Centro de Investigación Científica y de Educación 14 

Superior de Ensenada (CICESE), Baja California, Carretera Ensenada-Tijuana No. 3918, Zona 15 

Playitas, 22860, Ensenada, Baja California, México.  16 

e NOAA Atlantic Oceanographic and Metereological Laboratory.  17 

f Instituto Geofisico del Perú. Lima, Perú. 18 

g LEGOS, CNRS/IRD/UPS/CNES UMR 5566, 18 av. Ed Belin, 31401 Toulouse Cedex 9, 19 

France. 20 
hTecnológico Nacional de México/campus Guaymas, Km 4 S/N, Carretera al Varadero Nacional, 21 

Sector Playitas, 85480, Guaymas, Sonora, México. 22 

*Corresponding author: J.M. Hernández-Ayón (jmartin@uabc.edu.mx)  23 

ORCID ID: 0000-0001-6869--24 

© 2021 published by Elsevier. This manuscript is made available under the Elsevier user license
https://www.elsevier.com/open-access/userlicense/1.0/

Version of Record: https://www.sciencedirect.com/science/article/pii/S0924796321001421
Manuscript_33aca3408f20665b611378fac5899d54

https://www.elsevier.com/open-access/userlicense/1.0/
https://www.sciencedirect.com/science/article/pii/S0924796321001421


 

Abstract  25 

In the Gulf of Mexico (GoM), the upper 300 m of the water column contains a mixture of 26 

water types derived from water masses from the North Atlantic and the Caribbean Sea, namely 27 

Caribbean Surface Water (CSW), Subtropical Underwater (SUW), Gulf Common Water (GCW), 28 

and Tropical Atlantic Central Water (TACW). These are mainly altered by mesoscale processes 29 

and local evaporation, which modulate biogeochemical cycles. In this study, we improve our 30 

understanding of water mass dynamics by including biogeochemical data when evaluating the T-31 

S relationship to define water-mass boundaries, particularly when the observed thermohaline 32 

characteristics overlap. The variables considered were apparent oxygen utilization (AOU), 33 

nitrate, and dissolved inorganic carbon (DIC). The data were obtained from eight cruises carried 34 

out in the central and southern regions of the GoM and an additional cruise that covered the 35 

entire coastal-ocean region. The new proposed boundaries were instrumental in clarifying the 36 

dynamics of surface waters. Of note, GCW on the western side of the GoM is not formed from 37 

the mixing of CSW and SUW but by the mixing of remnant CSW with TACW. In winter, a 38 

remnant of CSW mixed with GCW, and the biogeochemical composition of surface waters was 39 

affected, as observed from an increase in nitrate and DIC concentrations and positive AOU 40 

values. CSW was mainly detected at the surface during summer with negative AOU values, low 41 

DIC values, and almost undetectable nitrate concentrations. The presence or absence of CSW 42 

modulated the depth of the nitracline and likely influenced primary productivity. 43 

Keywords: Water mass, apparent oxygen utilization, biogeochemistry, isopycnal, anticyclonic 44 

eddy, Gulf of Mexico45 



 

1 Introduction 46 

Forecasting the effects of global warming on ocean resources depends on a clear 47 

understanding of how physical processes, such as the radiation balance, advection, and mixing, 48 

interact with local biogeochemical activity. 49 

1.1 Summary of Water Mass Interactions in the Gulf of Mexico (GoM)  50 

The Gulf of Mexico (GoM) contains a mixture of water types derived from the North 51 

Atlantic and Caribbean Sea (Schmitz and Richardson, 1991), and its deep waters contain North 52 

Atlantic Deep Water (NADW) overlain by Antarctic Intermediate Water (AAIW) and Tropical 53 

Atlantic Central Water (TACW; Portela et al., 2018). However, upper surface water in the GoM 54 

can be considered a mixture of three main water types that may be identified by temperature (T)-55 

salinity (S) relationships, namely Caribbean Surface Water (CSW), Gulf Common Water 56 

(GCW), and North Atlantic Subtropical Underwater (NASUW, hereafter referred to as SUW), 57 

which are all found above a sigma-theta level of ~ 26 kg·m-3 (Fig. 1; Portela et al., 2018). These 58 

water types are altered by local evaporation and dilution due to riverine freshwater inputs that 59 

mainly stem from the Mississippi-Atchafalaya system and Mexican rivers in the southern region 60 

of the GoM. Likewise, GCW is considered to be a mix of only CSW and SUW, as its salinity 61 

does not change significantly (Vidal et al., 1992). However, at higher sigma-theta values 62 

(relative values of 26.5 kg·m-3), all three types converge into the TACW water mass with a linear 63 

T-S relationship (Fig. 1). 64 

Surface circulation in the central GoM is complex and dominated by the dynamics of the 65 

Loop Current (LC) and its associated eddies (Sturges and Leben, 2000; Oey et al., 2005), which 66 

transport CSW into the gulf as a remnant of Caribbean Surface Water (CSWr), as classified by 67 

Portela et al. (2018). Unmodified CSW can be found in the Yucatan Strait, LC, and eddies (see 68 

Fig. 1a, black T-S line). Upon entering the GoM, CSW is characterized by high S values of ~ 69 

34.5 to 36.6, potential temperature (Tθ) ≥ 25 ºC, and potential density (σθ) ≤ 24.5 kg·m-3, as 70 

reported by Carrillo et al. (2016). Anticyclonic Loop Current eddies (LCEs) that are ~ 200–300 71 

km in diameter detach from the LC every 4–18 months (Sturges and Leben, 2000; Hall and 72 

Leben, 2016) and may reattach (Schmitz, 2005). Other key features of GoM dynamics are the 73 

intrusion and variable position of the LC (Bunge et al., 2002; Delgado et al., 2019). The annual 74 

intrusion of the LC is statistically more likely during spring and summer when it can extend to ~ 75 

28º N and 90.5º W, whereas during autumn and winter, there is little LC incursion into the GoM 76 

(Delgado et al., 2019).  77 

Near the surface, the chemical and biological properties of CSW are reflected in the 78 

spatial variability of T, S, dissolved oxygen (DO), freshwater inputs, the heat flux, evaporation, 79 

and wind stress, which are also related to the presence of the LC and LCEs (see Fig. 1a, b; 80 

Morey et al., 2003b; Portela et al., 2018; Damien et al., 2018). A major contributing factor to 81 

surface thermohaline variability in the northern GoM is the Mississippi-Atchafalaya river 82 

system, which influences the upper 50 m of the water column in areas hundreds of kilometers 83 

away from its discharge zone (Morey et al., 2003a; Jochens and DiMarco, 2008; Portela et al., 84 

2018). These mechanisms, as mentioned earlier, influence the chemical, biological, and physical 85 

water mass characteristics above the 26 kg·m-3 isopycnal. 86 



 

In the region influenced by the LC, SUW can be identified by S values between 36.5 to 87 

36.92 at ~ 100–150 m, which is below the depth of CSW (Herring, 2010; Hamilton et al., 2018). 88 

Properties representative of incoming SUW with maximum S values of > 36.92 can be observed 89 

in the Yucatan Strait (Fig. 1a, c, black and red dots). However, once inside the GoM, SUW likely 90 

loses its thermohaline properties because the GoM is an evaporative basin in which convective 91 

mixing modifies the characteristics of existing surface waters, and Gulf Common Water (GCW) 92 

is supposedly formed within (Vidal et al., 1992). In addition, LC surface water is considered 93 

oligotrophic given its relative isolation from the eutrophic waters of the coast and continental 94 

shelf (Biggs and Ressler, 2001; Heileman and Rabalais, 2009; Damien et al., 2018; Martínez-95 

López and Zavala-Hidalgo, 2009). Within the LC (0–90 m depth), the concentrations of nitrate, 96 

phosphate, and other essential nutrients are usually below the analytical detection limit (< 0.05 97 

μM; Biggs and Ressler, 2001). Far from the coast, primary production < 0.15 g C m-2 d-1 has 98 

been reported (Biggs and Ressler 2001), while productivity in subsurface waters might be 2- to 99 

3-fold higher when nutrient availability is locally enhanced (El-Sayed, 1972; Biggs and Ressler, 100 

2001).  101 

Previous studies (i.e., Portela et al., 2018; Hamilton et al., 2018) have presented different 102 

thermohaline limits for GoM water masses given their primary focus on deep waters (σθ > 26 103 

kg·m-3; Fig. 1a). However, a more detailed classification system for the waters above the 26 104 

kg·m-3 isopycnal is necessary, as these waters are significantly modified by various factors like 105 

mesoscale structures, river inputs, wind-driven mixing, evaporation, and precipitation. If 106 

biogeochemical properties are considered in addition to thermohaline properties when water 107 

masses are defined, water mass dynamics would be better understood. A point of concern 108 

regarding the water mass dynamics of the GoM is related to the formation of GCW. When only 109 

thermohaline properties are considered, it has been proposed that the formation of GCW is 110 

mainly due to the mixing of LCE waters and the dilution of SUW (Vidal et al., 1994; Portela et 111 

al., 2018). 112 

GCW is distinguished by a relatively homogeneous vertical S distribution, ranging from 113 

36.3–36.49 from ~ 0–200 m depth (Merrell and Morrison, 1981; Elliott, 1982; Morrison et al., 114 

1983). The apparent oxygen utilization (AOU) shown in Figure 1b indicates a gradual trend 115 

towards negative concentrations above the 26 kg·m-3 isopycnal. In addition, the AOU 116 

concentrations of GCW and SUW are similar and in the range of 40–70 µmol·kg-1, and they 117 

differ from those of TACW, which is located below and characterized by DO concentrations of ~ 118 

3 ml·L-1, Tθ values from 7.9–20 °C, and S values between 34.9–36.4 around the 27.2 kg·m-3 119 

isopycnal (Vidal et al., 1994; Gallegos, 1996; Carrillo et al., 2016; Portela et al., 2018). 120 

However, TACW may share properties with both surface water bodies as a result of mixing 121 

processes. All of these issues point toward the challenges related to adequately understanding 122 

and determining the formation of GCW and evaluating the spatial distributions of GCW and 123 

SUW.  124 

 125 
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Fig. 1 Conservative temperature (Θ)-absolute salinity (SA) diagrams of data from the six XIXIMI 132 

(2010–2017) and GOMECC-3 (2017) cruises. (a) Distribution of the water masses based on the 133 

classification proposed by Portela et al. (2018) using Θ and SA (g·kg-1). Water masses: Caribbean 134 

Surface Water remnant (CSWr), North Atlantic Subtropical Underwater (NASUW), Gulf 135 

Common Water (GCW), Tropical Atlantic Central Water (TACW), TACWn (core), Antarctic 136 

Intermediate Water (AAIW), and North Atlantic Deep Water (NADW). (b) Θ-SA diagram and 137 

apparent oxygen utilization (AOU, μmol·kg-1) diagram. (c) The stations included are depicted 138 

with red and blue dots. The red dots denote the stations where the signal characteristic of 139 

NASUW was detected. The black dot outside the GoM denotes the endmember with the 140 

unmodified characteristics of Caribbean Water, while the blue dots indicate stations with 141 

characteristics of LC incursion. Stations delimited by green lines and black letters constitute 142 

fixed transects throughout this paper. The stations covered during the two other Perdido (letter 143 

C) and Coatzacoalcos (letter A) cruises are represented by green dots. 144 
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This study improves our understanding of how GCW is formed and the spatial 145 

distribution of SUW inside the GoM. We suggest a reclassification of surface water mass limits 146 

above the 26 kg·m-3 isopycnal, particularly when the observed thermohaline characteristics 147 

overlap, by including biochemical data to obtain a more precise definition of the boundaries of 148 

CSW, SUW, and GCW. In addition, we aimed to identify the biogeochemical implications of 149 

thermohaline changes in surface waters due to an increasing extension of the LC, which carries 150 

water of Caribbean origin into the GoM, and the potential effects on the depth of the nitracline. 151 

Finally, we confirm the role that CSW plays in the biogeochemistry of the GoM by comparing 152 

measured seasonal variations in Tθ, S, nitrate, and AOU to those of the CARS2009 153 

climatological database (CSIRO Atlas of Regional Seas; 154 

http://www.marine.csiro.au/~dunn/cars2009). 155 

2 Materials and Methods 156 

2.1 Data collection 157 

 158 

Six oceanographic cruises covering the central and southern regions of the Exclusive 159 

Economic Zone of Mexico were carried out in November 2010, July 2011, February–March 160 

2013, August–September 2015, July 2016, and August–September 2017 (XIXIMI-01–XIXIMI-161 

06, respectively) onboard the R/V Justo Sierra (Fig. 1c). In addition, two oceanographic cruises 162 

(March and September 2016) that covered the Perdido region (~ 26° N) in the northwestern gulf 163 

and the Coatzacoalcos regions in Campeche Bay (CB, ~ 94° W) were added (Fig. 1c). During 164 

these campaigns, 30–51 stations per cruise were sampled, and a total of 519 hydrographic casts 165 

were performed to characterize the vertical distribution of Tθ, S, σθ, DO, and fluorescence. An 166 

SBE 911plus CTD (Sea-Bird Electronics, Inc., Bellevue, USA) was used. The instrument and 167 

sensors were regularly serviced and calibrated before the XIXIMI cruises. For the two cruises in 168 

Perdido and Coatzacoalcos, an SBE 25plus CTD with a nitrate SUNA Atlantic sensor (Sea-Bird 169 

Electronics, Inc.) was used at 19 stations. Finally, data from the third Gulf of Mexico 170 

Ecosystems and Carbon Cycle (GOMECC-3) Cruise were included. The GOMECC-3 cruise was 171 

funded by the National Oceanic and Atmospheric Administration (NOAA) Ocean Acidification 172 

Program and took place on board the NOAA Vessel Ronald H. Brown (July 18–August 21, 173 

2017). GOMECC-3 covered stations that ran along nine transects within the entire gulf as well as 174 

the Yucatan Channel and Florida Straits (Fig. 1c). The GOMECC-3 CTD package consisted of a 175 

Sea-Bird Electronics (SBE) 9 plus CTD with dual pumps and the following sensors: dual 176 

temperature (SBE3), dual conductivity (SBE4), dual dissolved oxygen (SBE43), reference 177 

temperature (SBE35), a Wet Labs CSTAR transmissometer, and a Valeport VA500 altimeter 178 

(Barbero et al., 2019). 179 

In addition to CTD casts, water samples were collected with 10- or 20-L Niskin bottles at 180 

12–24 set depths, depending on the cruise, to measure DIC, nutrient, and DO concentrations, 181 

among other parameters. Dickson et al. (2007) established protocols that were followed in 182 

addition to best practices for DIC sample collection and analysis. To collect nutrient samples, 50 183 

mL of seawater was filtered through Whatman GF/F filters (GE Healthcare, Chicago, USA) that 184 

had been previously combusted at 450 °C for 2 h. The filtered samples were transferred to 185 

centrifuge tubes, frozen, and transported to the laboratory for post-cruise analysis. In the 186 

GOMECC-3 cruise, nutrient samples were analyzed onboard, following procedures detailed in 187 

the updated GO-SHIP Repeat Hydrography Manual (Becker et al., 2019). During each cruise, 188 



 

seawater was also routinely sampled to determine DO concentrations with the Winkler method 189 

as a quality control of the CTD oxygen probe (Baird and Bridgewater, 2017). 190 

Additionally, AOU (µmol·kg-1) was calculated from DO, Tθ, and S using the TEOS-2010 191 

equations (Intergovernmental Oceanographic Commission, 2010). However, it must be 192 

recognized that the calculation of AOU is affected by processes other than those that are 193 

biochemical, such as water mixing, deviations of DO concentrations from instantaneous and 194 

complete equilibrium with the atmosphere and other factors (Pytkowicx 1971; Broecker and 195 

Peng, 1982; Garcia and Keeling, 2001; Ito, 2004). Thus, AOU calculation involves T and S 196 

compensation, producing a value corrected for thermodynamic effects on DO.  197 

2.2 Water mass characterization 198 

An analysis of Tθ-S diagrams was carried out for the six XIXIMI cruises (Fig. 1c), for 199 

which Tθ and S were converted to conservative temperature (Θ) and absolute salinity (SA), as 200 

described by McDougall and Barker (2011).  201 

Given that two XIXIMI cruises took place during late fall and winter (2010 and 2013) 202 

while the remaining four took place during summer (2011, 2015, 2016, and 2017), we performed 203 

separate seasonal analyses of the hydrographic and biogeochemical characteristics of seawater 204 

above isopycnals < 26 kg·m-3 in the Θ-SA diagrams using the Portela et al. (2018) classification 205 

(Fig. 2). In addition, AOU was incorporated into the diagrams to evaluate the role of seasonality 206 

on its vertical distribution given the water masses present. The most notable variability in the 207 

water column was present above the 26 kg·m-3 isopycnal. The depth of this isopycnal varied by 208 

more than 100 m during the summer due to the presence of LCEs, while variation was lower 209 

during the winter when fewer sampling stations were located within anticyclonic eddies (Fig. 210 

A.1).  211 

 212 

Fig. 2 Θ-SA vs. apparent oxygen utilization (AOU; μmol·kg-1) diagrams in late fall–winter (a) 213 

and summer (b), along with the water mass classification by Portela et al. (2018): CSWr, 214 



 

NASUW, GCW, TACW, TACWn (core), AAIW, and NADW. To generate the Θ-SA vs. AOU 215 

(μmol·kg-1) diagrams, we used data from the six XIXIMI cruises. The late fall and winter cruises 216 

(2010 – 2013) were separate from the summer cruises (2011, 2105, 2016, and 2017). 217 

A separate analysis of the Θ-SA diagrams was carried out with the data collected during 218 

the Perdido and Coatzacoalcos cruises of spring–summer 2016. CTD-derived NO3
- 219 

concentrations and AOU estimates were incorporated into each decibar of resolution. Also, the 220 

samples collected at standard depths corresponding to the XIXIMI and GOMECC-3 cruises (late 221 

fall 2010, winter 2013, and summer 2016 and 2017) were incorporated into the analysis of the Θ-222 

SA diagrams. Finally, the Θ-SA diagrams were compared to the Portela et al. (2018) 223 

classification. 224 

Density vs. nitrate concentration graphs were plotted with AOU on a third axis to 225 

evaluate the relationships between density fields and 1) oligotrophic waters (values < 1.0 226 

μmol·kg-1); 2) the nitracline (values >1.0 μmol·kg-1); and 3) AOU (negative values ± 20 227 

µmol·kg-1). We then readjusted the thermohaline ranges of the water masses based on the 228 

combined characteristics of the thermohaline and biogeochemical (nitrate and AOU) variables at 229 

σθ < 26 kg·m-3 for each identified water mass. Finally, vertical distribution sections for σθ, Tθ, 230 

and AOU were constructed for all nine cruises (Perdido and Coatzacoalcos, XIXIMI-1–6, and 231 

GOMECC-3) to evaluate differences arising from different seasonal oceanographic conditions. 232 

2.3 Analysis of chemical variables  233 

Coulometric methods were used following the methodology of Johnson et al. (1987) for 234 

determining DIC concentrations. Reference materials were provided by the laboratory of Dr. A. 235 

Dickson of the Scripps Institution of Oceanography. The accuracy obtained for the reference 236 

material was ± 2 μmol·kg-1 with a precision of ± 1.5 μmol·kg-1. In addition, DIC and nitrate 237 

(NO2
- + NO3

-) analyses corresponding to the GOMECC-3 cruise were carried out following the 238 

GO-SHIP Hydro Manual (https://www.go-ship.org/HydroMan.html) and are described in detail 239 

in Barbero et al. (2019). 240 

To quantify the concentrations of combined nitrite and nitrate (NO2
- + NO3

-, hereafter 241 

nitrate) present in the samples from the 2010 and 2013 winter cruises, a Skalar SAN Plus 242 

autoanalyzer (Skalar Analytical, Breda, Netherlands) was used. In addition, the reference 243 

material for nutrients, MOOS-2 (certified concentration of 24.9 ± 1 μM) obtained from the 244 

National Resource Council of Canada, was repeatedly analyzed during runs to evaluate accuracy 245 

and precision. As a result, the average recovery for the analyses of the three cruises was 25.1 ± 246 

0.25 μmol·kg-1. For summer 2015, the samples were analyzed with an AA3-HR SEAL nutrient 247 

analyzer (SEAL Analytical Inc., Mequon, USA) according to the GO-SHIP Repeat Hydrography 248 

Manual (Hydes et al., 2010) using seawater lots CC (with a calculated certified value for NO2
- + 249 

NO3
- of 30.99 ± 0.24 μmol·kg-1) and CD (with a calculated certified value for NO2

- + NO3
- of 250 

5.52 ± 0.05 μmol·kg-1) from Kanso Co. Ltd. (Kanso Technos, Tokyo, Japan) as reference 251 

materials (see description in Aoyama and Hydes, 2010). The average recoveries for NO2
- + NO3

-252 

- during the analyses of the three cruises were 30.88 ± 0.10 and 5.50 ± 0.03 μmol·kg-1 for RMNS 253 

CC and CD, respectively. 254 

In addition, the CTD 25plus included a UV sensor for nitrate determination (SUNA, 255 

Satlantic, Halifax, Canada; ± 2.4 µM). To determine the nitrate concentrations, a factory 256 



 

calibration was used. Nitrate data were coupled to CTD profiles using cast time. Since the SUNA 257 

data showed high variability (spectral analysis indicated that the most frequent variability periods 258 

were observed between 2–6 m in the vertical profiles), a low-pass filter was applied using a 15-m 259 

data window. The filter and data window were selected based on the lowest noise to signal ratio 260 

and coefficient of variation observed. Filtered nitrate profiles obtained with the SUNA sensor 261 

were contrasted with discrete sample profiles using simple linear regressions, obtaining 262 

significant models and coefficients (p < 0.05; n = 33; average r2 = 0.97 ± 0.05; average slope = 263 

0.94 ± 0.15), which indicated good correspondence between both measurements. This analysis 264 

was exclusively conducted for the Perdido and Coatzacoalcos cruises. 265 

To explore possible relationships between the water masses and their nitrate and DIC 266 

concentrations, three-phase Tθ-S diagrams (in which the colors indicate nitrate concentrations) 267 

were constructed for the late fall-winter-spring period of 2010, 2013, and 2016 and the summers 268 

of 2015, 2016, and 2017. Also, Tθ-S vs. DIC diagrams for late fall–winter and summer 2011, 269 

2015, 2016, and 2017 were constructed for a seasonal comparison. 270 

2.4 Absolute dynamic topography (ADT) maps 271 

Absolute dynamic topography (ADT; cm) maps were generated to evaluate the influence 272 

of CSW on water mass characteristics during the different cruises, as described by Delgado et al. 273 

(2019). The images were products of the AVISO+ database 274 

(https://www.aviso.altimetry.fr/en/data). The ADT maps only considered the period in which 275 

sampling was carried out for each cruise. For simplicity, we present ADT maps for two cruises 276 

held during contrasting conditions (Fig. 9b and e): winter (Feb–Mar 2013) and summer (Aug–277 

Sep 2015). 278 

2.5 Climatological data analysis 279 

A comparative analysis of the average T and S data from the CARS 2009 (CSIRO Atlas of 280 

Regional Seas; http://www.marine.csiro.au/~dunn/cars2009) database was conducted to 281 

determine if the climatological data were consistent with the observations made during winter 282 

(February) and summer (July). The rationale for this analysis was that CSW was mainly detected 283 

during summer at the surface, whereas GCW replaced CSW in winter, which was reflected in the 284 

biogeochemical composition near the surface. Diagrams and vertical sections based on 50 years 285 

of Tθ and S data for July and February were plotted to confirm the presence of the LC front (Fig. 286 

A.3). 287 

3 Results 288 

3.1 New thermohaline and isopycnal limits of near-surface water masses 289 

 Our study revealed several important features using the water mass classification of Portela 290 

et al. (2018). Firstly, all data above 28°C and below 23.5 kg·m-3 were excluded from the 291 

classification. Secondly, an overlap region between the limits of CSWr and GCW was present. It 292 

should be noted that within these overlaps, large differences in nitrate and DIC concentrations 293 

were observed, ranging from 5–0.5 μmol·kg-1 and from 2155–2020 μmol·kg-1, respectively (Fig. 294 

3). Thirdly, at σθ lower than ~ 25 kg·m-3, AOU values were slightly positive or closer to zero 295 

than those above 25 kg·m-3 (Fig. 1b). Similarly, the lowest DIC concentrations and nearly 296 

depleted nitrate concentrations were observed at densities lower than 25 kg·m-3 (Fig. 3). Finally, 297 



 

CSW had lower nitrate, AOU, and DIC concentrations than those of SUW and GCW (Fig. 1 and 298 

3; Table 1).  299 

  300 

Fig. 3 Analyses of the Θ-SA diagrams were conducted for spring–summer 2016 of the Perdido, 301 

Coatzacoalcos, XIXIMI cruises (late fall 2010, winter 2013, and summer 2016 and 2017), and 302 

GOMMEC-3 cruise (summer 2017). This analysis included NO3
- (SUNA sensor and discrete 303 

samples) and inorganic dissolved carbon (DIC) concentrations. (a) Θ-SA and DIC (μmol·kg-1) 304 

and (b) Θ-SA and NO2
-+NO3

- (μmol·kg-1) diagrams as well as the Portela et al. (2018) water 305 

mass classification. 306 

 At σθ below 26 kg·m-3, a clear biogeochemical signal is observed for the three upper 307 

water masses of the GoM (Fig. 4). We were able to detect when changes occurred with great 308 

precision given that continuous CTD sensor data, including nitrate and oxygen information for 309 

two cruises, was utilized. For example, Fig. 4a indicates a difference in nitrate at 25.3 kg·m-3 310 

while also showing that nitrate concentrations do not exceed 1 umol·kg-1 at sigma theta values > 311 

25 kg·m-3 and < 25.5 kg·m-3. Therefore, σθ below 25.3 kg·m-3 is a useful boundary between 312 

CSW, GCW, and SUW. A nitrate concentration < 1 μmol·kg-1 (with a detection limit range of ± 313 

1 μmol·kg-1) and slightly negative or near to zero AOU values (with a detection limit range of ± 314 

20 μmol·kg-1), acted as tracers for this water mass, indicating the boundaries at which CSW 315 

began (Fig. 4a-d). In addition, CSW was found to possess low DIC concentrations, with values 316 

less than 2140 μmol·kg-1 (Fig. 3a, Table 1).  317 

These clear patterns also helped simplify the determination of the upper limit of GCW 318 

and indicated that the isopycnals between 25.3–26.3 kg·m-3, where the nitracline is found, and 319 

positive AOU values were considered characteristic of GCW (Fig. 4a–b; Table 1). A typical 320 

increase in nitrate (> 1 μmol·kg-1) with increasing depth was observed. This pattern was also 321 

observed for AOU concentrations (> 20 μmol·kg-1). GCW was also characterized by higher DIC 322 

concentrations (~ 30 μmol·kg-1 higher) than those of CSW (Table 1). In particular, CSW 323 

presented the lowest DIC concentrations of all, with values < 2140 μmol·kg-1 (Fig. 3a; Table 1). 324 



 

The limit of SUW is located between the isopycnals of 24.5–26.5 kg·m-3 (Fig. 3 and 4), 325 

and the distribution of SUW within the GoM was noted to be linked to LC incursion (Fig. 1a and 326 

c). However, the salinity maximum of SUW lies in a separate part of the T-S plot, as it is derived 327 

from a well-defined layer (Fig. 1). The biogeochemical signals of SUW also fall in a separate 328 

section of the T-S plot, where nitrate values ranged between 1–8 μmol·kg-1 with increasing 329 

depth, and AOU values were considered to be characteristic between 0–120 μmol·kg-1. Thus, 330 

SUW presented higher DIC concentrations than those of CSW but lower than those of GCW, 331 

with values of ~ 2100 μmol·kg-1 (Fig. 4b–c; Table 1). 332 

 333 
Fig. 4 Relationships among potential density (σθ), apparent oxygen utilization (AOU), and nitrate 334 

concentrations for the Perdido, Coatzacoalcos (both CTD and nitrate SUNA data), XIXIMI, and 335 

GOMECC-3 cruises (discrete samples at standard depths). Figures a and b represent the data 336 

located in the western part of the GoM and are shown in blue in Figures 1a, c. Figures b and c 337 

represent the data located in the portion of the GoM under the influence of the LC and are shown 338 

in red in Figure 1a, c. The red vertical line shows both the zero-nitrate and zero-AOU 339 
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concentration limits, and the blue lines denote the detection limits of the nitrate and oxygen 340 

sensors. 341 

  342 

We propose adding biogeochemical data to the T-S relationship to better define the 343 

boundaries of the water types, particularly when the observed thermohaline characteristics 344 

overlap. Based on this, new thermohaline and σθ ranges are proposed based on the σθ, nitrate, 345 

AOU, and DIC criteria (Fig. 5; Table 1). Firstly, low σθ, warm, and oligotrophic waters with 346 

negative AOU values defined the limit of CSW (Figs. 4 and 5). In contrast, subsurface waters 347 

associated with GCW showed an apparent increase in nitrate, accompanied by positive AOU 348 

values closely related to TACW mixing.  349 
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Fig. 5 Reclassification of the thermohaline limits for water masses based on the distribution of 351 

biogeochemical characteristics [AOU and NO2
- + NO3

-] shown in Figure 4. (a) Θ-SA diagram and 352 

DIC (μmol·kg-1). (b) Θ-SA diagram and NO2
- + NO3

- (μmol·kg-1). (c) Θ-SA diagram and AOU 353 

(μmol·kg-1). Water masses: Caribbean Surface Water (CSW), Subtropical Underwater (SUW), 354 

and Gulf Common Water (GCW). The classification of intermediate and deep-water masses (i.e., 355 

TACW, TACWn, AAIW, and NADW) is from Portela et al. (2018). 356 

 357 

3.2 Reasons behind the changes in Tθ and σθ in the presence or absence of CSW 358 

 Seasonal changes in the vertical sections of Tθ and σθ occurred above the 26 kg·m-3 359 

isopycnal (Fig. A.1). These changes were generally observed with the relatively low 360 

temperatures (25.5 ± 1.3 ºC) found at isopycnals above 25.3 kg·m-3 in November and March 361 

(24.0 ± 1.0 ºC) and in the presence of mixing in the first 150 m of the water column. 362 

Additionally, during these months, an average σθ of ~ 24.8 ± 0.4 kg·m-3 was observed in the 363 

upper 170 m of the water column. During the summer, the warmer temperatures (~ 27.0 ± 3.0 364 

ºC) and isopycnal structure (22 and 25.3 kg·m-3) showed that CSW was widespread (Fig. A.2). 365 

 During the winter of 2013, when small CSW remnants were observed inside the GoM, 366 

the ~ 25.3 kg·m-3 isopycnal showed high variability within the upper 100 m, while the 24.5 ºC 367 

isotherm was barely detected in the region nearest to the LC front (Fig. A.2). In contrast, water 368 

with these characteristics was present during the summer when CSW entered the GoM through 369 

the LC and was subsequently transported westward via detached LCEs (Fig. A.2).  370 

3.3 AOU and its association with CSW 371 

 During the summer, a subsurface DO maximum can be observed in waters with densities 372 

less than 25.3 kg·m-3 that was not related to the depth of the fluorescence maximum (Fig. 6). 373 

This DO maximum was considered to be the boundary between CSW and GCW. However, when 374 

thermodynamic effects were removed from observed DO by calculating AOU, the subsurface 375 

DO maximum nearly disappeared, indicating that this subsurface maximum was only an effect of 376 

T and S caused by enhanced oxygen dissolution during winter (Figs. 6c, 6d, and 6e). During late 377 

fall, when the CSW was barely detectable (November 2010), negative AOU concentrations were 378 

observed in surface waters (Fig. 6a). In contrast, wind-induced vertical mixing in winter 379 

(February/March 2013) resulted in positive AOU values above 25.3 μmol·kg-1 (Fig. 6b). 380 

 Additionally, it was observed that the fluorescence maximum in several profiles (< 0.7 381 

units; denoted by blue contours in Fig. 6) during autumn was detected in the Bay of Campeche 382 

and the top 100 m of the water column (Fig. 6a). On the other hand, during winter, the 383 

fluorescence maximum was located in a more oceanic region and barely reached 0.3 units 384 

(denoted by blue contours) within the first 100 m of the water column (Fig. 6b). With regard to 385 

the three summers considered in this study, summer 2015 and summer 2016 showed similar 386 

trends, with fluorescence maxima of ~ 0.5 units (denoted by blue contours) located between 50–387 

100 m depth along the majority of the transect (Figs. 6d–e). The summer of 2011 presented its 388 

maximum fluorescence near the shelf of the Bay of Campeche, with values < 0.3 units (denoted 389 

by blue contours; Fig. 6c). The maximum fluorescence values detected during the three summers 390 



 

do not correspond to the regions where small nuclei with negative AOU values were observed 391 

(Figs. 6c–e).   392 

Fig. 6 The vertical distribution (first 250 m of the water column) of apparent oxygen utilization 393 

(AOU, μmol·kg-1) is shown for late fall 2010 (a), winter 2103 (b), and summer 2011 (c), 2015 394 

(d), and 2016 (e). The white contours indicate the lower depth limits of Caribbean Surface Water 395 

(CSW; 25.3 kg·m-3) in all sections. The location of the transect (letters A and D) is shown in 396 

Figure 1c. The blue contours indicate the maximum fluorescence detected at each transect.  397 

3.4 Identification of water masses using the new isopycnal field and thermohaline limits used 398 

for the reclassification  399 

 The thermohaline ranges associated with SUW were not modified because this water 400 

mass was only detected inside the LC (Fig.1a, c, and Fig. A3). Nevertheless, the new 401 

thermohaline and chemical characteristics of each water mass are shown in Figures 5 and 7. It is 402 

important to highlight that the AOU, nitrate, and DIC ranges presented in Table 1 are considered 403 

nominal values. As these variables are measured in shallow waters, they could be affected by 404 

several processes, such as biological activity, gas exchange, and the degree of vertical mixing. 405 

 406 

  407 



 

 408 

Fig. 7 Potential temperature (Tθ)-salinity (S), nitrate (NO2
- + NO3

-, μmol·kg-1; a and b), and DIC 409 

(μmol·kg-1, c, and d) diagrams corresponding to the late fall-winter-spring periods of 2010, 2013, 410 

and 2016 and summer 2016 and 2017, respectively. The Tθ-S diagrams include data from the 411 

GOMECC-3, XIXIMI, Perdido, and Coatzacoalcos regions.  412 

3.4.1. Caribbean Surface Water (CSW) 413 

 CSW was detected during the summers of 2011, 2015, 2016, and 2017, in contrast to 414 

what was observed during winter. Above the 25.3 kg·m-3 isopycnal, AOU concentrations varied 415 

between -40 and 50 μmol·kg-1. The Tθ and S range proposed for this water mass are temperatures 416 

> 22º C, S values between 36 and 36.6 g·kg-1, nitrate concentrations < 1 μmol·kg-1, and DIC 417 

concentrations between 1970–2140 μmol·kg-1 (Table 1; Figs. 5, 7, A3).  418 

Table 1. General characteristics of the new classification of surface water masses based on 419 

thermohaline and biogeochemical variables [potential temperature (oC), salinity (S; psu and g·kg 420 
-1), dissolved oxygen (DO; μmol·kg-1), and apparent oxygen utilization (AOU; μmol·kg-1)]. The 421 

variability ranges for dissolved inorganic carbon (DIC; μmol·kg-1), nitrate ([NO2
- + NO3

-,]; 422 

μmol·kg-1), and depth as a function of each water mass identified in the deep region of the GoM 423 

are included. The ranges of the temperature and S variables are presented with both 424 

oceanographic conventions (EOS-80 and TEOS-10): potential (θ) and conservative (Θ) 425 

temperature and psu and absolute salinity (SA; g·kg -1), respectively. 426 



 

 427 

3.4.2 Subtropical Underwater (SUW) 428 

 We found that SUW was typically present in summer between the 24.5–26.5 kg·m-3 429 

isopycnals at depths between 100–350 m, transporting low-oxygen water in regions under the 430 

influence of the LC incursion (Fig. 1, A3; Table 1). Figure 5 shows typical oceanographic 431 

characteristics of water from the Caribbean, including the salinity maximum present in the Θ-SA 432 

diagrams that describes SUW. The principal thermohaline characteristic of SUW was the 433 

presence of an S maximum (~ 36.9) located between 150–250 m that was paired with positive 434 

AOU values of ~ 90 μmol·kg-1 (Fig. 5c). 435 

3.4.3 Gulf Common Water (GCW) 436 

 The new limits for GCW fall between the σθ values of 25.3–26.3 kg·m-3, with 437 

temperatures between 18–22 ºC, S values between 36.3–36.6 g·kg-1, AOU values between 0–120 438 

μmol·kg-1, nitrate values from 1 to ~15 μmol·kg-1, and DIC concentrations between 2080–2187 439 

μmol·kg-1 (Fig. 7 and A3; Table 1). In the GoM, the mixed layer followed a marked seasonal 440 

cycle, deepening in winter and shallowing in summer. As such, the Brunt-Väisälä frequency was 441 

plotted to evaluate the stability of the water column (Figs. 8b and 8e). Negative Brunt-Väisälä 442 

frequency values correspond to portions of the water column with high stability, which was more 443 

apparent in winter than in summer. Thus, a lower presence of CSW can be observed during 444 

winter (shaded in gray in the T-S diagrams from Figs. 8a and 8d) with GCW near the surface. 445 

However, the opposite occurs during summer, with a more notable presence of CSW and deeper 446 

GCW. 447 

 448 
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 450 

Fig. 8 A comparison of the vertical distributions of potential density (σθ, kg·m-3) corresponding 451 

to the stations for (a) late fall-winter (2010 and 2013) and (d) summer (2011, 2015, 2016, and 452 

2017). (b and e) The Brunt-Väisälä frequency (cy·cl·h-1) of the water column was estimated for 453 

both seasons of the same years. (c and f) A comparison of vertical fluorescence for the same 454 

seasons. The blue, green, and red shaded regions indicate the depths of CSW, GCW, and TACW 455 

for both seasons. 456 

3.5 Variability in water mass DIC and nitrate concentrations 457 

 In general, the near-surface nitrate concentration in SUW was 0.09 μmol·kg-1 at a σθ value 458 

of ~ 25.3 kg·m-3, which increased to 8.0 μmol·kg-1 near its defined Tθ-S lower limit. The DIC 459 

concentrations were on average 2125 ± 25 μmol·kg-1. The highest nitrate and DIC concentrations 460 

within the thermohaline limits of SUW were ~ 8.0 μmol·kg-1 and 2156 μmol·kg-1, respectively, 461 

which were detected around the σθ value of ~ 26.5 kg·m-3 and coincided with AOU 462 

concentrations of ~ 90 μmol·kg-1 (Figs. 5; Table 1).  463 

During summer, CSW was characterized by a low concentration of nitrate (0–1.5 464 

μmol·kg-1) in the first 100 m of the water column (Figs. 7b and 9c; Table 1). Similarly, DIC 465 

concentrations fluctuated between 1978–2120 μmol·kg-1 (Fig. 7d; Table 1). During winter, CSW 466 

presented slightly higher nitrate (0.1–3.8 μmol·kg-1) and DIC (2017–2118 μmol·kg-1) ranges than 467 

those detected during summer (Figs. 7a and 7d; Table 1). 468 

GCW presented relatively higher nitrate concentrations during late fall and winter than 469 

those observed during summer, with approximately 2.7 μmol·kg-1 near 75 m depth (~ 25.4 kg·m-470 
3). The highest nitrate concentration above 180 m (~ 10 μmol·kg-1) was detected during late fall 471 

and winter and was observed at the lower limit of GCW and the upper limit of TACW (Fig. 7a, 472 



 

Table 1). Within GCW, the vertical distribution of DIC mimicked that of nitrate. During late fall 473 

and winter, DIC concentrations higher than 2080 μmol·kg-1 were found below 50 m, and these 474 

reached maximum values of 2187 μmol·kg-1 (~ 150 m) close to the lower limit of this water mass 475 

(Fig. 7b; Table 1). During summer at 50 m (σθ = 25 kg·m-3), DIC values slightly lower than 2095 476 

μmol·kg-1 were observed to increase with depth (~ 2176 μmol·kg-1 at ~ 100 m; Fig. 7d). The 477 

deepening of the nutricline and carbocline observed during summer was associated with the 478 

transport of oligotrophic CSW into the GoM with low nitrate values (< 1 μmol·kg-1) near the 479 

surface (Figs. 7b and 7d; Table 1).  480 

4 Discussion  481 

A lack of understanding has persisted regarding the formation of GCW and the spatial 482 

distribution of SUW within the GoM. This work aimed to understand upper water mass 483 

dynamics in the GoM by coupling physical and biogeochemical features. We suggest a 484 

reclassification of surface water mass limits above the 26 kg·m-3 isopycnal, particularly when the 485 

observed thermohaline characteristics overlap, by including biochemical data to obtain a more 486 

precise definition of the boundaries of CSW, SUW, and GCW. While the detailed analysis of 487 

water masses recently performed by Portela et al. (2018) improved upon the previous 488 

classifications, a characterization of the hydrographic and chemical composition of waters above 489 

the 26 kg·m-3 isopycnal remained deficient. Above this isopycnal, the concentrations of 490 

biogeochemical variables, such as AOU, nitrate, and DIC, exhibit significant variation, reflecting 491 

water mass origins, mixing, and surface processes. 492 

4.4 Redefinition of the limits between CSW and GCW using T, S, AOU, and nitrate 493 

Our results indicate that the intrusion of CSW was associated with the maximum phase of 494 

LC extension and LCE transport and a decrease in the supply of CSW during late fall and winter. 495 

Previous studies have consistently shown an asymmetrical biannual variation in the growth and 496 

wane of the LC (i.e., strong from summer to fall and weak from winter to spring), with the 497 

asymmetry reflecting long-term wind data (Chang and Oey, 2013). Zeng et al. (2015) have 498 

shown the existence of three patterns throughout the year that consist of normal LC conditions 499 

without extension or shedding (January–May), a transitional period (July–August), and a period 500 

of retraction (September–December). Additionally, based on ADT and chlorophyll data, Delgado 501 

et al. (2019) reported that CSW is primarily transported into the GoM during the maximum 502 

phase of the extension of the LC in summer, while CSW transport is minimal in winter. Here, we 503 

emphasize the critical roles of the LC, the Yucatan Current, and the spread of the LCEs into the 504 

GoM when explaining the increase (decrease) of CSW in the GoM.  505 

Portela et al. (2018) defined the T-S limits of CSW within the GoM, renaming it CSWr 506 

and delimiting its range between 50–150 m, after excluding surface waters above 50 m depth. 507 

However, the overlap in the thermohaline ranges of CSW and GCW was overlooked (Fig. 2) by 508 

Portela et al. (2018), and a seasonal analysis of the distribution of water masses was excluded. 509 

This is needed to determine when or if these water masses are present. Here, we propose that the 510 

top 50 m of the water column should be included in the classification of CSW (Table 1). Also, 511 

when the overlap between water mass limits is observed, it must be assumed that mixing is 512 

present and that values closer to the core of the water mass (considering sub-surface values) will 513 

better define its limits. This may have important implications when using water mass mixing 514 



 

models, as overlapping limits reduce the ability to discriminate between water masses and 515 

suggest the presence of diffusive mixing processes, which may lead to a misinterpretation of the 516 

mechanisms used to explain biogeochemical processes. Our results show that CSW and GCW 517 

can be differentiated by considering nitrate and AOU concentrations at the upper and lower 518 

limits of GCW and CSW, respectively. However, this approach assumes that AOU and nitrate 519 

behave conservatively (i.e., their concentration and vertical distribution in the gulf are mainly 520 

controlled by physical processes). Thus, we suggest the following mechanism to explain the 521 

apparent conservative behavior of AOU and nitrate.  522 

During fall and winter, the LC rarely extends into the GoM. At the same time, intense 523 

seasonal northerly winds (i.e., Nortes) occur and mix GCW subsurface waters with CSW, 524 

spreading inside the gulf through LCEs. As a result, the estimated AOU in GCW during the 525 

winter months showed either a trend towards positive values or an equilibrium with the 526 

atmosphere due to strong vertical mixing, with subsurface waters with high microbial respiration, 527 

remineralization, and nitrate concentrations being transported to the surface (Figs. 6a–b, Fig. 9f, 528 

and 10a–b). In contrast, during spring–summer, the most significant extension of the LC results 529 

in the advection of warm and oligotrophic CSW (nitrate < 1 μmol·kg-1) with negative AOU 530 

values to the interior of the GoM by westward-moving LCEs (Biggs and Ressler, 2001; Delgado 531 

et al., 2019) above GCW (Figs. 4, 5, 6c–d, and 9c–f).  532 

 533 

Fig. 9 Vertical distribution (250 m) of potential density (kg·m-3) for summer 2015 (a) and winter 534 

2013 (d). White contours indicate the lower limits of CSW [25.3 kg·m-3; (a)] and GCW [26.3 535 

kg·m-3; (d)] in both sections. The ADT maps show the trajectory of the summer (b) and winter 536 

(e) sections of each cruise. The nitrate profiles (μmol·kg-1; c = summer; f = winter) only include 537 

the stations found within the trajectory traced in the ADT maps for each cruise. The blue and red 538 

dots indicate the stations found outside the areas influenced by anticyclonic eddies and those in 539 

the area influenced by anticyclonic gyres, respectively. 540 
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CSW is always less dense than GCW, mainly due to the higher temperatures acquired in 541 

the Caribbean basin. Moreover, CSW has lower DO concentrations than those found in the 542 

surface waters of the GoM in winter, which is also due to temperature-related differences in 543 

solubility that lead to negative AOU values (up to ~ -40 μmol·kg-1; Benson and Krause, 1984). 544 

The warm temperature of CSW induces stratification that limits the exchange of oxygen with 545 

underlying GCW (Figs. 6c–d and 8d). Therefore, AOU (< 50 μmol·kg-1; Table 1) and nitrate 546 

concentrations (< 1 μmol·kg-1) can be used to indicate the boundary between CSW and GCW 547 

(Fig. 5; Table 1).  548 

 549 

4. 1. 1. On the formation of GCW 550 

The presence of GCW near or at the surface during autumn and winter was caused by 1) a 551 

weakening of the CSW signal towards the interior of the GoM due to the retraction of the LC and 552 

the dissipation of the LCEs, and 2) the strong winds that result in a well-defined and deep (100 553 

m) mixed layer. This last observation has been previously noted by Nowlin and McLellan 554 

(1967), Elliott (1979, 1982), Vidal et al. (1994), and Portela et al. (2018). It has been suggested 555 

that GCW formation takes place on the western slope of the GoM (where the LCEs dissipate) as 556 

well as during winter when the wind regime produces a mixed layer of approximately 100 m that 557 

dilutes SUW (Vidal et al., 1992, 1994; Portela et al., 2018). New information regarding GCW 558 

formation was reported by Sosa-Gutierrez et al. (2020), who indicated that GCW formation was 559 

due to the progressive erosion of the high‐salinity cores of LCEs during their westward journeys 560 

across the gulf. However, our results suggest GCW formation originates from the mixing of 561 

CSW with TACW in the western side of the GoM and not with SUW, as was reported by Vidal 562 

et al. (1994). Our conclusion was based on the distribution of SUW-T-S data from all cruises, 563 

which shows that SUW occurrence is restricted to the region influenced by the LC (Figs. 1 and 564 

10).  565 



 

 566 

Fig. 10 Potential temperature (Tθ)-salinity (S) diagrams of data from the six XIXIMI (2010–567 

2017) cruises, GOMECC-3 (2017) cruise, and two Perdido and Coatzacoalcos (2016) cruises. (a) 568 

Tθ-S diagram with blue dots denoting characteristics of the western region of the gulf. (b) Tθ -S 569 

diagram with red dots denoting the influence of LC incursion and the characteristic SUW signal. 570 

(c) Tθ-S diagram and apparent oxygen utilization (AOU, μmol·kg-1) diagram with characteristics 571 

of the gulf (blue dots). (d) Tθ-S diagram and AOU (μmol·kg-1) diagram with characteristics of 572 

the SUW signal (red dots). The distribution of the upper water masses was based on the new 573 

adjustments proposed in this study (water masses: CSW, GCW, and SUW). For deep waters, the 574 

classification proposed by Portela et al. (2018) using Tθ and S was used (water masses: TACW, 575 

TACWn (core), AAIW, and NADW). 576 

During winter, when CSW was almost undetectable in some of the internal and western 577 

regions of the GoM, it was found that TACW (> 70 m; Table 1; Fig. A.1c) may become 578 

shallower compared to its depth during summer (> 100 m; Figs. 8a, 8d, 9c, 9f, and Fig. A.1). 579 

Thus, the proximity of TACW and GCW will promote an alternating pattern that will eventually 580 

affect biological productivity due to the availability of nutrients in the water column (Figs. 7b, 581 

7d, and 9c; Muller-Karger et al., 2015; Pasqueron et al., 2018; Damien et al., 2018). At the same 582 

time, convective mixing leads to low DO concentrations, and thus the positive AOU 583 
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concentrations that are characteristic of TACW are reflected in GCW. In addition, noticeable 584 

increases in nitrate and DIC concentrations and a fluorescence maximum near the surface were 585 

observed (Figs. 7 and 8c). In contrast, during summer and in the presence of CSW, the mixed 586 

layer lay above the nutricline, and the fluorescence maximum was associated with the depth of 587 

GCW (Fig. 8f).  588 

As the LC enters the GoM and LCEs are shed and migrate into the gulf during the 589 

summer months, oligotrophic waters dominate the first 100 m of the water column. Some studies 590 

have shown that low chlorophyll concentrations accompany the incursion of warm water into the 591 

gulf (Muller-Karger et al., 2015; Linacre et al., 2015). In contrast, periods of low temperatures 592 

and strong winds coincide with high chlorophyll concentrations and primary productivity 593 

(Muller-Karger et al., 2015). Furthermore, satellite observations have detected maximum 594 

chlorophyll concentrations in winter (Pasqueron et al., 2017). This agrees with the results of 595 

Damien et al. (2018), who explained that the winter increase in the integrated chlorophyll 596 

concentration was due to nutrient injections to the euphotic layer, reflecting a deepening of the 597 

mixed layer.  598 

4. 1. 2. Surface water masses modulate the depth of the nutricline  599 

One biological implication of the presence of CSW is that it is oligotrophic. In summer, it 600 

can be found at depths up to 100 m, which can be seen in Figure 9, wherein we compare the 601 

vertical distribution of nitrate and potential density with ADT maps for summer 2015 (when 602 

mesoscale eddies were abundant) and winter 2013 (when the number and spatial extent of eddies 603 

were low). During summer, a near-surface incursion of low-potential density water associated 604 

with CSW was observed (isopycnal of 25.3 kg·m-3, white color; Fig. 9a). This incursion brought 605 

water with oligotrophic characteristics to depths shallower than 70 m (nitrate between 0–0.5 606 

μmol·kg-1; Fig. 9c). Also, the vertical distribution of the nitrate concentration was reduced by the 607 

entrance of the LC and the subsequent shedding of LCEs carrying CSW into the interior of the 608 

gulf (Figs. 9). With the winter retraction of the LC and accompanying dissipation of LCEs, the 609 

CSW signal decreased, breaking the stratification pattern observed in summer (Figs. 8a–b). This 610 

favors a deeper mixed layer with high potential density values in the first 200 m of the water 611 

column, in which GCW predominates and nutrients are pumped to surface waters (Fig. 9d).  612 

The results of the analysis carried out using the CARS2009 database to evaluate the 613 

temporal changes in CSW and GCW are shown in Figure A.3, and the climatological averages in 614 

winter (February) and summer (July) are contrasted. The Tθ-S diagram, in addition to the vertical 615 

sections showing the position of the 25.3 kg·m-3 isopycnal, indicates a higher volume of CSW 616 

occupying the surface layer during summer. During winter, the results show that the volume and 617 

presence of CSW were reduced, giving way to a greater dominance of GCW, which was detected 618 

in some gulf regions from the surface to ~ 200 m depth. This independently supports our 619 

observation that the extension (retraction) of the LC favors the deepening (shallowing) of the 620 

nutricline during summer (winter). Also, the analysis of CARS2009 climatological data confirms 621 

the importance of CSW for determining the near-surface biogeochemical characteristics of the 622 

GoM. All cruise data, including the CARS2009 climatological data, support that nitrate and 623 

AOU can be used to define the lower limit of CSW.  624 

4.1.3 Benefits of the new reclassification 625 

One contribution of the new reclassification is a better understanding of how GCW is 626 

formed. Recently, it has been suggested that as of 2003, larger volumes of CSW have invaded 627 



 

the western portion of the GoM (Delgado et al., 2019), and the addition of biogeochemistry to 628 

define the various water masses particularly when the observed thermohaline characteristics 629 

overlap. Finally, the new proposed potential density and thermohaline limits of near-surface 630 

water masses in the GoM may promote future research efforts focused on the relevance of 631 

biogeochemical processes at small scales. 632 

5 Conclusion  633 

In the western region of the GoM, the GCW is not solely formed by the mixing of CSW 634 

and SUW but mainly by the mixing of remnant CSW with TACW. In winter, the CSW mixed 635 

with GCW, and the biogeochemical composition of surface waters was affected. The presence of 636 

GCW near and at the surface during autumn and winter was caused by a weakening of the CSW 637 

signal towards the interior of the GoM due to the retraction of the LC and the dissipation of 638 

LCEs and because of strong winds that result in a well-defined and deep mixed layer.  639 

GCW and SUW were also redefined and characterized based on differences in AOU, 640 

nitrate, and DIC concentrations. The new limits proposed for CSW, SUW, and GCW have been 641 

instrumental in clarifying the dynamics of the surface waters of the GoM while allowing for 642 

clear separations. This new reclassification of the limits of the waters above the 26 kg·m-3 643 

isopycnal has resulted in a modification of the present thermohaline ranges defining CSW, SUW, 644 

and GCW.  645 

One of the biogeochemical implications of the presence or absence of CSW was that this 646 

modulates the depth of the nutricline and likely influences primary productivity. This water mass 647 

was detected mainly during the summer months, with a lower limit marked by negative AOU 648 

concentrations.  649 
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Appendices 

 

Fig. A.1. A comparison of fall (a), winter (c), and summer (b, d, and e) regarding the variability 

of the depth of 26 kg·m-3 density field in the GoM (in situ hydrographic data collected in 

November 2010, July 2011, February/March 2013, August/September 2015, and June 2016).  
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Fig. A.2. The vertical distribution (first 250 m) of potential temperature (oC) and potential 

density (kg·m-3) shown for late fall 2010 (a and f), winter 2013 (b and g), and summer 2011 (c 

and h), 2015 (d and i), and 2016 (e and j). The location of the transect is shown in Figure 1c. 
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Fig. A.3. Potential temperature (Tθ)-salinity (S) diagram vs. apparent oxygen utilization (AOU) 

[μmol·kg-1] annual diagrams for February (a) and July (b) showing the newly adjusted 

thermohaline range limits proposed in this study. Data derived from the CARS-2009 database. 

Annual vertical sections (-95.5 to -86.5 ºW, 25 ºN; the section shown in Figure 1c from station C 

to E) of AOU [μmol·kg-1] and nitrate [μM] concentrations for February (c, and d) and July (e, 

and f) derived from the CARS-2009 database. The AOU and nitrate sections include the 10 

μmol·kg-1 isopycnal and 10 μM, respectively. In addition, each section includes the 25 μmol·kg-1 

isopycnal (white line), denoting the lower limit of CSW. 
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