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The non-seasonal stratification variability in the upper 400 m of the Yucatan Channel (YC) and its relationship with the Loop Current System is studied based on the analysis of long-term timescales not yet resolved in observational studies. Daily outputs from a 22-year free-running simulation performed with the HYbrid Coordinate Ocean Model were used, and the variability modes of the squared buoyancy frequency were estimated using Empirical Orthogonal Functions. Intrinsic ocean dynamics is the primary determinant of the dominant spatial and temporal variability of hydrography and dynamics in the YC. The leading mode, described by a vertical dipole at the western YC section with timescales of 1.5-7.5 years, is mainly determined by the Yucatan Current (YCu) variability. There is a strong connection between YCu dynamics, the upper YC hydrography, the Loop Current (LC) intrusion into the Gulf of Mexico, the detachment of Loop Current Eddies (LCEs), and cyclonic anomalies surrounding the LC. Intense eastward displacements of the YCu are associated with intense stratification anomalies in the western YC, the presence of cyclonic anomalies surrounding the LC southwest margin, detachments of LCEs with larger-than-average diameter, and intense LC retreat; before these eddy detachments, the LC metric values are lower than their average ones. Atmospheric forcing induces more complexity in YC dynamics and the Loop Current System; it produces a significant high-frequency signal that modifies their low-frequency behavior. The relationships found in this work could contribute to a better understanding of the upwelling development on the eastern Yucatan shelf.
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1 Introduction

The Gulf of Mexico significantly influences different physical, ecological, biogeochemical, and geological processes in the North Atlantic. Extensive research has been conducted on characterizing the mean state and variability of the hydrography and ocean circulation of the Gulf, essential for better understanding its dynamics, diversity, and productivity under actual and future conditions (Sturges et al., 2005; Jochens and DiMarco, 2008; Yoskowitz et al., 2013; Moreles et al., 2021). The main circulation pattern and source of variability in the Gulf is the Loop Current System, consisting of the Loop Current (LC), which originates in the Yucatan Channel (YC) as the Yucatan Current (YCu), and the Loop Current Eddies (LCEs) (Schmitz et al., 2005; Sturges et al., 2005; NASEM, 2018; Hamilton et al., 2019). Figure 1 shows schematic representations of the main circulation features in the eastern Gulf of Mexico and relevant physiographic characteristics.




Figure 1 | Map of the horizontal domain used to simulate the Gulf of Mexico hydrodynamics. Blue, purple, and red lines indicate the north, east, and south open boundaries. The main circulation features in the eastern Gulf and relevant physiographic characteristics are also represented. The brown line at 21.81° N indicates the transect used to analyze stratification variability across the Yucatan Channel. The pink polygon encloses the domain A1 (roughly south-limited by the 100m isobath) used to compute sea surface height anomalies. The gray contours represent the 1000, 2000, and 3000 m isobaths.



There is a strong relationship between YCu dynamics and YC hydrography (Candela et al., 2002; Ezer et al., 2003; Marín et al., 2008; Lin et al., 2009; Athie et al., 2011; Athié et al., 2012; Ramos-Musalem, 2013; Sheinbaum et al., 2016; Androulidakis et al., 2021), which significantly influences the region’s vital ecological and biogeochemical processes, e.g., the macro-nutrient and oxygen supply over the continental shelf and coral reef ecosystem (Gruber, 2011; Jacox and Edwards, 2011; Carrillo et al., 2016; Reyes-Mendoza et al., 2019; Androulidakis et al., 2021). Merino (1997), Reyes-Mendoza et al. (2016), and Jouanno et al. (2018) found that the interaction of the YCu with the Yucatan shelf establishes bottom Ekman pumping, which may contribute to the water upwelling with temperatures between 16.0-22.5°C at the northeastern tip of the Yucatan Peninsula. Enríquez and Mariño-Tapia (2014) found that the northeastward displacement of the YCu path enhances the Yucatan upwelling; Carrillo et al. (2016) related the isopycnals uplift in that region with an intensified YCu northward flow; Jouanno et al. (2018) suggested a relationship between a strengthened LC flow along the eastern Yucatan shelf and the enhancement of the Yucatan upwelling associated with higher stratification in the middle of the water column.

Relationships between the dynamics in the YC region and the Loop Current System behavior have also been explored: the structure of the YC transport and LC dynamics (Sheinbaum et al., 2002; Abascal et al., 2003; Ezer et al., 2003; Lin et al., 2009; Athié et al., 2015; Moreles et al., 2021), LC frontal eddies (Zavala-Hidalgo et al., 2003; Schmitz, 2005; Le Hénaff et al., 2012), cyclones blocking the LC (Zavala-Hidalgo et al., 2006), vorticity flux through the YC and LC dynamics (Candela et al., 2002; Oey, 2004), and relationships between YCu longitudinal displacements and LCE detachments (Ezer et al., 2003; Marín et al., 2008; Athie et al., 2011; Athié et al., 2012; Sheinbaum et al., 2016; Androulidakis et al., 2021). Roughly 90% of the water transport through the YC occurs above 400 m depth (Rousset and Beal, 2010; Candela et al., 2019), where the stratification is the strongest and has the highest variability related to the YCu flow structure. Therefore, significant relationships exist between YCu dynamics, the upper YC stratification, and the Loop Current System behavior.

Previous research has outlined meaningful relationships between YCu dynamics, upper YC hydrography, and the Loop Current System. However, these relationships need to be further investigated. Relationships obtained with simplified and theoretical models must be verified in more complex and realistic simulations or using long-term observations. An in-depth analysis of the YC stratification is still needed, which defines its long-term nature, spatial and temporal variability, relationship with YCu dynamics and the Loop Current System behavior, and causal relationships. Such an analysis is urgently needed due to the expected increase in the Gulf upper ocean stratification associated with climate change (Gruber, 2011; Yamaguchi and Suga, 2019). Exploring these processes is crucial to understanding the Loop Current System and predicting its response to climate change (Moreles et al., 2021).

This work aims to characterize the dominant non-seasonal stratification variability across the YC and its connection with YCu dynamics and the Loop Current System behavior. In order to achieve this aim, long-term free-running simulations of the Gulf hydrodynamics performed with an oceanic general circulation model were implemented to obtain statistically and physically consistent relationships between those processes. Statistical modes of variability were obtained from the buoyancy frequency squared using the Empirical Orthogonal Functions analysis. Also, analyses of different hydrographic variables across the YC and the LC metrics were conducted to identify relationships between those processes and to obtain insights into the causal relationships of the YC stratification. Simulations with incremental complexity and realism were implemented to achieve these goals: that is, the previously outlined analyses were first carried out considering only ocean dynamics and then incorporating the effects of atmospheric forcing, i.e., including mass, momentum, and energy fluxes between the ocean and the atmosphere.




2 Methods and data



2.1 The numerical simulations

In order to adequately represent the long-term statistics of the intrinsic YC stratification variability, long-term data with sufficient spatial and temporal sampling are needed. Long-term free-running simulations performed with oceanic general circulation models are valuable tools to achieve this goal, as they provide physically consistent descriptions of ocean dynamics satisfying the primitive equations. According to Morey et al. (2020), the HYbrid Coordinate Ocean Model, the Regional Ocean Modeling System, and the MIT General Circulation Model have the necessary dynamics to realistically represent and adequately describe the hydrodynamics of the Gulf of Mexico, its mean circulation, its deep circulation, and its variability.

In this study, the HYbrid Coordinate Ocean Model was used to simulate the Gulf of Mexico hydrodynamics, as it provides optimal simulation of coastal and open-ocean circulation features given its generalized hybrid vertical coordinate system (Bleck, 2002; Chassignet et al., 2007). A free-running simulation was configured with a horizontal domain of [98°W, 77°W] × [18°N, 32°N] (Figure 1), a spatial resolution of 1/25° (  3.8-4.2 km), and 41 hybrid vertical layers, which are mainly isopycnal layers in the open ocean below the mixed layer and z-layers above it. The model bathymetry is a blended product that incorporates the one from the HYbrid Coordinate Ocean Model Consortium (hycom.org), the General Bathymetric Chart of the Oceans, and observations collected during several cruises. Monthly climatology river inflow is simulated at 40 locations along the coast, no data assimilation was used, and no tidal dynamics was incorporated. The simulations were nested within the 1/12° Global Ocean Forecasting System 3.1 reanalysis GLBv0.08-53.X (HYCOM-GOFS3.1, n.d.) using monthly open boundary conditions from a climatology of 22 years (1994–2015) of the model.

Twin simulations with incremental complexity and realism were performed to help obtain an in-depth description of the analyzed processes and reveal causal relationships between them. The main characteristics of each simulation and their differences are indicated below:

	Experiment without atmospheric forcing (NoAF). It focused on stratification variability attributable to ocean conditions in the absence of atmospheric forcing, referred to in this study as “intrinsic ocean dynamics.” Thus, it did not incorporate atmospheric forcing given by energy and momentum fluxes between the ocean and the atmosphere and river inflow.

	Experiment with atmospheric forcing (AF). It expanded the analysis by considering a more realistic experiment that included atmospheric forcing. The atmospheric forcing was obtained from the Climate Forecast System Reanalysis from 1994-2015 (NCEP-CFSR, n.d.), which comprises hourly fields of 10 m wind speed, 2 m air temperature, 2 m atmospheric humidity, surface shortwave and longwave heat fluxes, surface atmospheric pressure, and precipitation. Wind stress is computed via bulk formulae during the model execution considering the speed of ocean currents.



Both experiments share the same initial conditions. They were initialized from the mean state of January 1994 of the global reanalysis, with their target densities along the vertical inherited from the global reanalysis, and they were run from 1994-2015 (22 years) to be consistent with the boundary conditions. Instantaneous daily outputs were recorded and used for the analysis.

Experiment AF is the most realistic simulation; it represents the control run and is thus the one that was validated. The validation of variables related to stratification is shown in the Supplementary Material. Olvera-Prado et al. (2022) thoroughly validated this experiment, including mean circulation and transport, the Loop Current System, and energy fields. The conjoint validation showed a good agreement between the simulation outputs and observations. The validation results provide very high confidence in obtaining accurate and credible results.




2.2 Stratification measure

As a stratification measure, the buoyancy frequency squared ( ) was considered (Gill, 1982; Jackett and McDougall, 1995),



where   is the acceleration of gravity,   is the locally referenced potential density, and   is the vertical coordinate (negative downwards from the sea surface).   measures the stability of a parcel of fluid, where the stability and instability conditions are given by positive and negative values of  , respectively. This variable was computed along a latitudinal transect across the YC at 21.81°N, which was selected to represent the variability and dynamics at the YC (brown line in Figure 1). The SeaWater library of EOS-80 seawater properties (Morgan and CSIRO, 1994; Jackett and McDougall, 1995) was used to compute   from daily model outputs of temperature and salinity fields. Daily   profiles were obtained in the upper 400 m (from 5 to 395 m depth), with a vertical resolution of 10 m and longitudinally interpolated every 0.02°.

In order to reduce small-scale spatial variations in  , each   profile was smoothed using a low-pass Lanczos filter with a cut-off frequency of 1/3 and 3 weights. The variability analysis focuses on the mesoscale, i.e., ocean signals with horizontal scales of 50-500 km and time scales of 10-100 days (CTOH, 2013). Therefore, the   time series were time-filtered using a low-pass Lanczos filter with a 45-day cut-off period and 61 weights; this filter will be called the mesoscale temporal filter.




2.3 Analysis of stratification variability and description of the Loop Current System

The YC stratification variability was analyzed from the   field using the Empirical Orthogonal Functions (EOFs) technique. This technique derives the dominant patterns of variability from a field, characterizing its state in terms of statistical modes of variability, which contain a fraction of the total variance of the data. Each mode is represented by a spatial pattern and its evolution time series or principal component (PC) (Storch and Zwiers, 1999). The trend and annual cycle were removed from the   field, its corresponding covariance matrix was constructed, and its variability modes were obtained. Results refer to the upper section of the YC, calculated at the latitudinal transect shown in Figure 1, and do not necessarily reflect the whole dynamics in the YC.

The proportion of the total variance of the data explained by a particular mode is represented by its proportion of explained variance, given by



where   is the original data and   is its reconstruction using a particular mode. The regions with a large proportion of explained variance are the most significant in describing the associated spatial patterns.

The description and time monitoring of the Loop Current System were addressed using the LC metrics proposed by Hamilton et al. (2000), who used a specific contour of the sea surface height as a proxy for the LC location. From the location of the LC, its metrics can be calculated: its northernmost latitude (LCNL), westernmost longitude (LCWL), length (LCL), and area (LCA). By plotting the LC metrics as time series, the LC intrusion is identified by a sustained increase in the time series, whereas the LCE detachment events are identified with the local minima in the series after an extended LC intrusion. Then, the LCE metrics can be calculated: the shedding period (LCEP) and diameter (LCED) of the LCEs and the LC retreat latitude (LCRL), i.e., the LC northernmost latitude after the LCE detachment.

The LCE detachment events with and without reattachments to the mean LC flow were identified; the LCE detachments not followed by a reattachment to the mean LC flow were called LCE separations. The relationship between the YC stratification variability and LC evolution was examined by comparing the resulting PC time series and LC metrics.





3 Results



3.1 Spatial variability of stratification in the Yucatan Channel

The primary mechanism that forces the YC stratification variability is the transport through the YC, mainly determined by the YCu. YCu dynamics is a crucial determinant of the vertical and horizontal hydrographic structure on the eastern coast of the Yucatan Peninsula (Enríquez and Mariño-Tapia, 2014; Carrillo et al., 2016; Reyes-Jiménez et al., 2023). Geostrophic balance arguments allow outline relationships between the zonal position of the YCu core (YCuZP), YCu transport, sea surface slope, and uplifting of isotherms (Athie et al., 2011; Athié et al., 2012; Athié et al., 2015). Since the structure of the meridional velocity through the YC strongly influences the YC stratification, a description of the spatial variability of the meridional velocity through the YC is first presented (Figure 2) and then referred to when describing the EOFs of   (Figure 3). By contrasting the results for experiments NoAF and AF, it is possible to evaluate the influence of atmospheric forcing on different oceanic processes in the YC.




Figure 2 | Monthly climatology of meridional velocity through the Yucatan Channel for experiments NoAF and AF. The velocity amplitude is represented in color scale, where red and blue represent northward and southward velocity, respectively. Yellow contours indicate the isotachs of -0.2, 0.0, 0.6, and 1.2 m/s.






Figure 3 | Spatial patterns of the first three EOFs of   for experiments NoAF (A–C) and AF (D–F). The pattern amplitude is represented in color scale, and yellow contours represent its proportion of explained variance.



Figure 2 shows a monthly climatology of meridional velocity through the YC for experiments NoAF and AF, considering the 22 years of simulation. The velocity amplitude is represented in color scale, with red and blue representing northward and southward velocity, respectively, whereas yellow contours indicate specific isotachs. For both experiments, two main velocity structures are identified. The first is a very intense northward current in the western YC, associated with the YCu, which is very persistent throughout the year. The second is a less intense southward current near Cuba, present all year round.

For experiment NoAF (panels of the first column in Figure 2), the variations in the velocity structures are mainly associated with the YCu; thus, the dominant variability is located in the western YC and is the following:

	1. The YCu core, delimited by the 0.6 m/s isotach (Athie et al., 2011), extends horizontally from the middle YC (around 85.7°W) to the Yucatan slope and extends vertically from the surface to about 300 m depth, reducing its width with depth. In spring, the YCu core has its minimum width, reaching up to 85.78°W on the surface, and reaches its maximum depth of about 360 m. As the year progresses, its horizontal extension slightly increases, and its vertical extension decreases, reaching its minimum depth of just 300 m in winter.

	2. The structure of the southward current near Cuba is very persistent, without appreciable variations throughout the year. It is confined east of 85.4°W mainly in the upper 180 m of the water column, with intensities of about 0.2 m/s.



For experiment AF (panels of the second column in Figure 2), in contrast to experiment NoAF (panels of the first column in Figure 2), the YCu core reaches greater depths, and the southward current near Cuba exhibits significant variations throughout the year. The inclusion of atmospheric forcing modified the YCu with a non-seasonal behavior and established a seasonal variation of the southward current near Cuba. The variations in the velocity structures are the following:

	1. In winter, the horizontal and vertical extension of the YCu core is the minimum, reaching up to 85.8°W on the surface and 350 m in depth. In spring, the YCu core increases its horizontal extension and reaches its maximum depth of more than 400 m. During summer, the YCu core reaches its maximum horizontal extension and slightly decreases its depth to about 400 m. In fall, the YCu core starts decreasing its horizontal extension and continues decreasing its vertical extension until reaching their minima in winter.

	2. The southward current near Cuba is confined east of 85.4°W as in experiment NOAF, but with a vertical extension strongly varying throughout the year. During winter, the current is feeble and extends from 50-150 m depth. It intensifies during spring, reaching its maximum vertical extension from 0-250 m depth. During summer and fall, it weakens and reduces its vertical extension until reaching their minima in winter.



Now, the most important variability modes of   are analyzed. Table 1 shows the contained variance in the first three modes, which constitute a non-degenerate set according to the rule of thumb of North et al. (1982).

	• For experiment NoAF, a high percentage of the variance of   is contained in the first mode (54%), representing the dominant variability of YC upper stratification. The high variance contained in the first mode evidences the YC upper stratification as a discernible mechanism, with most of the processes involved in its dynamics encompassing a single mode of variability. Results suggest that the stratification variability determined by ocean dynamics is non-complex and easy to describe. Hence, it is possible to associate the principal mode of variability with relevant physical processes, like the LC.

	• When including atmospheric forcing, the stratification variance is distributed in a larger number of modes. Even three modes of experiment AF are not enough to gather the contained variance in the principal mode of experiment NoAF. Atmospheric forcing adds relevance to the higher-order modes and produces a more complex stratification variability, making it more difficult to associate physical processes with the resulting variability.




Table 1 | Percentage of the total variance contained in the first three modes of   for experiments NoAF and AF.



The spatial patterns of the EOFs of   (Figure 3) are expected to identify the regions with high variability in the meridional velocity (Figure 2). Figure 3 shows the spatial patterns of the first three modes of   for experiments NoAF and AF, in which the pattern amplitude is represented in color scale, and yellow contours represent its proportion of explained variance. The spatial patterns are described below:

	1. The spatial pattern of the first mode in experiment NoAF (Figure 3A) consists of a well-defined structure of two anomalies with opposite signs at the western region, in the upper 250 m: an upper positive anomaly (the red-colored region) ranging from near the surface over the Yucatan slope to around 100 m depth at 85.5°W, and a lower negative one (the blue-colored region) extending from 50 m depth at 86.5°W to around 200 m depth at 85.5°W.

	2. In experiment AF, the same bipolar spatial pattern occurs in the first mode but with a lower horizontal extension (Figure 3D).

	3. In experiment NoAF, the spatial variability of modes 2 and 3 (Figures 3B, C) is located in the western YC and displays characteristics similar to mode 1. However, the regions with a large proportion of explained variance are small.

	4. In contrast to experiment NoAF, the higher-order variability patterns are drastically modified in experiment AF when adding atmospheric forcing. Mode 2 mainly describes the variability of a positive anomaly in the western YC between 15 m depth and the Yucatan shelf (Figure 3E). Mode 3 shows high variability in the eastern YC (Figure 3F); it represents a bipolar anomaly consisting of an upper positive anomaly between 60 and 120 m depth and a lower negative one between 130 and 210 m depth. Variations in the intensity and extension of the southward current near Cuba (panels of the second column in Figure 2) may account for this variability. However, due to the small contained variance in Mode 3 in experiment AF (Figure 3F), its association with observed hydrodynamics variability in the eastern region must be addressed cautiously.



Since the high variance contained in the first mode for experiments NoAF and AF (Table 1) and their similitude (Figures 3A, D), these patterns are suggested to represent the fundamental and dominant variability of the YC stratification without and with atmospheric forcing. These results add to the evidence supporting YCu dynamics, specifically the variations in the YCu core, as the mechanism determining the dominant variability of the YC stratification.




3.2 Dominant variability of stratification and hydrography in the Yucatan Channel

This subsection analyzes, for experiments NoAF and AF, the timescales and relationships between the following processes:

	1. The dominant variability of the YC stratification described by the principal component of the first mode (PC1).

	2. The YCu core’s behavior. This is described by the time series of YCuZP, calculated as the longitude where the vertical average of the meridional velocity from the surface to 130 m depth along the computing transect reaches its maximum value. Similar to the processing of the   data, the annual cycle was removed from this series, and the resulting anomalies were time-filtered using the mesoscale temporal filter. Figures 4A, F show the time series of PC1 and YCuZP.

	3. The western YC hydrography. This was analyzed through Hovmuller diagrams of velocity and temperature at specific depths and longitudes across the YC. As illustrative cases, the meridional (Figures 4B, G) and zonal (Figures 4C, H) velocity components at 60 m depth and the temperature above the Yucatan slope at 86.42°W (Figures 4D, I) were calculated. To fully appreciate the physical characteristics of these fields, they are shown without the annual cycle removed in the Hovmuller diagrams but with the corresponding mesoscale temporal filtering.






Figure 4 | (A) Time series of the first principal component (PC1) and anomalies of the zonal position of the YCu core (YCuZP) for experiment NoAF, with the +YCuZP events pink-shaded. (F) Same as figure A for experiment AF. (B) Hovmuller diagram of meridional velocity at 60 m depth across the YC, highlighting the 0.6 m/s isotachs for experiment NoAF. (G) Same as figure B for experiment AF. (C) Hovmuller diagram of zonal velocity at 60 m depth across the YC for experiment NoAF. (H) Same as figure C for experiment AF. (D) Hovmuller diagram of temperature at 86.42°W across the YC, highlighting the 22.0 and 25.5°C-isotherms (black lines) and their corresponding mean depth (blue lines) for experiment NoAF. (I) Same as figure D for experiment AF. (E) Power spectral density (PSD) of the anomalies of: PC1, YCuZP, depth of 25.5°C-isotherm (25.5ID), LC northernmost latitude (LCNL), and SSHmin, for experiment NoAF. (J) Same as figure E for experiment AF.



The dominant variability of the YC stratification shows notable differences when considering intrinsic oceanic dynamics and when considering the effects of incorporating atmospheric forcing:

	• In experiment NoAF, the PC1 (Figure 4A) shows interannual variability. It remains negative and close to zero most of the time, corresponding to a negative and weak phase of the spatial stratification pattern in the western YC (Figure 3A). Most of the time, there are weak stratification anomalies: negative ones at the upper 100 m and positive ones between 50 and 200 m depth. At irregular time intervals, an intense positive signal in PC1 stands out. This signal characterizes intense stratification anomalies in the western YC: positive ones at the upper 100 m and negative ones between 50 and 200 m depth.

	• The PC1 in experiment AF (Figure 4F) shows interannual variability and a strong high-frequency signal. PC1 exhibits high positive values at irregular intervals, in which the spatial pattern of stratification in the western YC is very similar in both experiments: intense positive stratification anomalies at the upper 100 m and negative ones between 50 and 200 m depth. The PC1 oscillates rapidly around zero, and consequently, the associated spatial pattern of stratification changes rapidly over time (Figure 3D); there is no preferred stratification state, as there is when only intrinsic ocean dynamics is considered.



A crucial dynamical factor in YC dynamics is the YCu core displacement (represented by YCuZP), which has very different behavior in experiments NoAF and AF:

	• In both experiments, the YCu core is confined between the same longitudes; its west and east limits are located around 86.5°W and 85.8°W, respectively. In experiment NoAF (Figure 4B), west and east limits displace eastward consistently, producing intense eastward displacements of up to 0.4°W.

	• In experiment AF (Figure 4G), the west limit displaces eastward, but the east limit displaces both westward and eastward. In some periods, such displacements are inconsistent, reducing the width and overall eastward displacements of the YCu core, with maximum displacements of about 0.1°W. Atmospheric forcing induces complex mass counterflows at the eastern YC (Figure 2), resulting in a non-corresponding behavior of the west and east limits of the YCu core (Figures 4B, G).

	• The duration of the eastward displacements of the YCu core is also affected when including atmospheric forcing. In experiment NoAF, the displacements can last almost a year (Figures 4A–C), whereas, in experiment AF, the displacements are not maintained beyond a few months (Figures 4F–H).



There is a clear connection between YCuZP and PC1; in general, increments in YCuZP are concurrent with increments in PC1 (Figures 4A, F). The events of noticeable eastward displacements of the YCu core were identified by periods with YCuZP values above the 90th percentile lasting 25 or more days. These events will be referred to as the +YCuZP events (pink-shaded periods in Figures 4A, F); they occurred in 1994, 1996, 2001, 2004, and 2008 in experiment NoAF, and in 1994, late 1997, 1998, 1999, 2002, 2003, 2004, 2010, and late 2013 in experiment AF. The characteristics of the +YCuZP events are mainly associated with the YCu core behavior, as described above. Compared to experiment NoAF, in experiment AF, there are more +YCuZP events with shorter occurrence periods, shorter duration, and lower intensity.

The eastward displacements of the YCu core and the YC stratification variability are also connected with YC hydrography. Figures 4D, I show, for both experiments, a Hovmuller diagram of temperature at 86.42°W across the YC (above the Yucatan slope), highlighting the 22.0 and 25.5°C-isotherms with black lines. In both experiments, the depth of the isotherm shows interannual variability, with an emphasized seasonal behavior in experiment AF caused by the seasonal air-sea fluxes as was shown by Jouanno et al. (2018).

	• The 22.0°C and 25.5°C-isotherms’ depth in experiment NoAF significantly rises during the +YCuZP events (Figure 4D), with amplitude variations of 5-70 m and 20-100 m, respectively.

	• In experiment AF, the 22.0°C and 25.5°C-isotherms are deeper and exhibit higher vertical variations than in experiment NoAF (Figure 4I). The 25.5°C-isotherm has variations from 10 to 80 m, whereas the 22.0°C-isotherm has variations from 60 to 125 m. The larger vertical extent of the YCu core (panels of the second column in Figure 2) may be associated with the lower vertical position of the isotherms in experiment AF. Rises of the isotherms are concurrent with the most intense or long-lasting +YCuZP events. Results indicate a strong connection between these three phenomena in the YC.



Figure 5 shows two standard similarity measures, the root mean square similarity and Pearson’s correlation (Cassisi et al., 2012), between different variables associated with the processes of interest, where 1 indicates the maximum similarity. This figure evinces the close connection between the processes described above. The similarity between PC1, YCuZP, and 25.5ID is very high for experiment NoAF, with mean values of 0.76 and 0.94 for the root mean square similarity and Pearson’s correlation, respectively. For experiment AF, the similarity is slightly lower due to the complex interactions induced by atmospheric forcing, with mean values of 0.56 and 0.69 for the root mean square similarity and Pearson’s correlation, respectively. The similarity measures give a rough estimation of the relative importance of atmospheric forcing on the connection between the eastward displacements of the YCu core and the stratification and hydrography at the upper YC. The similarity analysis also included LCNL and SSHmin, but their description is addressed in section 3.3.




Figure 5 | Similarity measures between different variables of interest for experiments NoAF and AF. All the time series are standardized anomalies except PC1. The time series 25.5ID, LCNL, and SSHmin were multiplied by -1 to calculate the similarity measures.



Finally, the temporal variability of these processes was also analyzed in the frequency domain through their spectra (Figures 4E, J), which were estimated using a multitaper approach with the annual cycle removed from the 22-year time series.

	• When isolating intrinsic ocean dynamics (experiment NoAF), the dominant variability of the YC stratification (PC1), the YCu core’s behavior (YCuZP), and the western YC hydrography (25.5ID) exhibit the same spectral variance characteristics; they share the same temporal behavior. None of these processes have evident periodicity. They mainly vary over long timescales, with negligible short-term variations. Most of their spectral variance is concentrated in the 1.5-7.5 years period band, with relative maxima at about 2.2 and 3.5 years; the high spectral variance content in this period band is associated with the interannual period between the +YCuZP events. The high similarity between the spectral variance content of these processes indicates that their time persistence is very similar. Since the YCu is the primary mechanism determining the stratification and hydrography in the YC, it is suggested that the observed 1.5-7.5 year variability in the dominant stratification variability and western YC hydrography has its origin in YCu dynamics, specifically in the variation, location, and displacements of the YCu core.

	• In general, including atmospheric forcing (experiment AF) preserves the dominant spectral variance content in the 1.5-7.5 years period band of experiment NoAF. However, as expected, atmospheric forcing modifies the dynamics in a rich and complex manner, resulting in the appearance of high-frequency signals. The high spectral variance content in the 1.5-7.5 years period band is similar and clearly identifiable in the YC stratification and the western YC temperature, regardless they now exhibit short-term variations mainly in periods shorter than five months. On the other hand, variations longer than three years are now de-emphasized in the YCu core’s behavior, and variations shorter than one year are significant. The connection between these processes is still appreciable, but modifications in YCu dynamics by including atmospheric forcing weaken such connection in the long-term, and complex dynamics appears on shorter time scales.






3.3 Stratification and circulation in the Yucatan Channel and the Loop Current System



3.3.1 Relationships between the Yucatan Current and the Loop Current

This subsection explores the conjoint variability of the YCu core’s dynamics, the YC western section hydrography, and the Loop Current System behavior. The aim is to provide robust relationships between these phenomena and gain insights into possible mechanisms of transmission of information between them, specifically during the +YCuZP events. A thorough analysis of the dynamical mechanisms of the LC and the formation and detachment of LCEs (causal relationships) is proposed for future research.

In order to explore those relationships, a Hovmuller diagram of YCuZP from 21.0°N to 22.5°N (Figures 6A, D), time series of PC1 and LCNL (Figures 6B, E), and an area chart of SSHmin (Figures 6C, F) were calculated for both experiments. SSHmin represents the minimum of sea surface height (SSH) anomaly in the domain A1 (see Figure 1); in this series, the annual cycle was removed, and the mesoscale temporal filter was applied. In Figure 6, the +YCuZP events are pink-shaded, and vertical dashed lines indicate LCE separations. This figure shows an appreciable correspondence between YCuZP, PC1, and LCNL for the entire simulation period in experiment NoAF; in experiment AF, the correspondence is less appreciable for the entire simulation period but clearly appreciable during the +YCuZP events (see also Figures 4, 5).




Figure 6 | (A) Hovmuller diagram of YCuZP from 21.0°N and 22.5°N, (B) time series of PC1 and LCNL, and (C) area chart of SSHmin in domain A1 for experiment NoAF. (D–F) Same as figures (A–C) but for  experiment AF. In panels (A, D), the horizontal black line is at 21.81°N, where the EOF analysis of stratification was performed. The +YCuZP events are pink-shaded, and vertical dashed lines indicate LCE separations.



During the +YCuZP events in experiment NoAF, the YCu core experiences intense eastward displacements beyond 85.9°W in its northern section at 22.5°N and moderate ones in its southern section at 21°N (Figure 6A). In contrast, the YCu is more north-south oriented in experiment AF, with moderate displacements in its northern section and null ones in its southern section (Figure 6D), only reaching 86.0°W for a short period in 1998, late 2003, and 2010. During the +YCuZP events, in both experiments, there is a concurrence of intense eastward displacements of the YCu (Figures 6A, D), intense stratification anomalies in the western YC section (positive ones at the upper 100 m and negative ones between 50 and 200 m depth) (Figures 6B, E), detachments of big LCEs, and intense LC retreat (Figures 6C, F). The concurrence between these processes also occurs in some LCE detachment events not identified as +YCuZP, characterized by a weak or short-lasting (  25 days) eastward displacement of the YCu core. Such events occurred in 1995, 1998, 2003, 2012, 2013, and 2014 in experiment NoAF, and in 1995, 1996, 2000, 2005, and 2011 in experiment AF.

The above relationships between the YCu core behavior, YC hydrography, and the Loop Current System behavior can be readily appreciable by observing the oceanic conditions before and during a +YCuZP event. These conditions are typical for all the +YCuZP events in experiments NoAF and AF but atypical for the overall system behavior, and they appear associated with specific mechanisms in the YC and inside the Gulf of Mexico. Figure 7 shows the oceanic conditions before and during the +YCuZP event of 1996 for experiment NoAF. Previous conditions display the YCu core very close to the Yucatan eastern shelf at the YC section (Figure 7A), isotherms lowered above the Yucatan slope (Figure 7B), the maximum stratification located to the east of the Yucatan slope where the isotherms are squeezed (Figure 7C), and a northwestward extended LC (Figure 7D). During the +YCuZP event, the YCu core displaces away from the Yucatan eastern shelf (Figure 7E), isotherms are uplifted above the Yucatan slope (Figure 7F), the maximum of stratification is located above 100 m depth where the isotherms are squeezed when uplifted (Figure 7G), the YCu path deviates northeastward, and a big LCE detaches (Figure 7H). After the detachment, the YCu core displaces westward, the isotherms descend, and the stratification maximum descends above the Yucatan slope. An animation of this +YCuZP event is provided in the Supplementary Material. A similar figure and animation corresponding to the +YCuZP event of 2003 in experiment AF are also included in the Supplementary Material.




Figure 7 | Instantaneous daily fields of the state of the ocean before (panels A–D) and during (panels E–H) the +YCuZP event of 1996 (days 64 and 140) in experiment NoAF. Vertical sections of (A, E) meridional velocity, (B, F) temperature, and (C, G)   in the upper 400 m along a latitudinal transect across the YC at 21.81°N. (D, H) Sea surface height and surface velocity field in the eastern Gulf of Mexico.



Now that the results regarding LCNL and SSHmin have been presented, the similarity and spectral analyses shown in Figures 4 and 5 can be concluded. For both experiments, there is a high similarity between PC1, YCuZP, 25.5ID, LCNL, and SSHmin (Figures 4–6), with a prevalent 1.5-7.5 year variability among them (Figures 4E, J). However, the variability of LCNL and SSHmin exhibits important differences concerning the remaining variables. The spectral variance of LCNL is similar to that of PC1, YCuZP, and 25.5ID for experiment NoAF, with most of it contained in the 1.5-7.5 years period band but not as high as for the other variables (Figure 4E). By including atmospheric forcing (experiment AF), the low-frequency signal is preserved in LCNL, but it includes high-frequency energy in periods below five months and in the periods previously mentioned for the other processes (Figure 4J). The spectral variance of SSHmin is not concentrated in the 1.5-7.5 years period band (Figures 4E, J). Most of its spectral variance is contained in the 1.5-2.5 years period band for both experiments, with the addition of high-frequency energy in periods below seven months for experiment AF.

Additional characteristics in the Loop Current System behavior were identified for the two experiments. Figure 8 shows the LC metric values on the day before each LCE detachment and the LCE metric values on the detachment day for all the LCE detachment events. The gray lines correspond to all LCE detachments, the red lines correspond to the +YCuZP events, and the blue line represents the mean values of all the LCE detachments, which are:

	• Experiment NoAF. LCNL, 27.62°N; LCWL, 89.78°W; LCL, 2127 km; LCA, 1.96 x 105 km2; LCRL, 25.15°N; LCED, 350 km.

	• Experiment AF. LCNL, 27.75°N; LCWL, 89.82°W; LCL, 2104 km; LCA, 1.88 x 105 km2; LCRL, 25.14°N; LCED, 336 km.






Figure 8 | LC metric values on the day before LCE detachments and the LCE metrics on the day of LCE detachments for experiments (A) NoAF and (B) AF. The gray lines correspond to all LCE detachments, the red lines correspond to the +YCuZP events, and the blue line represents the mean values of all the LCE detachments. Abbreviations: LCNL, LC northernmost latitude; LCWL, LC westernmost longitude; LCL, LC length; LCA, LC area; LCRL, LC retreat latitude; LCED, LCE diameter.



The percentage differences in the LC and LCE metrics of experiment AF relative to experiment NoAF are less than 1% for LCNL, LCWL, LCL, and LCRL, whereas the percentage differences are 4% for LCA and LCED. By including atmospheric forcing, LCE activity increased from 95 detachments with 36 separations in experiment NoAF to 110 detachments with 37 separations in experiment AF. On average, the LC reaches higher latitudes in experiment AF than in experiment NoAF, whereas the average LCRL is very similar in both experiments; however, the LCED is not bigger in experiment AF than in experiment NoAF.

Similar conditions characterize the LCE detachments during the +YCuZP events in both experiments. Before a LCE detachment, the LC metric values are lower than their average ones; when the LCE detaches, LCRL is lower, and LCED is higher than their average values (Figure 8). After the LCE detachments in all the +YCuZP events, three scenarios are possible:

	1. The detached LCE re-attaches to the main LC flow, and the +YCuZP event ends. Events occurred in 2004 in experiment NoAF, and in early 1994, late 1997, early 2003, 2004, and 2013 in experiment AF.

	2. The LCE detachment is followed by a sequence of one or more reattachments and detachments, ending in a LCE separation; all of these detachments are associated with the same event of YCu eastward displacement. Events occurred in 1996, 2001, and 2008 in experiment NoAF, and in mid-1994, 1999, and mid-2002 in experiment AF.

	3. The detached LCE does not reincorporate into the LC, representing a LCE separation. Events occurred in 1994 in experiment NoAF, and in late 1998, late 2003, and 2010 in experiment AF.






3.3.2 Yucatan Current dynamics, the Loop Current, and peripheral cyclonic anomalies

The relationships identified between YCu dynamics, the upper YC hydrography, the Loop Current System behavior, and cyclonic anomalies surrounding the LC suggest the existence of underlying physical mechanisms playing significant roles in transmitting information between YCu dynamics and the LC behavior. Interactions of the LC with peripheral cyclonic anomalies at its west margin are a potential underlying mechanism influencing the LC intrusion, YCu path deviation, and LCE detachment (Zavala-Hidalgo et al., 2002; Zavala-Hidalgo et al., 2003; Schmitz et al., 2005; Chérubin et al., 2006; Zavala-Hidalgo et al., 2006; Athié et al., 2012; Le Hénaff et al., 2012; Garcia-Jove et al., 2016; Jouanno et al., 2016; Sheinbaum et al., 2016).

The role of peripheral cyclonic anomalies on the relationship between YCu dynamics and the LC behavior, focusing on the +YCuZP events, was explored through the evolution of SSH and surface velocity fields in the eastern Gulf of Mexico. The area charts of SSHmin in Figures 6C, F show that the occurrence of the +YCuZP events is associated with the presence of cyclonic anomalies surrounding the LC southwest margin (with high negative values of SSHmin), which usually precede or coincide with a LCE detachment. The influence of peripheral cyclonic anomalies on YCu dynamics and the LC behavior is readily appreciable in the overall variability of experiment NoAF and less appreciable in experiment AF. Nonetheless, due to the dynamical correspondence between the dominant variability in experiments NoAF and AF, the influence of this mechanism is expected to operate similarly without and with atmospheric forcing.

A thorough analysis of the evolution of the cyclonic anomalies surrounding the LC during the +YCuZP events revealed the general behavior of this mechanism:

	1. When the LC has a substantial northward intrusion, two cyclonic anomalies of varying intensity appear surrounding the LC, one at the northeastern Yucatan shelf and the other at the eastern margin of the LC (Figures 9A, D). The anomaly in the west is described by the negative values of SSHmin in the area charts of Figures 6C, F.

	2. The YCu displaces eastward; the more intense the YCu displacement in its northern section, the stronger the resulting curvature on the LC west margin and the development of an LC necking. Then, both cyclonic anomalies squeeze the LC, and a LCE detachment is induced (Figures 9B, E).

	3. The resulting LCE detachment may be followed by a sequence of one or more reattachment-detachments and a final eddy separation, in which the cyclonic anomalies surrounding the LC evolve to either merge or weaken separately (Figures 9C, F). Additional cyclonic anomalies at the southwestern and eastern margins of the LC participate in the following LCE detachments and separation.






Figure 9 | SSH and surface velocity fields in the eastern Gulf of Mexico, showing three main stages during the +YCuZP events of (A–C) 1996 in experiment NoAF, (D–F) 2003 in experiment AF, (G–I) 1998 in experiment AF, and (J-L) 2014 in experiment NoAF. The mean was removed from the SSH field to reduce the bias associated with seasonal height variations due to upper-ocean warming and cooling.



In some +YCuZP events, particular behavior of the YCu and LC is observed for those long-lasting events that occurred in 1994, 1996, 2001, and 2008 in experiment NoAF; and for those that occurred in late 1998, late 2003, and 2010 in experiment AF:

	1. Following a LCE separation, the LC remains retracted for several months, reaching its minimum northernmost latitude: 24.06°N in experiment NoAF and 24.00°N in experiment AF.

	2. During the retracted phase of the LC, the YCu path remains northeastward-oriented, with the isotherms uplifted above the Yucatan slope and the associated high stratification anomaly at the western YC section above 100 m depth (Figures 4, 6). Such behavior, more intense in experiment NoAF than in experiment AF, coincides with the prolonged presence of an intense cyclonic anomaly north of the LC blocking its intrusion into the Gulf (Figures 9C, F). This cyclonic anomaly resulted from merging the cyclonic anomalies surrounding the LC that led to the LCE separation (Figures 9A, B, D, E).

	3. The subsequent gradual LC intrusion coincides with the westward displacement of the YCu core, the lowering of the isotherms above the Yucatan slope, and a weak negative stratification anomaly at the western YC section above 100 m depth (Figures 4, 6).

	4. The prolonged LC retraction and gradual northward intrusion led to an extended detachment period (342-462 days in experiment NoAF and 184-303 days in experiment AF) of the subsequent LCE, which is longer than the average period of all detachments (84 days in experiment NoAF and 73 days in experiment AF).

	5. During the event of 1998 in experiment AF, no intense cyclonic formations at the southwestern margin of the LC were observed (Figures 9G–I). The LCE separation was mainly associated with a cyclonic anomaly north of the LC, fed by a set of cyclonic anomalies from the northeastern Yucatan shelf that traveled around the LC.



Also, a significant behavior was identified for the events of weak or short-lasting (< 25 days) YCu eastward displacement, previously mentioned in subsection 3.3.1. Compared to the +YCuZP events, in those events, LCE detachments usually coincide with a weaker cyclonic anomaly at the southwestern margin of the LC and (or) a LC necking occurring in a higher latitude. In these events, the LC necking is insufficient to induce a LCE detachment, and the southwestern cyclonic anomaly displaces northwestward, preventing an intense YCu eastward displacement. The 2014 event in experiment NoAF (Figures 9J–L) exemplifies this mechanism. During the LCE detachment, the YCu core is slightly eastward displaced with a weak and loosely organized cyclonic anomaly at the northeastern Yucatan shelf, associated with a slight increase in the PC1 series (Figures 6A–C).

Results suggest that peripheral cyclonic anomalies and their interaction with the LC relate to YCu dynamics, the upper YC hydrography, and the Loop Current System behavior. Intense and well-organized cyclonic anomalies at the northeastern Yucatan shelf are associated with the isotherms’ uplift above the Yucatan shelf’s eastern slope, a stratification increase above 100 m depth at the western YC section, specific conditions of LC intrusion prior to the detachment of a big LCE, and an intense LC retreat. Absent or weak cyclonic anomalies deviate the system from this behavior.






4 Discussion

This work identified and described the most important non-seasonal spatial and temporal variability patterns of the YC upper stratification, considering long-term timescales not yet addressed by observational analyses. This study also revealed significant characteristics of the upper YC hydrography, YCu dynamics, the Loop Current System behavior, the cyclonic anomalies surrounding the LC, and the relationships between them.

Implementing twin simulations of the Gulf of Mexico hydrodynamics, without and with atmospheric forcing, allowed us to evaluate the effect of atmospheric forcing on different oceanic processes in the YC and the Gulf interior associated with the LC behavior. Atmospheric forcing excited additional eigenmodes of ocean dynamics associated with higher variability of the upper flow at the eastern YC, originating in the ocean-atmosphere interaction (Hasselmann, 1976; Grötzner et al., 1999). Consequently, it is impossible to easily track the resulting oceanic variability in terms of atmospheric variability and to a priori identify the resulting oceanic spectral variance. Compared to the variability only associated with ocean dynamics, atmospheric forcing induces a more complex behavior of YC dynamics and the Loop Current System. It produces a significant high-frequency signal and modifies the low-frequency behavior of those phenomena, which in the middle and long term means a more complex behavior of them and probably a reduction in their predictability. This result is consistent with previous ones that showed that simple models show more predictability of the LC (e.g., Moreles et al. (2021)) and that more complex models exhibit an increased variability.

Atmospheric forcing induces variability in periods around 8-15 months on YCuZP, with consistent spectral variance on period bands of 4.5-5.5 and 6-8 months; these periods are close to those of 5.6, 8.4 and 11.2 months found by Ezer et al. (2003) for the YCu flow position from 4-year model results. The findings of Jouanno et al. (2018) of high spectral variance around period bands of 180-365 and 60-100 days on Yucatan upwelling variability are supported by our results, with the addition that this variability is strongly related to that of YCuZP. Atmospheric forcing also induces interannual variability and high-frequency signal with periods shorter than five months in the LC behavior, which has been previously studied. Sheinbaum et al. (2016) found intense low-frequency (40-100 days) eddy kinetic energy peaks along the water column associated with LCE detachments. Donohue et al. (2016) found that SSH variability associated with LC’s northern front is dominated by LC advance and retreat, with most of its variance in periods longer than 100 days; at higher frequencies, most of the contained variance is found at the band of 40-100 days, with peaks during LCE events, and confined eastward of the Mississippi Fan. Atmospheric forcing has a small influence on the temperature and salinity of the water masses of the YCu, due to the relatively short time (around three days) that it takes a water mass in the YCu to move while the YCu flows along the Northwestern Caribbean Sea.

Since atmospheric forcing mainly modifies the higher-order variability modes of YC stratification and has a moderate effect on YC dynamics, results suggest that ocean dynamics is the primary determinant of the dominant spatial and temporal variability of the hydrography and dynamics in the YC. By isolating intrinsic ocean dynamics, an evident dominant mode of YC stratification variability arose, very similar to the dominant one when including atmospheric forcing. The dominant modes have an associated spatial pattern describing a dipole in the western YC, with most of their spectral variance concentrated in the 1.5-7.5 years period band, which originates in the variation, location, and displacements of the YCu core. The findings of this work complement previous ones that showed that the YCu is the dominant source of YC dynamics variability (Ezer et al., 2003; Marín et al., 2008; Athie et al., 2011; Sheinbaum et al., 2016) and that of Carrillo et al. (2016) who found that the YCu determines the spatial distribution of thermohaline properties in the northeastern tip of the Yucatan Peninsula.

The relationship between the eastward displacement of the YCu path and the isotherms’ uplifting at the upper western YC, previously found by Enríquez and Mariño-Tapia (2014), was corroborated in this study, showing it is a recurrent pattern that could be related to the cold nutrient-rich water upwelling at Yucatan northeastern coast (Enríquez and Mariño-Tapia, 2014; Carrillo et al., 2016; Reyes-Mendoza et al., 2016; Jouanno et al., 2018). The upper stratification at the western YC, the zonal position of the YCu core, and the vertical thermal structure above the Yucatan slope evolve in the same low-frequency timescales; the connection between them is strong without and with atmospheric forcing. Our work can contribute to a better understanding of the upwelling development on the eastern Yucatan shelf, which has significant dynamical and biological implications for the region (Merino, 1997; Abascal et al., 2003; Carrillo et al., 2016; Jouanno et al., 2018; Reyes-Jiménez et al., 2023). Studies of upper stratification are especially relevant in describing and forecasting mixing processes, oxygen and nutrient supply in the upper ocean, ocean uptake of greenhouse gasses, and local primary productivity (Gruber, 2011; Jacox and Edwards, 2011). Since regional ocean circulation is of primary importance in the variability of YC upper stratification, long-term studies are needed to evaluate the effects that changes in YC dynamics, such as the expected 20-25% reduction of YCu transport during the 21st century (Liu et al., 2012; Moreles et al., 2021), could have on the stratification and the consequent ecological and biogeochemical impact in the region.

Using observations from the 2003-2015 period, Varela et al. (2018) found an eastward trend of the YCu zonal position relative to the 1993-2003 period, probably associated with a cooling trend of the sea surface temperatures in the Yucatan shelf’s north coast during 1982-2015. Since our simulations were forced by climatological boundary conditions, we do not expect to see this eastward tendency. Our results indicate that eastward displacements of the YCu are an intrinsic part of its variability. If the YCu transport structure is maintained over time at its climatological values, neither a long-term eastward trend in its zonal position nor a cooling trend in temperature is expected to occur. Long-term simulations of the Gulf hydrodynamics incorporating interannual variability on the boundary conditions could shed light on these processes. Our methodological approach could serve as a basis for analyzing the effects of the expected changes in upper ocean stratification for different time horizons due to climate change.

The LC evolution is strongly related to its dynamical conditions at the YC, as previously evinced (Candela et al., 2002; Lin et al., 2009; Athié et al., 2012; Sheinbaum et al., 2016; Androulidakis et al., 2021; Moreles et al., 2021). The identified relationship between the eastward displacement of the YCu core and LCE detachments relates to previous studies suggesting these processes are connected with vorticity anomalies from the northwestern Caribbean Sea crossing the YC (Abascal et al., 2003; Marín et al., 2008; Athie et al., 2011; Athié et al., 2012; Sheinbaum et al., 2016; Androulidakis et al., 2021). We conducted preliminary analyses (not shown) of the vorticity flux in latitudinal sections along the YCu west margin without obtaining conclusive results, so further analyses are required to explore this relationship in detail and corroborate it.

The relationships between the cyclonic anomalies at the northeastern Yucatan shelf, the eastward displacement of the YCu core, LC intrusion, and LCE detachment support the results documented in previous observational and numerical works. Using simulation outputs from the Navy Coastal Ocean Model, Zavala-Hidalgo et al. (2002) described the formation of cyclones at the Campeche Bank and the LC east margin and their relationship to the LC necking during a LCE detachment. Later, Zavala-Hidalgo et al. (2003) associated the cyclone genesis at the Campeche Bank with the last stage of a big LCE detachment when the LC west margin displaces eastwards; Zavala-Hidalgo et al. (2006) described some mechanisms associated with the LC blocking by a large cyclone. These mechanisms were identified and described in experiments NoAF and AF, deepening our understanding of the physical system under study. The intense YCu eastward displacement and strong curvature on the LC west margin during the +YCuZP events could partially account for the generation of the cyclonic anomalies at the Yucatan shelf through local instabilities, as found by Chérubin et al. (2006). Additional research is needed to elucidate the origin, coherence, trajectories, and dissipation of such cyclonic anomalies and eventually reveal their causal dynamics.

The observed concurrent variability of different dynamical processes at the YC section and the Gulf interior allows us to suggest that the interaction of the LC with peripheral cyclones could be a potential mechanism associated with the transmission of information between YCu dynamics and the LC behavior, especially during LCE detachments. This study raised some questions: Could the cyclonic features at the Yucatan shelf be fed by cyclonic anomalies passing through the YC from the northwestern Caribbean Sea, as Jouanno et al. (2016) suggested? Could the related vorticity flux account for the eastward displacement of the YCu core and the isotherms’ uplift over the eastern slope of the Yucatan shelf? In order to respond to these questions, a thorough analysis of the potential vorticity flux through the YC and in meridional and zonal transects at the northeastern Yucatan shelf is proposed for future research.

A thorough analysis of the variability of wind stress, remote forcings, or heat and evaporation fluxes in the Gulf of Mexico could help provide a complete description of the stratification variability at the Yucatan Channel and the relative importance of its different driving mechanisms. Additionally, circulation and dynamics in the entire Gulf, including changes in its stratification, should significantly impact the Yucatan Channel dynamics. Such analyses are beyond the scope of this work and are proposed for future research.




5 Conclusions

This work described the non-seasonal dominant variability of the upper stratification at the Yucatan Channel; the regions with high variability and their timescales were identified. The stratification variability at the Yucatan Channel is mainly associated with the Yucatan Current variability, in agreement with previous research. In addition, we found and described new features of this system. Ocean dynamics is the primary determinant of the dominant hydrography variability and dynamics in the Yucatan Channel. The most important stratification variability modes are strongly connected with the hydrography and dynamics at the Yucatan Channel and the Loop Current System. We found physically consistent and statistically significant relationships between the variability at the Channel, eastward displacement of the Yucatan Current, the Loop Current intrusion, the detachment of big Loop Current Eddies, and the development of cyclonic anomalies at the northeastern Yucatan shelf. The influence of atmospheric forcing on such relationships and mechanisms was also addressed; it excited additional eigenmodes of ocean dynamics, producing significant high-frequency variability in YC dynamics and the Loop Current System, resulting in a more complex behavior of them and probably reducing their predictability in the middle and long term.

We expect our results will help expand our knowledge of the different dynamical processes occurring in the region, including those with biological relevance, such as the upwelling on the eastern Yucatan shelf. The results can be used as a baseline for further studies exploring the response of the above relationships to changes in stratification and transport of the Yucatan Current due to climate change. For future work, it is suggested to reproduce the analysis in an even more realistic setting by incorporating interannual variability into the model’s open boundary conditions.
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